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Abstract

In this thesis, the resonant overvoltages at the terminal and inside wind turbine
transformers are studied. The motivation of this study is the requirement for improved
transformers for wind farms, especially Offshore Wind Farms (OWF). Compared to
conventional medium voltage transformers, these transformers should operate in more
onerous conditions; switching operation, harmonics and spikes from converters at LV
side, loading cycles and operation under fault conditions. In addition, access for condition
monitoring and maintenance is restricted.

The main sources of the resonant overvoltages are energization of transformers with short
cables and close-up earth faults. In the case of Wind Turbine Transformers (WTTs), high
frequency spikes from power converters can also cause resonant overvoltages, which is
out of scope of this thesis.

The first goal is to study resonant overvoltages at the terminal of WTTs. Both energization
of a typical offshore wind farm and close-up earth faults are modeled and simulated. The
model used for WTT (in this part) is a black-box model based on swept frequency
admittance measurements on the transformer terminals. The other important components
to be modeled are cables, power converters, Vacuum Circuit Breakers (VCBs) and
platform transformer. It is found that resonant overvoltages occur when the frequency of
a sustained voltage oscillation at the transformer MV terminals matches with a resonant
frequency in the WTT voltage transfer function. Furthermore, this research shows that
the appropriate protection scheme against resonant overvoltages is Resistive-Capacitive
(RC) filter. The simulation results for a 11/0.230 kV 300 kVA transformer shows that
energizing the transformer with a 23 m cable may lead to resonant overvoltage at the LV
terminal with a rate of rise of voltage (du/df) equal to 93 p.u./us if there is not any type
of protection installed on the LV terminal. The installation of surge arrester or RC filter
can decrease the du/dt to 27 or 11 p.u./us, respectively. Therefore, RC filter is superior
to surge arrester as a protection measure against resonant overvoltages. Surge arresters
just limit the overvoltage amplitudes while the rate of rise of overvoltages are still high
and this can lead to internal resonant overvoltages as reported by other researchers. It
should be noted that the main duty of surge arrester is to protect the transformer against
lightning overvoltages.

The other goal of this thesis is the investigation of internal resonances. Since the cable
lengths in wind turbines are pre-known, the quarter wave frequency of these cables can
be obtained. This frequency is the dominant resonant frequency during energization. In
this way, the effect of winding designs on the internal resonant overvoltages can be
assessed. A 500 kVA 11/0.23 kV with three different windings, i.e. disc, layer and
pancake, on three limbs is designed and manufactured for this purpose. Frequency
response of the windings for input HV and LV impedances and transferred voltages are
measured and compared. The amplitude of transferred voltages to LV terminal at
dominant resonant frequencies is more critical for layer and pancake windings compared



to disc winding. Meanwhile, the transferred voltages inside disc winding have many
resonant frequencies in the range 100kHz-1MHz.

To draw general conclusions about resonant frequencies of these windings, an analytical
lumped-parameter model is developed and verified with measurements. It is observed that
the calculations results from the model follow the trend of the measurement for input HV
impedance in the case of Layer winding. The resonant frequency at 10kHz is not
represented since flux linkage with other phases is not included in the model. This
resonant frequency is not also represented for disc and pancake windings. The
shortcoming of the model result for layer winding is that the resonant frequencies at 100
and 300 kHz for the measured HV winding is presented with a shift in the calculated
model at 50 and 130 kHz.

Except from 10 kHz, the calculation result for HV input disc impedance is in good
agreement with measurement for disc winding. The shortcoming is the shift in the
resonant frequencies and slight higher amplitude of the calculated results. For the pancake
winding, the calculated results for HV impedance has the same decreasing trend and same
amplitude range of the measurement results. Same as disc and layer windings, shift in the
frequency response is the drawback. The double resonant frequencies at 40 and 50 kHz
in the measurement results is only represented with one resonant frequency at 30 kHz in
the calculation results. In addition, the resonant frequency at 600 kHz is not represented
in the calculation results.

In the case of induced voltage to LV, the model results for layer winding are in good
agreement with measurements for f<IMHz. But, for £>1MHz, it only follows the
decreasing trend of the measurements. The dominant resonant frequency in 1.6 MHz is
not well represented. In the case of disc winding, the model is capable of good calculation
of induce LV amplitude for resonant frequencies around 100 kHz. It however deteriorates
the trend of induced LV voltage for higher frequencies. In the case of pancake winding,
the amplitude of resonant frequencies around 1 MHz is considerably lower than
measurements and it requires improvement.

Base on the FRA measurements performed for transferred voltages inside three winding
types, disc winding has critical resonant behavior in the range 65 kHz to 1.5 MHz. In this
range, there are several resonant frequencies where Disc winding reaction is such as
standing wave with several nodes. The internal resonant frequencies for layer and pancake
windings are sporadic. Considering the repair and accessibility costs of offshore wind
farms, the design and characteristics of wind turbine transformers should be improved.
Pancake windings with their modular designs can be proposed as a proper solution.
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1 Introduction

1.1 Motivation

Among the renewable energy technologies, wind and solar photovoltaics (PV) are leading
in terms of newly installed power capacities. In recent years, onshore wind power
installation has become quite price-competitive with conventional fossil fuel-based power
plants. Offshore wind power requires more investment per kWh compared to onshore
wind power. However, offshore wind velocity is more robust. One of the key factors,
which can help offshore wind to be more competitive in the future, is to increase
availability of wind farm components and lower maintenance costs.

Offshore wind farms are composed of wind turbines which are interconnected with
Medium Voltage (MV) submarine cables in rows or branches. The rows are then
connected to a medium voltage switchgear and platform transformer, and from there to
the power grid via a HV cable.

Transient overvoltages, more specifically resonant overvoltages, are among the
challenges offshore wind farms encounter and may result in failure of interconnecting
cables, transformers or power converters. In the context of the availability of offshore
wind farms, studies in the area of protective and preventive measures against transient
overvoltages are beneficial. Installation of surge arresters and resistive-capacitive filters
as a protective measure for the components is assessed in the literature, while there has
been little focus on the preventive measures.

The wind turbine transformer, as the vital joint between the LV side of each wind turbine
and the MV collection grid, has a high impact on the reliability and availability of wind
farms. From the MV collection side, switching transients and close-up earth faults may
lead to resonance overvoltages at terminals and inside wind turbine transformers. And
from the LV side, these transformers are connected to frequency converters. The output
sinusoidal voltage of the frequency converters is superimposed with high frequency
spikes, which can also excite internal resonant overvoltages. These overvoltages can
cause insulation failures and shorten the life time of wind turbine transformers. This has
been motivated the author to study the resonant overvoltages in wind farm with the
emphasis on how wind turbine transformers can be protected and prevented against them.

1.2 State-of-the-art

Switching transients in offshore wind farms has been among a number of interesting research
topics recently. In the literature, overvoltage due to switching transients in offshore wind
farms has been studied by means of performing measurements, simulations and modeling in
Electro-Magnetic Transient Program (EMTP) softwares such as PSCAD, ATP-EMTP and



Power Factory. High frequency modeling of the offshore wind farm components, i.e.
transformers, cables and circuit breakers has been the focus of various research studies,
specifically in PhD projects in Technical University of Denmark and Chalmers University of
Technology. Among literature studies relevant to switching transients, the following can be
highlighted:

e Comparison of measured switching transient overvoltage in the Collection Grid of
Nysted Offshore Wind Farm with EMT Simulations.

e Energizing operations of the export cable, reactor and filter in the onshore substation
on Walney Offshore Windfarm 1.

e Validation of a Switching Operation in the External Grid of Gunfleet Sand Offshore
Wind Farm by Means of EMT Simulations.

e Transient Recovery Voltages at the Main 132kV Line Bay GIS Circuit Breaker in a
Windfarm

e Voltage dip caused by the sequential energization of wind turbine transformers.

e The effect of wind farm topology, e.g. collection cables with conductors of different
cross-sectional area, line bifurcation or branches.

e Protective measures such as surge arresters and resistive-capacitive filters

e Resonant overvoltage due to energization

In the context of resonant overvoltage in the system level, there has been less focus on close-
up earth faults, which is going to be studied in this thesis. Furthermore, the resonant
overvoltages for a wider power range of wind turbine transformers is introduced in this thesis,
which gives an insight into the resonant overvoltages for future wind farms.

Resonant overvoltage inside wind turbine transformers, which can be seen as a component-
level study, has also been assessed in the literature. In the PhD thesis of Tarek Abdulahovic,
turn-to-turn voltage stress obtained during very fast transients (VFT) is compared with the
turn-to-turn voltage stress measured during the basic lightning impulse level (BIL) in order
to find if current transformer standards account for the voltage stress that appears during VFT,
especially in wind farms. Internal resonant overvoltages have been widely studied in power
systems and the application of surge protection devices, improvement of winding insulation
level and modification of part of the winding structure are introduced as protective measures
against resonant overvoltages. However, the comparison of winding types, e.g. disc, layer,
pancake, with the aim of selecting the least vulnerable to the internal resonant overvoltages
has not yet been studied. It is highlighted and assessed in this thesis with the objective of
providing insights into preventive measures that can be taken during the design stage of
offshore wind farms.

1.3Scope of work

The focus of this work is to study resonant overvoltages in wind turbine transformers with
the help of analytical modeling, experiment and simulation. As mentioned in the state-of-
the-art section, the study can be both on the system-level and on the component-level.
Therefore, the scope considered for the system-level study is:



The simulation of a typical wind farm by means of high frequency modeling of
the involved components. Then, studying switching transients and close-up earth
faults and scenarios which result in resonance overvoltages.

To introduce a parametric black-box model of wind turbine transformers in order
to study resonant overvoltage for a wider power range of wind turbine
transformers. And to study the effect of protective measures such as surge
arresters and RC filters against resonant overvoltages.

The scope of work for the component-level, i.e. transformer-level:

To design and follow-up production of a 11/0.230kV 500 kVA transformer with
three different winding types, i.e. disc, pancake and layer, on the three limbs, with
the aim of comparing their frequency responses and resonant frequencies.

To measure HV/LV and LV/HV voltage ratios, input HV and LV impedances
and last but not least the voltages transferred to internal taps.

To carry out a white-box model for the above-mentioned 500 kVA transformer
windings and verify the model via FRA measurements.

1.4 Contributions

The thesis contributions are as follows:

By introducing the parametric black box model of the 300 kVA transformer, it
is found that energization transients can lead to resonant overvoltages at the LV
terminal if:
(a) The input impedance of the WTT at resonant frequency is much higher
than the cable surge impedance.
(b) Quarter-wave resonant frequency of the cable is in the vicinity of a
transformer resonant frequency.

In the case of standalone transformer energization with variable cable length, it
is found that the maximum du/dt can reach up to 460 p.u/us for a 11/0.23 kV
300 kVA transformer (shift factor = 1) if no surge arrester and resistive-
capacitive filters are applied.

Thanks to the introduced parametric model, the pattern of cable length vs. shift
factor shows that du/dt is more than 100 p.u/us for fictitious transformers with
the shifted frequency responses of the 300 kVA transformer. Surge arresters on
the HV and LV terminals of the transformer cannot reduce du/dt significantly.
Therefore, resistive-capacitive filters should be installed at HV and LV
terminals. In this way, du/dt is decreased to <20 p.u/pus.

It is found that resonant overvoltages produced by close-up earth faults are
similar to those produced by energization transients since they can be interpreted
as switching to earth. Their main modeling difference is that close-up earth faults



occur while the wind farm is producing power (steady state mode), i.e. the power
converter at the LV side of the WTT is connected and is in operation. On the
other hand, energization occurs when the wind farm is out of operation and the
power converter is disconnected. The amplitude and du/dt of resonant
overvoltages due to close-up earth faults are lower than those due to switching
resonance thanks to the presence of the power converter and DC link capacitor.

Resonant overvoltage in transformer windings occurs when the incident
transient at the HV terminal of transformer has a frequency component matching
one of the resonant frequencies of the winding. This presents itself as excessive
voltage-to-ground (terminal resonance) or voltage drops (internal resonance).
The first one is critical at resonant frequencies where the associated anti-nodes
in the HV winding are close to the LV winding or yoke. The second one is critical
at resonant frequencies where the associated out-of-phase anti-nodes are located
close together in the HV winding.

Between the studied windings in the 500 kVA transformer, internal resonance is
most likely to happen in disc winding especially in frequency range (0.1-1 MHz)
which wind turbine energization or close-up earth faults could excite. Thus, wind
turbine transformers with disc windings can experience more gassing and
insulation failures.

The thesis describes the analytical high frequency model of the windings in
detail. It is based on a white-box RLC ladder model. The outputs of this model
can contribute to drawing general conclusions regarding protection of wind
turbine transformers against resonant overvoltages.

1.5 List of publications

The research work has resulted in publications in peer-reviewed conferences and journals.
Selected papers, inserted in this thesis, are as following:

1.

A. H. Soloot, H. K. Hoidalen and B. Gustavsen, “Resonant overvoltage
assessment in offshore wind farms via a parametric black-box wind turbine
transformer model”, Wind Energy, Vol. 18, issue 4, pp. 1061-1074, June 2015.
A. H. Soloot, H. J. Bahirat, H. K. Hgidalen, B. Gustavsen and B. A. Mork,”
Investigation of Resonant Overvoltages in Offshore Wind Farms- Modeling
and Protection”, in proc. of International Power System Transients (IPST2013),
Vancouver, Canada, July 2013.

A. H. Soloot, H. K. Hoidalen and B. Gustavsen, “Internal Resonant Overvoltage
in Wind Turbine Transformers- Sensitivity Analysis of Measurement
Techniques”, in proc. of International Conference on Electrical Machines and
Systems, Busan, Korea, Oct. 2013.

A. H. Soloot, H. K. Hoidalen and B. Gustavsen,” Influence of the winding
design of wind turbine transformers for resonant overvoltage vulnerability”,



IEEE transaction on Dielectric and Electrical Insulation, Vol.22, Issue 2, pp.
1250-1257, April 2015.

A. H. Soloot, H. K. Hoidalen and B. Gustavsen, “Modeling of Wind Turbine
Transformers for the Analysis of Resonance Overvoltages”, Elecrical Power
System Research,Vol. 115, pp. 26-34, Oct. 2014. (selected paper from
International Power System Transients (IPST2013), Vancouver, Canada, July
2013.)

The followings are additional papers, which is published for this study while not inserted
in the thesis.

1.

A. H. Soloot, H. K. Hoidalen and B. Gustavsen, “The Assessment of
Overvoltage Protection within Energization of Offshore Wind Farms”,
Energy Procedia (Elsevier), Volume 24, pp. 151-158, 2012.

A. H. Soloot, H. K. Hoidalen and B. Gustavsen,” The Effect of Winding Design
on Transformer Frequency Response with Application on Offshore Wind
Farm Energization”, in proc. of International Conference on Renewable Energy
Research and Applications (ICRERA2012), pp. 1-5, Nagasaki, Japan, November
2012.

A. H. Soloot, H. K. Hoidalen and B. Gustavsen,” A Study of Switching
Overvoltages In Offshore Wind Farm”, in proc. of International Symposium
on High Voltage Engineering (ISH), pp. 336-343, Germany, August 2011.

A. H. Soloot, H. K. Hoidalen and B. Gustavsen,” Frequency Domain
Investigation of Switching Transients in Offshore Wind Farms”, in proc. of
IEEE Powertech conference, pp. 1-5, Norway, June 2011.

A. H. Soloot, H. K. Hoidalen,”Analysis of Switching Transients in Offshore
Wind Parks with Focus on Prevention of Destructive Effects”, in proc. of 6
PhD seminar on Wind Energy in Europe, 30 Sep.-1 Oct. 2010, pp. 188-192,
Trondheim, Norway.

A. H. Soloot and H. K. Heidalen, "High Frequency Modeling of Transformers
in ATP for Investigation of Resonances in Offshore Wind Park", in Porc. of
the EEUG Meeting 2010, European EMTP-ATP Conference, PP 164-175,Finland,
August, 2010.

1.6 Thesis outline

The thesis contains the following chapters:

Chapter 1: Introduction

In this chapter, the motivation for the research study is described. The research studies in
the literature are briefly outlined in the state-of-the-art section. Resonant overvoltages in
offshore wind farms can be studied with system-level or component-level approaches.
The cutting edge of research for both of the approaches is mentioned in the state-of-the-
art section. Then, the goal-setting and scope of work of the thesis is briefly introduced for



both approaches in the next sub-section. The main contributions to the two corresponding
study approaches are outlined afterwards. All of the publications for this PhD research
are listed in the next sub-section. The five selected publications represent the methods,
results and contributions, which are going to be discussed in detail in this thesis. In the
following, the focus of the selected papers is briefly outlined.

Chapter 2: Background

The history and statistics of wind farm development is explained in this chapter. The brief
review of research works on overvoltages in wind farms and protective measures is
detailed. Also wind turbine transformer modeling is explained briefly in this chapter. The
two branches of transformer models, i.e. black-box and white-box, have been seen as the
core elements during system- and component-oriented studies, respectively. Finally, the
protective and preventive measures are brought in.

Chapter 3: Methods

This chapter addresses the methods used in this research work to study resonant
overvoltages.

e Simulation of an offshore wind farm, as a system-level approach, to study
resonant overvoltage.

e Measurement and white-box modeling, as a component-level approach, to study
resonant overvoltages inside WTT.

In this chapter, the contribution of each of the selected papers is explained.
Chapter 4: Selected Papers

In this chapter, the selected papers are summarized. The main findings of this research
work are detailed in these papers. It should be mentioned that papers I and II contribute
to the system-level approach of this thesis, which can be seen as the first paper package.
Papers I1I-V contribute to the component-level approach of this thesis, which can be seen
as the second paper package.

Simulations of a typical wind farm system for switching transients and close-up earth
faults are presented in paper I and II, respectively. These papers clarify the conditions in
which resonant overvoltage occurs in the system, how the exposure of the WTT as the
key joint is affected, and last but not least the effect of protective measures.

Paper I1I discusses the sensitivity analysis of the measurement equipment with the aim of
obtaining appropriate measurements results. In this way, it paves the way for paper IV to
present the SFRA measurements for transferred voltages inside windings and
consequently the comparison of internal resonance between windings. The white box
model to calculate the transferred voltages inside windings and internal resonance is
introduced in paper V. The verification of the model is performed with the help of
measurements in paper [V. As one can see, papers III-V have chronologically introduced
and discussed the transformer internal resonance.



The interface of these two paper packages are the transferred resonant overvoltages at the
LV side of the wind turbine transformer. In the first paper package, the black-box of the
300 kV transformer with layer winding is the core of the study, while in the second paper
package, the white-box of the 500 kV transformer with three different winding types is
the core of the study. As this PhD research started with the first paper package and system-
oriented study, it was intriguing to investigate how the terminal resonances at LV could
be followed and related with resonances inside the transformer. This led to the second
paper packages and component-oriented study.

Chapter 5: Result & Discussion

Chapter 5.1 presents the results and discussion for the system-level study with the title of
transferred resonant overvoltages.

Chapter 5.2 and 5.3 presents the results and discussion for the component-level study with
the title of internal resonant overvoltages.

Chapter 6: Conclusions and future work

Appendix: presents the selected papers included in this thesis.






2 Background

2.1 Development of Wind Farms

The wind power has been utilized for many centuries. Until the early twentieth century,
wind power was used to provide mechanical power to pump water or to grind grain. At
the beginning of modern industrialization, the use of the fluctuating wind energy resource
was substituted by fossil fuel fired engines or the electrical grid, which provided a more
consistent power source. In the early 1970s, with the first oil price shock, interest in the
power of the wind re-emerged. However, the main focus was on wind power providing
electrical energy instead of mechanical energy. The technology was improved step by
step in such a way that by the end of the 1990s, wind energy has emerged again as one of
the most important sustainable energy resources. During the last decade of the twentieth
century, worldwide wind capacity was doubled approximately every three years. The cost
of electricity from wind power had fallen to about one sixth of the cost in the early 1980s,
and the trend seems to continue [1].

Fig. 2-1 shows the comparison between fuel share of electricity generation in 1973 and
2011[2]. As one can see, the share of renewable energies has increased approximately by
a factor of 8. The increasing tendency to install wind power in Europe can be observed in
Fig. 2-2. Wind energy has had the most installation in Europe in the last fourteen years[3].

1973 and 2012 fuel shares of
electricity generation*

1973 2012
H Other**

g . 50% Coal***

Natural gas oil
22.5% 50%
6 129 TWh 22 668 TWh

*Excludes eleciricity generation from pumped storage.
**Includes geothermal, solar, wind, heat, efc.
***In these graphs, peat and oil shale are aggregated with coal.

Figure 2—1. Comparison between fuel share of electricity generation in 1973 and 2012 in the world[2].



The scarcity of land in Europe and opposition to visual and noise pollution [4-5] lead the
planners and developers to offshore wind installation with the additional advantage of
better wind conditions [6]. The researchers and planners envisage a European super-grid
that would integrate the renewable resources much more efficiently and increase their
penetration into the energy mix [7]. Although the first OWF was installed in Vindeby,
Denmark in 1991, the development of OWF was not significant during 1990-2000.
However, the share of OWF in wind power annual has later been drastically increased
from 1% (2001) to 14% (2013) (see Fig. 2-3) [3].

116,759.6

101,276.8

85,000

65,000

45,000

25,000

17779 ga64
8,49 o308 21964

— 2501 1432  14.28

13,190)

(24,745.7) (25,293.8)

Wind ' Gas ' PV Biomassl Hydro | CSP ! Waste | Geo- | Peat | Ocean 'Nuclear' Coal 'Fuel oil'
thermal

Figure 2-2. Net electricity generating installations in the Europe 2000-2014 (MW) [3].
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Figure 2-3. Annual installed wind power, onshore and offshore, in Europe (MW) [3]
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2.2 Technical challenges in wind power systems

Distributed generation incorporated with the increasing installation of renewable
energies, has made the wind energy more visible in power generation. Wind energy has
different types of energy conversion systems, ranging from generators equipped with
gearbox to gearless generators connected to power converters. Today, variable speed
wind turbine generators, which are connected through a full power converter; defined as
the Type 4 converters, are increasingly implemented in wind farms [8]. In this type, the
generators feed their output to Back-to-Back (BtB) converters, which in turn feed the
step-up Wind Turbine Transformers (WTT) that are connected to collection grids.
Although this arrangement adds the controllable characteristics and decouples the
generator from the grid by a DC-link, it necessitates certain considerations in the design
of transformers and cables in its vicinity. Fig. 2-4 shows a single-line diagram of a typical
wind power plant.

According to the average age of this type of wind energy generation (type 4), the problems
of WTTs are relatively new and transformer manufacturers are still attempting to keep
the records and causes of any undisclosed failures. Therefore, there is very little published
data about the detailed analysis of such failures. Meanwhile, a large number of gassing
problems is reported in recent publications [9-12]. This fact merely indicates that WTTs
should be more robust and should not be just off-the-shelf distribution transformers in
comparison with conventional transformers. To prevent these failures, a number of
transformer manufacturers proposed a series of modifications [13-14].

Different manufacturers [15-16] discuss the current state of the art and the factors, which
should be taken into account in the design of wind turbine transformers, and a
comprehensive summary is given below.

2.2.1 Switching operation in wind farms

Switching operations affect the transformer insulation significantly. As it can be seen in
Fig. 2-4-a, typically a WTT is connected to vacuum circuit breakers (VCB) via cables
with lengths of few hundred meters. These VCBs disconnect the transformer in cases of
very high or very low wind speed and also in the events of severe fault in the grid. In
other words, VCB action can occur quite a few times in one day. Oscillatory overvoltages
due to switching of these VCBs traverse through transformers and can excite one or more
of the winding’s natural resonance frequencies resulting in severe internal voltage
amplification and insulation system damages [17]. The internally amplified voltages can
degrade transformer insulation without having a significant overvoltage at transformer
terminals.
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Figure 2-4: (a)- A typical wind farm single-line diagram, (b)-BtB converter.

2.2.2 Harmonics and spikes in wind farms

Step-up WTTs are supplied by power converters. The output voltage of the converter after
filtering is a sinusoidal waveform with spikes repeating at the switching frequency of the
converter. These spikes are very fast transients containing high frequency components in
the range of 100 kHz up to MHz due to high rate of rise/fall of voltage (du/dt), which
impose additional electrical stresses on transformer insulation system. These stresses are
caused by internal resonances and travelling of voltage surge along the windings. This
should be considered in the design of wind turbine transformers.

Other than voltage spikes, power converters also produce harmonics in the range of kHz,
which inserts additional eddy, and dielectric losses in transformers compared to that in
50/60 Hz. At critical spots in the winding, these additional losses may result in hot spots
and consequently generation of more gases, partial discharge (PD) and insulation
deterioration.

To reduce the amount of high-frequency contents delivered to the secondary winding, the
use of electrostatic shields is reported in [18]. These shields act as a capacitive filter to
prevent the transfer form critical voltage components at the secondary side. Meanwhile,
implementation of an electrostatic shield can shift resonance frequencies of the windings
and potentially increase the amplification factor at some other frequencies. Therefore,
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more work should be done on the design of electrostatic shield to improve its
applicability.

2.2.3 Loading cycle in wind farms

Distribution transformers typically experience a constant pattern of loading cycle (two
times a day for most of the regions). Step-up transformers in wind farms may experience
several ups and downs in the power generation, even in a short time period, depending on
the fluctuations in wind speed. High numbers of loading cycles together with fast rate of
changes impose excessive thermal stresses on transformer structure. Besides, temperature
variations of transformer oil change considerably the absolute values of the gas content
[19], which can increase partial discharge probability.

2.2.4 Fault ride-through in wind farms:

This fault ride-through capability places larger electrical, thermal and mechanical
demands on the wind step-up transformer while conventional transformers are not
normally subjected to or designed to survive [20]. As an instance, the requirement for
fault ride-through is sets by Federal Energy Regulatory Commission (FERC) in 2004
[21]. The curve is shown in Fig. 2-5 and is taken verbatim from the German E.ON Netz
requirement. It is reported in [20] that wind farms installed from 2007 had to meet the
fault ride-through requirement down to 15 percent of rated voltage (see. Fig. 2-5). For
units installed after 2007, the fault ride-through requirement is down to zero voltage.

Minimum Required Wind Plant Response to Emergency Low Voltage |

Beginning of
Ve Elmergelncy Low Voltage

WindI PIantIRequired 7
to Remain Online
-
/

_~1Wind Plant Not Required to Remain Online—|
| |

0.0 0.625 1.0 2.0 3.0 4.0
Time (s)

CPOOO0Do00D ==
| O= MWk OIM~ 00 ==

Voltage at the High Side of Wind Plant
Substation Transformer (in Per Unit*)
o

*Per Unit = Ratio of Actual-to-Nominal Voltage

Figure 2-5. Proposed low-voltage ride-through requirement for wind plants [21].

In another study in the NOWITECH group [22], the authors showed that the collection
gird voltage can drop down to 0.2 p.u. for a three phase short circuit occurred 0.5 km
away from wind turbine terminal. Simulations showed that the wind turbines could
operate stable through three phase short circuits in the collection grid. This is due to the
action of the DC-chopper, which absorbs excess energy in the DC-link when the
collection grid voltage drops.
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Typically, wind farms use grounding transformers to contribute to the fault detection
capability of the protection system during Single Line to Ground (SLG) faults and limit
temporary overvoltages. Without grounding transformers, overvoltages can damage
collector system cables, arrestors, and the wind turbine transformer [23].

From the aforementioned discussions, it can be concluded that many factors should be
considered in the design of wind farm transformers. Although it is evident that
transformer gassing problems and failures are consequences of combination of many
factors together, the implementation of new design criteria for the transformer insulation
will only become possible when the distribution of overvoltages and ageing of
transformer insulation at higher frequencies are thoroughly examined.

2.3 Transient overvoltages in wind farms

Overvoltages can be categorized according to the IEC60071-1 classification; continuous
operating voltage, temporary overvoltages, slow front (switching), fast front (lightning)
and very fast front transients. Some of the recent studies of overvoltages in wind farms
are reviewed as following;

Transient overvoltages are analyzed in [24] during inadvertent cable feeder
deenergization and fault clearing scenarios on the collection grid of a large wind farm
(300 MW). The impact of wind turbine transformer configuration, A/Yn or Yn/Yn, is
evaluated and solutions to suppress the overvoltage, i.e. grounding transformer and fast
grounding switch, are proposed. In [25], the energization (switching) overvoltages of
cable feeders are simulated while other feeders are not connected and compared with the
case where other feeders are connected. Arana performed measurements and simulations
for slow front transient overvoltages in his PhD thesis [26]. The capabilities of the
simulation tools are tested, analyzed and compared in order to find the limitations of the
different models and methods to estimate correctly the switching overvoltages in offshore
wind power grids. As an extension to the study in [26], the author in [27] shows how to
develop a wide-band, linear black-box model of a linear multiport system using
commercial off-the-shelf sweep frequency response analyser.

The switching overvoltages at MV collection grid can also be studied with the
consideration of the impact of restrikes and reignitions of vacuum circuit breakers on
wind transformer terminals [28-29]. The high-frequency properties of a 3.14 MVA
35/1.0/0.4 kV WTT, commonly used for the doubly fed asynchronous generator are
investigated and it is shown that the voltage transfer from the 35 kV side to either of the
two low-voltage taps is strongly dependent on the loading of the other tap [30]. It is also
shown that the use of a simplified transformer model based on lumped capacitances gives
unrealistic results.

Resonant overvoltages have been studied in literature thoroughly for transformer
switching [31-34]. The resonant overvoltages can occur due to both energization
transients [35] and close-up short circuits [36], when the frequency of a sustained voltage
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oscillation at the transformer MV terminals matches a resonant frequency in the WTT
voltage transfer function. Internal resonance will not necessarily result in immediate
breakdown, but may very often only develop partial discharges, causing accelerated
ageing of the winding insulation [36-37]. In [39] resonant overvoltages along the winding
of wind turbine transformers are studied. It is found that during switching of dry-type
transformers with short cable, severe turn-to-turn voltages can appear. Consequently, the
critical voltage as a function of rise time is proposed.

2.4Wind turbine transformer modelling

Transformer modeling can be categorized to black-box and white-box models;

2.4.1 Black-box model

If the computation of internal stresses along the windings is not required, a transformer
terminal model can be used. This model is described in the frequency domain () in terms
of transformer admittance matrix as [40]:

L(jjw) =Y (jo)V(jo) (1)

where [/, and V; are nodal current and voltage, respectively. Considering a transformer
with n terminals, Y, is the admittance matrix of size n x n. If a 1 p.u. voltage is applied at
node j of the transformer while the remaining terminals are short circuited, the j column
of Y; will be equivalent to the currents measured from ground to each terminal. The
measurements are based on Sweep Frequency Response Analysis (SFRA). Applying this
procedure, direct measurement of all elements of ¥; can be completed ( Fig. 2.6 )

Yi=1;1V,

Y, =1,V Transf.

th

Figure 2.6. Measurement procedure for the j column of the admittance matrix [40].

To obtain the time-domain response of the system, the modified admittance matrix is
approximated with rational functions [41]. The output of this approximation will be
matrices 4, B, C, D, and E, which define a Space Equation Realization (SER) of the form

It(s) = Y (S)Ve(s) = [C(sU — A)'B + D + sE]V,(s) (2)

where Yy represents the rational approximation of the modified admittance matrix, U is
the unitary matrix and s is the Laplace operator. If a set of N poles is used, with n = 6 for
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the 3-phase 2-winding transformer, the matrix dimensions are A: N X N, B: N x 6, C =6
X N, D: 6 % 6, E: 6 x 6. Next, Y is represented in the form of an electrical network,
whose branches are calculated as follows:

n
yi= Z Yeieijp  Yij = —Yrivij (3)
=

where y; and y;; represent admittance branches between node i and ground and between
nodes 7 and j, respectively. Each branch in Equation (3) is described as a rational function:

S—apy

N
Y(S)=Z b +d+s.e (4)
m=1

where C,, and a,, are residuals and poles, respectively, which can either be real quantities
or complex conjugate pairs. Finally, each branch can be represented by an electrical
network [42]. The model sensitivity to measurement errors and the rational approximation
was found to be very high when one or more terminals were open-circuited on both sides
of the transformer [40]. Thus, a transformer model may, in general, produce accurate
results in one situation and inaccurate results in a different situation. To detect such
conditions, analysis of the measurements using matrix condition number and redundant
measurements are useful. It was found that the sensitivity due to measurement errors
could be strongly reduced by introduction of measured transferred voltages. It was also
found that the sensitivity decreased when reducing the voltage ratio of the transformer
[40].

2.4.2 White-box model

White-box models are based on the calculation of the impedance matrix from the
geometrical design data of the transformer while black-box models obtain this matrix
from terminal measurement. The white-box models can be used by the transformer
designer to study the transformer windings resonance and voltage distribution along the
transformer windings. The two main white-box models are classified as distributed and
lump parameter models.

2.4.2.1. Distributed-Parameter Model Based on Multi-
conductor Transmission Line (MTL)

As shown in Fig. 2.7, in this model each conductor represents a winding section (disc or
turn). To preserve continuity, the end of each conductor is topologically connected to the
beginning of the next conductor, resulting in a zigzag connection [43—48]. This is defined
simply as

Up = Vsiirr) i = ~lsgeny [=1..N-1 (5)
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where v, i,; are voltage and current at receiving point i, respectively. vi+) and iss+1) are
voltage and current at sending point i+/. The winding model is obtained from the
telegrapher’s equations of an MTL, which are defined in the Laplace domain as

av(zs) _
0 - —Z(s)I(z,s) (©)
dl(z,

Eizz ) _ —Y(s)V(z,s) (7N

Z and Y are the N x N matrices of series impedances and shunt conductances per unit
length, where N is the number of conductors (discs or turns). V(z,s) and I(z,s) are the
vectors of voltages and currents at point z of the winding. In Fig 2.7, the equivalent
impedance Z., connected at the end of the N™ element can be used to represent the
remaining part of the winding, when only a section of the winding needs to be modeled
in detail. Z, can also represent the neutral impedance.

Numerical solutions to (6) and (7) are the Bergeron method [49] and finite-differences
methods [50-51] in time domain, as well as the direct solution in the frequency domain,
and subsequent numerical frequency—time transformation [52-53].

1
Vsl e V)
Lsy Y
Vsa . - Via
ls3 I3
= -
Vsa e Vs

oY
—

e Lyn

aee"" _——
Ve ®== 9 ViN
@ éeq

Figure 2.7. Multi-conductor transmission line model for the transformer winding [41].

2.4.2.2. Lumped-Parameter Model from Network Analysis

In this model, the transformer winding is divided to units (see Fig. 2.8) with one or several
wire turns. Each of these units are then modeled with RLC components. The core of
transformer for frequencies higher than 10 kHz does not contribute to flux coupling
between phases since the eddy currents in hinder the magnetic flux to circulate inside
core. This phenomenon is challenging for mutual inductance calculation. The following
methods are introduced in literature for the parameter calculation of Lumped-Parametet
(RLC ladder) model:
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e Modeling based on self and mutual inductance

This method is first proposed by Robins [54] and it has been developed further in other
works, e.g. [55]-[56]. This model is applied for internal resonance study in this work.
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Figure 2.8. RLC ladder model of LV foil and HV layer winding.

Let us consider nu number of units in each layer of HV layer winding. nH is the number
of HV layers and therefore nuxnH is the total number of units. Besides, the LV foil
winding has nL layers, and we take each layer as one unit. The total order of R, L, C and
G matrices becomes m=nL+nuxnH.
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Performing the Kirchhoff’s Voltage Law (KVL) and Kirchhoff’s Current Law (KCL) for
all units results in (8) and (9), respectively. In Appendix 4 of paper V, KCL and KVL for
an arbitrary unit, 7, is performed.

[Alxm[VImx1 = (R, + J20f (L] )], o ®)
Ulmx1 — [A]fnxm[lb]mxl = ([G]mxm +j27Tf[C]me) [V]mxl ©)

Matrices ¥, I and I representing nodal voltages, injected nodal currents, the currents of
inductive branches, respectively. 4 is a connectivity matrix describing the topology,
linking branches and nodal quantities. The diagonal elements in 4 matrix are equal to 1
and sub-diagonal elements are equal to -1 and the rest is zero. Exceptionally, the first row
and the row number nL+1, which are for first units in LV and HV winding respectively,
have only the diagonal element, since the other nodes of these units are grounded.

The nodal admittance matrix Y can be calculated by reforming (8) to obtain /5 based on
J and inserting this in (9). This gives (10).

(1] = [Y][V] (10)
[Y] = [G] + j2rf[C] + [AI*([R] + j2mf[L]) "' [A]

The analytical equations for the components of the R, L, C and G matrices are explained
in paper V. These matrices are symmetrical, the admittance matrix also becomes
symmetrical. To obtain the equation for the transferred voltage to LV, impedance matrix,
Z, should be calculated from (10) by inverting Y. Since only the last element of / vector
is none-zero due to the connection of last unit to the HV terminal, the last column of Z
multiplies with the terminal current, /,,, and gives the nodal voltage in (11). Therefore,
the transferred voltage to LV terminal is according to (12).

[Z(G,m)]l, = [V] (11)
Vi /Vuy = Z(nL,m)/Z(m,m) (12)

The other methods for the parameter calculation of RLC ladder model are briefly
explained and referenced here:

e Modeling based on leakage inductance
This method is proposed by Blume et al. in [57] and improved in [58-59]. The leakage

impedance is properly calculated. Though, the iron core is not considered with suitable
accuracy.

19



e  Modeling based on duality principle

The magnetic equivalent circuit of the transformer core can be modeled to an electric
circuit based on duality principle [60]. Meanwhile, the duality-based models have short-
coming for calculation of leakage inductances. In [61], this problem is solved by
introducing negative inductances.

e Modeling based on numerical field calculations

Numerical field calculation methods can be based on Finite Element Method (FEM) [62],
Finite Difference Method (FDM) [63], Fredholm integral equations [64] or Equivalent
Magnetization Surface Current Approach [65]. Authors in [66] employed finite element
computation for parameter estimation of 100 kVA dry type wind transformer to study
internal resonance. It is mentioned that detailed geometrical design of transformer and
material properties is necessary for these methods. There should be considered a
compromise between the accuracy of the model and computation time.

2.5Protective and preventive measures against overvoltages

As discussed in section 2.3, there are two types of resonant overvoltages for wind turbine
transformers; internal resonant overvoltages and transferred resonant overvoltages. In the
case of transferred resonant overvoltages, surge arresters and Resistive-Capacitive (RC)
filters are the protective devices. In Paper 1, it is shown that RC filters have a considerable
effect on both overvoltage amplitudes and maximum rate of rise (or fall) of overvoltages
(du/dt). It is found that the implementation of RC filters alone can securely protect WTTs
MYV and LV terminal from resonant overvoltages.

Appropriate protective measures for internal resonances depend on the power rating and
voltage level of transformers. For power transformers with High Voltage (HV) and Extra
High Voltage (EHV) and some hundred MV A power ratings, the application of internal
surge protection devices, improvement of insulation level of winding and modification of
part of winding structure can be applied [67-71]. However, for wind turbine transformers
with powers up to some MVA, none of abovementioned measures would be applicable.
They are massively produced according to standards and considerations about distribution
networks and performing the aforementioned measures would not be cost-efficient. As a
preventive measure, resonance behavior of winding type can be compared for distribution
transformers and the least vulnerable can be suggested for wind turbine applications.
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3 Methods

3.1Simulation of transferred resonant overvoltage

A detailed high frequency model of an OWF row in Alternative Transients Program-
Electromagnetic Transients Program (ATP-EMTP) is presented. This model includes
interconnecting cables, a wind turbine transformer, surge arresters and resistive-
capacitive filters. Energization transients in the OWF row are discussed in detail with the
focus on the occurrence of resonant overvoltage at the LV terminal of the transformer.

In order to represent the wind turbine transformer, the black-box model of 300 kVA
11/0.23 kV YNynO is pre-made by Gustavsen [17] and applied in this work. It has been
employed for both simulations of switching transients and close-up earth faults. The
model is improved to a parametric black-box model of a WTT, which includes scaling
and shifting factors for impedance and frequency, respectively. In this way, resonant
overvoltage for a wider power range of wind turbine transformers is studied in paper 1.
Energization topology is defined as,

e The position of the WTT; in the base or in the nacelle.
e The priority of the energization of the raw circuit breaker or turbine circuit breaker

The effect of this energization topology on the occurrence of resonant overvoltages and
their characteristics is also investigated in paper L.

To simulate resonant overvoltages due to close-up earth faults, the modeling of the power
converter at the LV terminal of the WTT is required. It is modeled as two back-to-back
voltage source converters. The RL harmonic filters and snubber circuits are also included.
The details are explained in paper II. This model can simulate the steady state operation
as well as the resonant overvoltage due to an earth fault in the ATP-EMTP software. The
shortcoming is that it requires a long simulation time. A simplified model, which has the
same accuracy as the first model for resonant transient only, is also presented.

3.2 Measurement and white-box model of internal resonance

Investigation into internal resonant overvoltage is carried out in this work through
measurements and white-box modeling of a 500 kVA 11/0.23 kV transformer with three
winding types, i.e. layer, disc and pancake, on its three limbs as shown in Fig. 3.1-left.
Along each of the windings 25 taps are implemented, with the tap positions shown in Fig.
3.2. The transferred voltage inside windings are measured by means of an Agilent
network analyzer E5S061B and Sweep Frequency Response Analysis (SFRA) method. To
obtain measurements with appropriate quality and accuracy, sensitivity analysis of the
measurements of the effect of foil, voltage and current probes are carried out and
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discussed in paper III. Concluding the current transformer CM-100-6L-IR50 as the
current probe, Tektronix P2220 probes (at x10 mode) as the voltage probe, the appropriate
measurement setup is selected for the foiled transformer.

Then, the results of the SFRA measurements of the transferred voltages along the three
windings are presented in paper [V. Transferred voltages are presented in the patterns of
voltage-to-ground and voltage drop. In the context of the terminal resonance and internal
resonance, the comparison of the measured results for the three windings are highlighted
in this paper. The effect of a short-circuited or open-circuit LV winding is also
investigated.

In Paper V, the proposed white-box model of the 500 kVA transformer, which is coded
in MATLAB, is introduced and verified. As mentioned in sub-section 2.4.2.2, the
lumped-parameter model based on self and mutual inductance calculations is selected for
this research. Equation (12) defines the transferred voltages, in which the calculation
requires the calculation of the Z matrix. The analytical equations for the components of
the Z matrix, i.e. R, L, C and G matrices, are explained in paper V. To work on the model,
the author should have had visual access to the windings. Thus, the transformer is set up
out of tank. To investigate the effect of the tank, aluminum foil is used around the
transformer.

The measurements in paper IV, along with input impedance measurements represented
in paper V, are employed to verify the white box model. The verification of the model,
agreements with measurement results and limitations assist us to draw general
conclusions.

Figure 3.1. The photo of the 500 kVA transformer- left: without foil- right: with foil.
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4 Selected Publications

The scope of study in this thesis is detailed in the following five papers. In this section,
summary of the papers are expressed. While, the complete papers are inserted in the
Appendix.

Paper I

Resonant overvoltage assessment in offshore wind farms

via a parametric black-box wind turbine transformer model
Amir Hayati Soloot, Hans Kristian Heidalen and Bjern Gustavsen

Wind Energy, Vol. 18, issue 4, pp. 1061-1074, June 2015.

In this paper, we study how switching overvoltages at the Wind Turbine Transformer
(WTT) Medium Voltage (MV) side can lead to high overvoltages on the Low Voltage
(LV) side.

The effect of overvoltage protective devices is analyzed. A detailed model of an OWF
row is developed in Alternative Transients Program-ElectroMagnetic Transient Program
(ATP-EMTP), including interconnecting cables, WTT, surge arresters and resistive—
capacitive filters. A parameterized black-box WTT model is developed based on an
established model of a 300 kVA 11/0.23 kV YNynO transformer. The model is used to
investigate the transfer of resonant overvoltages from the MV to the LV side.

The transformer model introduces frequency shift and amplitude scaling factors to enable
systematic variation of its frequency response. Simulation results show that wind turbine
energization in an OWF can lead to overvoltages on the LV terminals. The rate of rise of
overvoltages (du/dt) is in the range of 300—500 pu/ps. It is found that resistive—capacitive
filters should be installed on both MV and LV terminals of WTTs to decrease both
resonant overvoltages amplitude and du/dt, which is unachievable by surge arrester alone.
In addition, the selection of energization topology, i.e. WTT position in wind turbine and
breaker closing sequence, is discussed in this paper.

Paper 11
Investigation of Resonant Overvoltages in Offshore Wind Farms-

Modeling and Protection
Amir Hayati Soloot, Himanshu J. Bahirat, Hans Kristian Heidalen, Bjorn Gustavsen and Bruce A. Mork
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In proc. of the International Conference on Power Systems Transients (IPST2013), Vancouver, Canada,
July 18-20, 2013.

In this paper, resonant overvoltage due to close-up earth faults is simulated in detail. High
frequency black-box WTT model as in paper I is used. The power converter is modeled
with two back-to-back voltage source converters. The resistive-inductive (RL) harmonic
filters and snubber circuits are included. This converter model can simulate the steady
state operation as well as resonant overvoltage due to earth fault in ATP-EMTP software,
but a long simulation time is required. A simplified model, which has the same accuracy
as the first model for resonant transients, is introduced.

Simulation results show that the transferred overvoltages to LV side due to earth fault at
critical cable lengths may lead to resonant overvoltages with amplitude and rate of rise
up to 30 p.u. and 400 p.u./us, respectively. It is also shown that the installation of surge
arresters at LV and HV terminal of WTTs only decreases the amplitude of overvoltages
to safe margin and not the du/dt. However, the application of RC filters instead of surge
arresters can protect offshore wind farm components from overvoltages.

Paper 111

Internal Resonant Overvoltage in Wind Turbine Transformers-

Sensitivity Analysis of Measurement Techniques
Amir Hayati Soloot, Hans Kristian Heidalen, Bjorn Gustavsen

In proc. of International Conference on Electrical Machines and Systems, Busan, Korea, Oct. 26-29,
2013.

The effect of measurement equipment on internal resonant overvoltages is analyzed in
this paper. The motivation was to obtain high quality measurements specially to enable
comparison with calculations of internal resonant overvoltages in the range of 10 kHz-10
MHz.

The effects of foil, voltage and current probes are surveyed. Measurement results show
that foil around transformer increases the capacitance to ground, resulting in increased
input admittance.

The active part was placed outside the tank for easy access to internal measurement
points. This will influence its capacitive behavior. To study this effect, aluminum foil was
wrapped around the active part to simulate the tank surface.

The transferred voltage measurements are sensitive to voltage probe selection. Passive
voltage probes with minimum loading effect and adequate bandwidth is used to achieve
stable and reproducible results. Transferred resonant and anti-resonant frequencies, the
admittance or impedance magnitude and phase are highly sensitive to the location of the
current probes. They should be installed at terminal not in ground side of winding.

The measured magnitude or phase of admittance or impedance is more accurate when
current transformer CM-100-6L-IR50 is used compared to Tektronix P6021. On the other
hand, Tektronix P6021 represents almost the same transferred resonant or anti-resonant
frequencies. The current probes were compared for impedance measurement of 1 kQ
metal film resistor. The applied Tektronix P6021 requires more adjustment in the
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calibration process and it is recommended to apply the current transformer CM-100-6L-
IR50 for impedance measurements.

Paper IV

Influence of the winding design of wind turbine transformers for

resonant overvoltage vulnerability
Amir Hayati Soloot, Hans Kristian Heidalen, Bjorn Gustavsen

IEEE transaction on Dielectric and Electrical Insulation, Vol.22, Issue 2, pp. 1250-1257, April 2015.

In this paper, internal resonant overvoltages in three winding designs; layer, disc and
pancake, are measured and compared. The details of the design of the prototype 500 kVA
transformer are explained.

The measurements show that a HV winding of layer type gives the highest transferred
voltage to the LV terminal and this happens at 1.6 MHz which could be excited for close-
up earth faults. Although disc winding seems the least vulnerable when measuring the
transferred voltage to the LV terminal, it has higher potential of internal resonances in the
HV winding compared to the two other types, both for voltage-to-ground and for voltage
drops. Pancake and layer windings have less vulnerability in the case of internal
resonances. Pancake windings have modular design characteristic. This eases the repair
for offshore wind applications.

Paper V

Modeling of wind turbine transformers for the analysis of resonant

overvoltages
Amir Hayati Soloot, Hans Kristian Heidalen, Bjern Gustavsen

Electric Power Systems Research, Vol. 115, pp. 26-34, 2014.

The aim of this paper is to introduce the high frequency modeling of wind turbine
transformer. This model is verified with the measurements of the three windings on the
500 kVA transformer. In this way, the findings of the 500 kVA transformer can be
generalized.

This paper explains in detail the Lumped-Parameter Model (or RLC ladder model). The
analytical equations for inductance, capacitance and internal resistance of conductors are
explained. The necessity of core and insulation material properties is discussed. Also, the
challenge to model the internal conductor resistances is explained.
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5 Result & Discussion

In this chapter, the main results shown in the papers are discussed and the connection
between papers is emphasized. In section 5.1, the simulation of transferred resonant
overvoltages for energization transients and close-up earth faults is discussed. Section 5.2
is about internal resonant overvoltage measurement and modeling. Transformer behavior
under resonance condition can be in analogy with the short-circuited transmission line.
At certain frequencies a low loss, short-circuited transmission line behaves like a high-Q
series-resonant circuit, with minimum input impedance (maximum input current). It
exhibits a standing wave pattern of an integer number of half sine loops distributed along
its length and experiences large amplitude voltage oscillations at the anti-nodes. The
transformer winding behaves similarly and that type of resonance will be defined here as
a "terminal resonance". In addition, at other frequencies the low loss transmission line
behaves in the same manner as a high-Q parallel-resonant circuit, with maximum input
impedance (minimum input current). Again a standing wave pattern exists consisting of
a odd integer number of quarter sine loops. The similar anti-resonant condition in the
transformer winding will be referred to as a "terminal anti-resonance"[32]. If a winding
section, e.g a disc pair or a layer, located between two out-of-phase anti-nodes in the
standing wave pattern at some particular frequency, a maximum voltage will appear
between the two ends. This can be referred to as an "internal resonance" for the winding
section. In section 5.3, the calculation results of Lumped-parameter high frequency model
for the three winding types, mentioned in section 3, are presented.

S5.1Transferred resonant overvoltages

5.1.1 Parametric wide band model

A parametric wideband model of the 300 kVA 11/0.23 kV transformer, which can scale
the amplitude and shift the frequency response, is introduced. This model helps to get an
insight into the transferred resonant overvoltages of larger transformers with the help of
black box model of 300 kVA transformer. Detailed information of the parametric model
is described in paper /. Figure 5-1 shows the outcome of parametric model for shifting
frequency response and scaling the amplitude.

Transformer models generated by the parametric model and shift factor 1-10 are
employed to study the energizations leading to resonant overvoltages at LV side. The
simulation circuit is shown in figure 5-2 (a). As we know, the first condition for the
transferred resonance overvoltage is the equity of cable quarter wave frequency and one
of resonant frequencies of transformer. The second condition is that transformer input
impedance should be higher compared to cable surge impedance at resonant frequency.
These conditions are also addressed in literature, e.g. [17].
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Figure 5-1. (a) Shifted frequency response of the LV induced voltage and (b) scaled frequency
responses of MV phase A input impedance of the 300 kVA transformer.

As it can be seen in Figure 5-1 (a), the 300 kVA transformer (shift factor=1) has the
dominant resonant frequency at 2 MHz. This frequency is equivalent to the quarter wave
frequency of a 23 m cable with relative insulation permittivity of 2.67. As one can see in
Figure 5-2 (b), the pattern shows that the maximum resonant overvoltage amplitude is on
the diagonal zone, meaning that the most critical cable length for each shifted transformer
has the quarter wave frequency equal to the dominant resonant frequency of that
transformer. In the case of rate of rise (du/dt), higher values can be observed for
transformers with a lower shift factor (see Figure 5-2 c).
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Generally speaking, transformers with larger sizes have higher inductances and
capacitances. This leads to lower resonant frequencies according to equation (13). With
careful consideration, the effect of transformer size can be formulated. Assuming constant
current density, flux density, insulation space factor, the kVA scaling relations for
transformer can be obtained. When scaling the kVA by a factor of m, the physical
dimensions of transformer should be scaled by the factor m”?’. Therefore, inductances
and capacitances also scale by the factor m”?’, and resonance frequencies are scaled by

factor m*# according to:
fr = : (13)
" 2myVIC

5.1.2 Windings comparison

In paper 1V, the measured frequency responses of three winding types on the studied
transformer is presented (see figure 5.3). All of the three windings have a dominant
resonant frequency around 800 kHz. The trend of the frequency response around 800 kHz
for the pancake winding is similar to the disc winding, while the amplitude of the
transferred voltage is in the range of the layer winding.
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Figure 5.3 Transferred voltage to LV for Disc, layer and pancake winding in the 500 kVA study
transformer.

The disc winding has comparably lower transferred voltage at 800 kHz, but there are
many resonant frequencies in the range of 100 kHz-1 MHz indicating that there can be a
risk of internal resonances along the HV disc winding and its associated LV winding.
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Layer winding has the most dominant resonant frequency at 1.6 MHz and some resonant
frequencies in higher range. This means that close-up short circuits can lead to high
transferred resonant overvoltages at LV terminal.

5.1.3 Protection schemes

The protection schemes against induced resonant overvoltages are assessed via a
simulation circuit of typical offshore wind farm (Fig. 5-4 a). The induced voltage on LV
side phase A shows that RC filters are more effective compared to surge arresters both in
the sense of amplitude and rate of rise. The reduction of overvoltage amplitude can be
studied in Fig. 5-4 b. The impact on the rate of rise/fall is highlighted in table 5-1. In the
case of no protection, the rate of rise is 93 p.u./us while it drops to 25 or 9.5 p.u./us if
ideal surge arresters or RC filters are considered respectively. The base for p.u.
calculations is the voltage peak at LV side. It is studied that the consideration of stray
inductance of surge arresters or RC filters has a slight effect on their performance.

TABLE 5-1: RATE OF RISE/FALL OF VOLTAGE (P.U./uS) FOR VARIOUS
PROTECTION SCHEMES.

Protective devices WTT in WTT on

the base the
nacelle
No protection 154 93
SA(LV) with L* 44 27
Ideal SA(LV) 36 25
RC(LV) with L* 25 11
Ideal RC(LV) 16 9.5
SA(LV) & RC(LV)* 20 11
SA(LV),RC(LV) & 19 10
SA(HV)*
SA(LV),RC(LV),SA(HV) 13 4
& RC(HV)*

RC(LV) & RC(HV)* 16 4.5

*In this cases, stray series inductance is included to protective devices.

Close-up earth faults can also lead to transferred resonant overvoltages if the two
aforementioned conditions are valid. The simulation results in paper /I (see figure 5-5 a)
show that the induced voltage to LV for this phenomenon is higher when LV is open
circuit compared to the case where the power converter is connected and wind turbine is
under normal operation (see figure 5-5 b). The rate of rise of overvoltages is in the same
range as critical switching transients. Seq. 1-6 are the sequences of switch ignition in Grid
Side Converter (GSC).
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phase A for earth fault at peak phase A at the base of wind turbine. LVOC: Low Voltage Open Circuit.
seq. 1-seq. 6: converter in various switching sequences.

5.2 Internal resonant overvoltages

Theoretically in resonance condition, the stored energy in the coils of transformer
transfers to/from the available insulation capacitors. Thus, resonances typically occur at
relatively high frequencies where a coil impedance in the transformer winding is in the
range of an adjacent capacitor’s impedance.

In this thesis, the internal resonant overvoltages are studied by means of measurement

and modeling for three winding types, i.e disc, layer and pancake windings. In this way,
an extended understanding can be achieved:
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e The measurement technique is Sweep Frequency Response Analysis
(SFRA).A 500 kVA transformer with three winding types, i.e. disc, pancake
and layer, on three legs are presented and compared in paper /V.

e The abovementioned 500 kVA windings are modelled analytically in detail.
The model is compared and verified by the measurements in paper V.

Along each of the windings, 25 taps are implemented to measure the transferred voltage
along windings. The SFRA of the transferred voltage to the taps along 500 kVA 11kV
disc winding shows that the voltage distribution is based on turn numbers along the
winding up to 30 kHz (see figure 5.6). The first resonant frequency (terminal resonant
frequency) at 70 kHz is in the form of one standing wave along the winding with nodes
at the HV terminal and ground . The anti-node is located at the middle of winding. The
amplitude of transferred voltage at the anti-node is 4 p.u. At higher resonant frequencies,
there are more nodes and anti-nodes but lower transferred voltage amplitude compared to
70 kHz. It is also shown that the frequency response for taps along HV disc winding does
not change significantly, if LV winding is short-circuited. The importance of voltage-to-
ground measurements is to investigate the internal resonant overvoltages at winding parts
close to LV winding or core yoke. For example, tap 2 ,which is close to top yoke, has
high transferred voltage at resonant frequencies; 97, 161, 213, 276, 361 and 393 kHz
compared to the transferred voltages at f <97 kHz.

The measurement of transferred voltage to the 25 taps along layer winding are shown
in Figures 5-7 and 5-8 for open circuit and short circuited LV winding, respectively. As
one sees in both figures, the trend of voltage distribution along layer winding is linear up
to 680 kHz (=the first resonant frequency for tap number 1). Meanwhile, resonant
frequencies for taps near to HV terminal, i.e. 23-25, can be observed with transferred
voltages in the range of 1. p.u. 680 kHz is the dominant resonant frequency at tap 1 where
the amplitude of transferred voltage is 1.2 p.u. which is relatively high compared to the
response at lower frequencies. The energization of the transformer with short cables, e.g.
wind turbine energizations, can lead to internal resonant overvoltages at this weak point,
located near to LV terminal, if the quarter wave frequency of the cable matches with 680
kHz. The overvoltage can also occur during earth fault at short cable distance.

At 926 kHz, the transferred voltage pattern along taps looks like a standing wave
superimposed on a decreasing linear trend. The anti-nodes of this standing wave are
located at taps 24, 20 and 17 among which tap 20 is located on top of 10th layer and close
to yoke or core frame and there is also high potential of internal overvoltages. For f> 926
kHz, the decreasing trend of transferred voltage vanishes and only the standing wave
pattern can be observed at resonant frequencies (see Figure 5-7 top). When the LV
terminal is short circuited, there is no significant change up to 680 kHz. For f> 680 kHz,
the main changes in the transferred voltage pattern are

e At 926 kHz, the amplitude at anti-nodes located at taps 24, 20 and 17 slightly
decrease.

e Addition of some resonant frequencies such as 823 kHz for tap 1, 1.8 MHz for tap
25,22 and 20.

The transferred voltage pattern of pancake winding in Fig. 5-9 shows that
combinational characteristics of both layer and disc windings can be observed here due
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to the physical design of pancake winding. The standing wave at 40 kHz is similar to
those at 70 kHz of Disc winding. The general decreasing trend up to 1.1 MHz is coming
from layer nature of the bobbins of the pancake winding. The resonant frequencies at 3.27
and 7 MHz also have the decreasing trend along winding, the former one is also a resonant
frequency for layer winding with low amplitude of transferred voltage at anti-nodes. The
latter one is not common, though. A characteristic of the pancake winding is the dominant
decreasing trend even at high frequency. This means that taps near the top yoke, which
are close to ground terminal have lower transferred voltage at resonant frequencies
compared to layer or disc winding.
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Figure 5-6. Measured transferred voltage to taps along disc winding-LV terminal is open. (Top:
3D view, bottom: 2D view.).
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Figure 5-7. Measured transferred voltage to taps along layer winding-LV terminal is open. (Top: 3D
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3D view, bottom:2D view).

Resonant overvoltages inside transformer can be seen as excessive voltage-to-groundor
voltage drops, introduced as terminal resonance and internal resonance earlier. The first
one is critical at resonant frequencies where the associated anti-nodes in HV winding are
close to LV winding or yoke. The second one is critical at resonant frequencies where the
associated out-of-phase anti-nodes are located closely in HV winding.

Figure 5-10 depicts the voltage drop across adjacent taps along three windings. It should
be mentioned that voltage drop i means the voltage difference between taps i+/ and i. As
one can see in figure 3-2, taps 1-21 are located in the outer turn of disc pairs. Thus, the
investigation of the voltage drop between taps in frequency domain is beneficial to
perceive the internal resonance phenomena. It should be emphasized that the base for
these voltage drop measurement is voltage-to-ground at HV terminal, which the color
code for all of the measurements is according to. Regions with yellow up to red are
assumed to have the high risk of internal resonances.
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As one sees in Figure 5-10, the pattern of the internal resonances for disc winding is also
based on standing wave theory same as voltage-to-ground in figure 5-6. The main
resonant frequencies, which can result in internal resonant overvoltages, are 65, 100, 160,
200, 215, 290, 370 and 470 kHz. Comparing these frequencies with those in Fig. 5-6, we
can find that they are related to the standing waves at 70, 100, 158, 210, 275, 360, 393
and 450 kHz respectively. The energization transient of transformers with short cables,
ie. 50-150m, in wind turbines has such frequency components. It is thus not
recommended to use transformers with disc windings.
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Figure 5-10. Measured voltage drops along disc (a), pancake (b) and layer (c¢) windings when LV
terminal is open.
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The pattern of voltage drops in pancake winding in Fig. 5-10 shows that this winding is
not as vulnerable as disc winding. 0.950, 1.15, 3.5 and 4 MHz are the internal resonant
frequencies. Not all of the taps in pancake winding are located in close distance as in disc
or layer winding owing to designing the tap positions in the way that they are in the same
turn numbers in three windings. It means that the adjacent points are not necessarily
shown in the plot.

The voltage drop in the layer winding is shown in Figure 5-10 in the same way as disc
and pancake windings. For layer winding, the adjacent taps i+/ and i have a distance
equal to half of winding height. Voltage drops are not cross the layers but along it.
Therefore, they are not critical in the sense of insulation failure due to internal resonant
overvoltages. In contrast, figures 5-11 show the voltage drop across the taps located close
in adjacent layers ( see Figure 3.2). Figure 5-11-(a) shows the voltage drop along odd taps
which are located in the middle of the layer winding. There is high potential of internal
resonance between tap 3 and 1 at 600-700 kHz. Most of the internal resonances are higher
than 1 MHz and mostly between tap 17 and 19.
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Figure 5—11. Measured voltage drops along layer windings when LV terminal is open. (a) adjacent taps
in the middle of layer winding. (b) adjacent taps on top or bottom of layer winding.
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Internal resonances across taps on top or bottom of adjacent layers are shown in figures
5-11-(b). The most critical ones occur for the voltage drop between tap 2 and 6 for 600-
700 kHz or 9 MHz. The former can be excited with cable energization of transformer and
the latter can happen due to close-up short circuits. Voltage drop across taps 6 and 10 has
also high potential of internal resonance at 9 MHz

5.3 Modeling transformer windings

The proposed high frequency model, Lumped-parameter model, assists to draw general
conclusions about both terminal and internal resonant overvoltages for the three
aforementioned windings. The highest partitioning level for the representation of LV and
HV windings has been used in the model. In this section the calculation results of this
model are represented in comparison with the measurements. Then challenges and
limitations are discussed. In Figure 5-12, the input impedance of HV layer, disc and
pancake windings are shown. It can be observed that the calculations follow the trend of
the measurement for Layer winding. The resonant frequency at 10kHz is not represented
since flux linkage with other phases is not included in the model. This resonant frequency
is also not represented for disc and pancake windings. The shortcoming of the model is
that the resonant frequencies at 100 and 300 kHz for the measured HV winding is
presented with a shift in the calculated model at 50 and 130 kHz.

Except from 10 kHz, the calculation result for HV input disc impedance is in good
agreement with measurement for disc winding. The shortcoming is the shift in the
resonant frequencies and slight higher amplitude of the calculated results.

For the pancake winding, the calculated results for HV impedance has the same
decreasing trend and same amplitude range of the measurement results. Same as disc and
layer windings, shift in the frequency response should be corrected. The double resonant
frequencies at 40 and 50 kHz in the measurements is only represented with one resonant
frequency at 30 kHz in the calculation results. In addition, the resonant frequency at 600
kHz is not represented in the calculation results.

The induced voltage on the LV terminal calculated by (12) in 2.4.2.2 is compared with
measurements in Fig. 5-13 for three windings. The frequency range is now extended to
10 MHz, since the voltage probes are accurate also above 1MHz as mentioned in test
setup section. Although quarter wave frequency of wind park feeder cables rarely can be
in this range, close-up ground faults can give oscillations with such high frequencies. This
also gives an opportunity to test the analytical model at higher frequencies.

As it can be seen in Figure 5-13, the model results for layer winding are in good
agreement with measurements for f<IMHz. But, for £>1MHz, it only follows the
decreasing trend of the measurements. The dominant resonant frequency in 1.6 MHz is
not well represented. This will be discussed in detail in section 5.3.1. For disc winding,
the model results follow the trend of measurement around 100 kHz. For the higher
frequencies, this correspondence reduces.
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In the case of pancake winding, it seems that, the model results can represent the
position of the resonant frequencies. However it can not represent the amplitude of the
measurement near 800 kHz. According to equation (12), the calculation results for the
transferred voltages to LV are sensitive to the accuracy of Z(nL,m) and Z(m,m)
calculation The latter one is input HV impedance. Small, but not ignorable, deviations of
calculation results from measurements can be observed in Fig. 5-12. There can be
noticeable deviations in the Z(nL,m) calculations, but measurement cannot be obtained.
These two deviations in numerator and denominator of (12) may lead to higher deviations
for the calculation of transferred voltages.

5.3.1 Limitation of analytical RLC formula in Lumped-
Parameter Model

As explained in the 2.4.2.2, the components of RLC matrices are calculated
analytically. For this reason the precise geometrical data and material property of the
transformer under study is required. In this work, we designed and produced this 500
kVA transformer. Therefore, detailed geometrical design data are available. The other
input for modeling is conductor, core and insulation material properties, where only
conductor material properties are available accurately. Core parameters mentioned in
appendix of paper V, i.e. u:, ocoe and p, are not available. Wilcox et al. proposed
measurement techniques to obtain these parameters in the case of the mutual impedance
between two coils [19]. However, those techniques cannot be applied to this special 500
KVA transformer. The calculation results are sensitive to core material properties. The
three core parameters are estimated and optimized by the comparison of repetitive
calculation results with measurements. A slight variation within the acceptable range [19]
is made for one parameter in each calculation.

In the case of insulation materials, their permitivities are well-known. But, the detailed
frequency dependency of the dissipation factors (tand) of all insulators, which is needed
for accurate modeling, especially f>1 MHz is not available. One analytical equation from
literature is included for all transformer insulations.

It should be mentioned that the layer winding conductor is aluminum due to design
limitations. According to discussion with manufacture, it was not possible to choose any
available copper wire cross section so that radial width, 50 Hz transformer impedance
and turn ratio of layer winding became similar to those of disc and pancake winding.
Nevertheless, Aluminum has higher skin depth compared to cupper. The conductor
resistances at high frequency would be different between layer and two other windings.
This will influence the amplitude of terminal impedances at resonant frequencies. But,
the value of resonant frequencies is not dependent to conductor resistances, but to the
capacitances and inductances.

The next issue to be discussed is the analytical calculation of the internal conductor
resistance, which is one part of self-resistance. The other part is the self-resistance due to
the core and is calculated by Wilcox formula. Fig. 5-14 shows the total self-resistance of
the LV foil associated with disc winding according to the proposed model. The black
solid line represents self-resistance due to core skin effect [57]. The dashed line shows
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the internal conductor resistance based on Dowell’s equation. The dashed-dotted line is
the internal conductor resistance only due to skin effect [72].

It can be found that total resistance is dominantly affected by proximity effect for
f>4MHz. Ignoring the proximity effect in the model and including just skin effect by the
analytical formula in [72] leads to higher amplitude of the LV transferred voltage at
resonant frequencies around 100 kHz in layer winding (see and compare Fig.13-a and
Fig. 5-15). The reason is that the internal conductor resistance becomes two orders of
magnitude lower for 10 kHz<f<IMHz by ignoring proximity (see Fig. 5-14). The
calculation results for transferred voltage in this case has poor agreement with
measurement for 50 kHz<f<500kHz. However, the calculations based on proximity effect
formula cannot represent the trend of transferred voltage to LV in layer winding for f >
IMHz (see Fig. 5-13-a). Also, the dominant resonant frequency at 1.6 MHz is not
represented. The calculations based on skin effect formula can represent the trend much
better in this frequency range. But, improvements are still required for amplitude
agreement. All in all, it can be concluded that based on the frequency range of study, the
appropriate formula for the analytical calculation of the internal conductor resistance can
be brought in the model.

In case of disc winding, the introduced Dowell formula leads to good amplitude
calculation for resonant frequencies around 100 kHz (See Fig. 5-13). It however
deteriorates the trend of induced LV voltage for higher frequencies. In the case of pancake
winding, the amplitude of resonant frequencies around 1 MHz is considerably lower than
measurements and it requires improvement.
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Figure. 5-14. The comparison of different resistances in LV winding with total resistance
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Figure. 5-15. Transferred voltage from HV to LV for layer winding. Proximity effect ignored in the
calculations.



6 Conclusions and Future work

6.1 Conclusions

In this work, a comprehensive study of resonant overvoltages was carried out. The study
was both system-oriented and component-oriented. The former was the simulations of
resonant overvoltages in wind farm systems for the cases of energization transients and
close-up carth faults. The latter dealt with wind turbine transformer as the main
component between LV and MV systems. The internal resonant overvoltages are
surveyed with measurements and modeling.

Referring to the energization simulation of the shifted 300 kVA transformer models
with critical cable lengths in papers I the resonant overvoltages amplitude increases as
the shift factor increases from 1 to 6 after that remains constant, i.e. larger transformers
has slightly higher resonant overvoltage. For rate of rise/fall of overvoltage, increase in
shift factor from 1 to 3 leads to abrupt reduction in du/dt from 460 to 240 p.u./us. For
shift factors more than 3 and towards 10, du/dt decreases slightly. For the base
transformer model with shift factor equal to 1, the amplitude and du/dt are 30 and 400
p.u./us, respectively for energization with 23 m cable.

In reality, during the energizations of transformers in wind farms, the LV terminal is
open circuit since the power converter is not initiated while earth faults normally occur
during operation of wind turbines, the power converter is connected at the LV side of
transformer. To consider all of the probable situations, the earth fault at HV terminal
when LV is open circuit is also studied here.

The simulation results for the 300 kVA transformer in the case of close-up earth faults
at critical cable length, when power converter is connected, show a reduction of the
amplitude and du/dt to one-third of the case when LV terminal is open circuit. When LV
is open circuit and earth-fault occurs at 23 m distance from transformer at the peak of
phase A in wind farm, the result is similar to a standalone cable-transformer energization.
The amplitude and du/dt is 30 p.u and 400 p.u./ ps, respectively.

Regarding the protective and preventive measures against resonant overvoltages, surge
arresters keep the amplitude of overvoltages low at LV terminal, but the du/dt cannot be
decreased sufficiently. Simulation results indicate that just the implementation of RC
filters alone can securely protect WTTs MV and LV terminal from resonant overvoltages.
The selection of RC values should be carried out on the basis of both transient and steady
state situations.

A white-box model for wind turbine transformer is introduced in this research for

investigation of internal resonances. A 500 kVA transformer with three winding types,
i.e. disc, layer and pancake, is designed and produced for this purpose. The validation of
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the model is achieved by comparison of measurement on the test object and calculation
results for the input HV impedance, input LV impedance and transferred voltages to LV
in the frequency range 10 kHz-1 MHz:

e The model can represent i) the decreasing trend of the HV input impedance, ii) the
increasing trend of the LV input impedance.

o The calculated resonant frequencies of the HV and LV input impedances are in good
agreement with measurements.

e The dominant resonant frequency of the transferred voltage to LV for disc and pancake
winding (800 kHz) is represented. This frequency is also critical for layer winding.

The shortcomings of the model can be listed as:

e There is slight frequency shift between measurement of impedance and the model.

e The Dowell’s equation, which is applied to represent conductor resistance of windings,
leads to overdamping of transferred voltage amplitudes at resonant frequency in the
case of disc and pancake winding. But, the result for layer winding is quite good.

It is concluded that the simultaneous agreement between these calculation results,
achieved by analytical model, and measurements is quite challenging. However, improved
agreement can be achieved if:

1- All the dimension data, core parameters, the frequency dependent dissipation
factors of LV, HV and LV-HV insulations are available.

2- The highest partitioning level for LV and HV winding is selected for the
modeling.

The recommendation of this thesis is to compare winding types in the sense of internal
resonances. In this way, the most vulnerable ones for wind farm applications can be
identified and avoided. Winding types with moderate frequency response in these
frequencies can be protective and preventive measures. Disc winding with many internal
resonant frequencies in the range of 0.1-1 MHz is the most critical winding type while it
is the least vulnerable in the case of transferred voltage to LV. The pancake winding with
the modular winding design and repair easiness can be considered as an interesting
alternative winding type for offshore wind farm.

6.2 Future work

The focus of this thesis work is on the transferred voltages inside HV windings when
applying reference voltage and LV terminal is open circuited or earthed.

The following research works are proposed as future work:

o Since the proposed model aims to assist wind transformer designers and operators
to improve windings design against very fast transients, especially resonant
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overvoltages, the model should have this feature to draw general conclusions. In
future work, the sensitivity of calculation results on core and insulation material
properties is going to be investigated in more detail to improve agreements with
calculations, particularly the transferred voltages to LV in pancake windings.

The frequency characteristic of the internal winding resistance can not be
represented properly with Dowell’s equation for disc winding in the range of 100
kHz- 1 MHz. The improvement of internal resistance matrix can be assessed with
numerical FEM methods.

Internal resonant in LV windings associated with the three HV windings, disc,
layer and pancake can be calculated via the analytical model. In this way, the
effect of HV winding type on the vulnerability of the LV windings can be
understood.

The effect of power converters on overvoltages can be analyzed during de-
energization or switching off at MV grid.

Resistive-Capacitive filters at both HV and LV terminals are effective protective
measures for transferred resonant overvoltages. Their effect on moderating
internal resonance can be investigated both analytically and by measurement on
the 500 kVA transformer.

The internal resonances in HV winding can be studied when the LV terminal is
energized and HV winding is open circuit, earthed or loaded. In this way, the
transfer of high frequency spikes from power converters to HV side can be
investigated.
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ABSTRACT

The protection of offshore wind farms (OWFs) against overvoltages, especially resonant overvoltage, is of paramount
importance because of poor accessibility and high repair costs. In this paper, we study how switching overvoltages at
the wind turbine transformer (WTT) medium voltage (MV) side can lead to high overvoltages on the low voltage (LV) side.
The effect of overvoltage protective devices is analyzed. A detailed model of an OWF row is developed in electromagnetic
transients program—alternative transients program (EMTP-ATP), including interconnecting cables, WTT, surge arresters
and resistive—capacitive filters. A parameterized black-box WTT model is obtained from measurements and is used for
investigating the transfer of resonant overvoltages from the MV to the LV side. The model is capable of shifting
systematically the frequencies and adjusting the transformer input impedance. Simulation results show that wind turbine energi-
zation in an OWF can lead to overvoltages on the LV terminals. The rate of rise of overvoltages (du/dt) is in the range of
300-500 pu/ps. It is found that resistive—capacitive filters should be installed on both MV and LV terminals of WTTs to decrease
both resonant overvoltages and du/dt, which is unachievable by surge arrester alone. Copyright © 2014 John Wiley & Sons, Ltd.
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NOMENCLATURE

OWF Offshore wind farm

WTT Wind turbine transformers

SA Surge arrester

VCB Vacuum circuit breaker

RC Resistive—capacitive filter

HV, MV, LV  High voltage, medium voltage, low voltage
du/dt Maximum rate of rise (or fall) of overvoltages
Jar Dominant resonant frequency in voltage transfer function
Z, Transformer MV input impedance

Z. Surge impedance of feeding cable

fs Cable quarter-wave resonant frequency

I Transformer resonant frequency

o Shifting factor

p Scaling factor

s Laplace variable

Copyright © 2014 John Wiley & Sons, Ltd. 1061
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m The kVA scaling factor

Veable The surge velocity in lossless feeder cable
l Feeder cable length

T Traveling time in cable

c Speed of light in vacuum

& Relative permittivity of cable insulation

1. INTRODUCTION

Because of the increased distance of OWFs from shores and adverse weather conditions in oceans, the main criteria in their
design and operation are high reliability and little maintenance requirement. To achieve this, the protection of electrical
components against various overvoltages should be improved compared with land-based installations. In the work by King
et al.,' the overvoltages were categorized, and the upcoming destructive events in OWFs were reviewed according to the
IEC60071-1 classification: continuous operating voltage, temporary overvoltages, slow front (switching), fast front (light-
ning) and very fast front transients. Besides, attention must be paid to the voltage level, i.e. HV, MV or LV, in which these
overvoltages occur, since the effective protective measures depend on both the overvoltage type and the voltage level in
wind farm. For example, an OWF can be connected to a power network with 132kV (HV level) subsea cables. The
platform transformer has the collection grid in the secondary side at 33kV, MV level. The WTTs are connected in cable
rows to platform transformer at this MV level. Each WTT has the generator at its secondary side at 230V, LV level.

The analysis of temporary overvoltages in long HV cables initiated by disconnection of wind power plants is presented
in the work by Akhmatov er al.? It is concluded that the converter-controlled wind turbine generators should be supported
by having fault-ride-through requirements to mitigate such temporary overvoltages. Transient overvoltages are analyzed
in the work by Han ez al.® during inadvertent cable feeder deenergization and fault clearing scenarios on the collection
grid of a large wind farm (300 MW). The impact of WTT configuration, A/Yn or Yn/Yn, is evaluated, and solutions to
suppress the overvoltage, i.e. grounding transformer and fast grounding switch, are proposed. The energization
(switching) overvoltages of cable feeders are simulated while other feeders are not connected and compared with
the case where other feeders are connected.* Arana ef al. compared the simulation results for energization overvoltages
with measurements in Nysted OWFE.® They compared the modeling and simulation results in Power System Computer
Aided Design (PSCAD) and Power Factory.

The switching overvoltages at MV collection grid can also be studied with the consideration of the impact of
restrikes and reignitions of VCBs on wind transformer terminals.®” The propagation of the overvoltages along WTTs
winding connected to MV collection grid is also prominent to investigate.® The high-frequency properties of a
3.14MVA 35/1.0/0.4kV WTT, commonly used for the doubly fed asynchronous generator, are investigated, and it
is shown that the voltage transfer from the 35kV side to either of the two LV taps is strongly dependent on the loading
of the other tap.” It is also shown that the use of a simplified transformer model based on lumped capacitances gives
unrealistic results.

There have been few studies on the transferred resonant overvoltage to LV side. Therefore, the motivation of this
paper is investigating these overvoltages, which are harmful for both transformer and power converters. The resonant
overvoltages can occur both due to energization transients'® and close-up short circuits,'""'* when the frequency of a
sustained voltage oscillation at the transformer MV terminals matches with a resonant frequency in the WTT voltage
transfer function. The frequency of such oscillations is closely linked to the topology and lengths of the cables. The
conditions of resonant overvoltage in cable-transformer interaction is discussed in detail in the work by Gustavsen,
showing overvoltages as a function of cable lengths. Furthermore, the transformer transfer characteristics are prominent
in resonant overvoltages.

Resonant overvoltages can also occur inside transformer winding'* and is dominantly dependent on winding type, i.e.
disk, layer or pancake.'>'® In the work by Soloot e al.,"” it is shown that the measurement of resonant frequencies and
the amplitude of transferred voltages at LV or internal HV winding are quite sensitive to the voltage and current measure-
ment techniques.

The novelty of this paper is introducing a parametric wideband WTT model to comprehensively calculate resonant
overvoltages for various transformer designs and power ratings. This model is based on a black-box model'® obtained from
measurements where we introduce shifting and scaling factors for the model’s poles, residues as well as the input impedance.

The other aim of this paper is systematic investigation of overvoltages resulting from the energization of a row. The
impact of the feeding cable length and wind turbine connection topologies on resonant overvoltages are assessed. The
impact of SAs and RC filters on overvoltage mitigation is also highlighted. Finally, the induced overvoltages due to
energization of the other rows in OWFs are surveyed.

1062 Wind Energ. 2015; 18:1061-1074 © 2014 John Wiley & Sons, Ltd.
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In this paper, the parametric model of WTT is explained and justified in Section 2. The appropriate modeling of the
cables, the protective devices and energization topologies are introduced in Section 3. Simulation results are analyzed
in Section 4. In Section 5, the strengths and limitations of the proposed modeling and the achieved simulation results
are briefly discussed.

2. WTT BLACK-BOX PARAMETRIC MODEL
2.1. Black box model

For representing the WTTs in electromagnetic transients program-alternative transients program, we used a wideband
model of a 300kVA 11/0.230kV transformer developed in the work by Gustavsen.' Here, the following steps were taken.

1. The 6 x6 admittance matrix of the transformer was established by measurements as a function of frequency from
10Hz to 10 MHz. The coaxial measurement cables were compensated.

2. A six-terminal black-box model of the transformer on pole-residue form [equation (1)] was obtained on the basis of
vector fitting'®!? followed by passivity enforcement via residue perturbation.

3. An equivalent resistor, inductor, and capacitor (RLC) lumped network was generated from the rational model and
implemented in alternative transients program.

-~ R,
Y(s) = E :—FD-&—SE (1)
L m

2.2. Shifting the frequency response

To study the effect of shift in frequency response on the resonant overvoltages, the black box model of the transformer is
modified by multiplying the frequencies (s) in equation (1) by a factor a. This gives the following shifted model,

m R
Y(0s, ap, RuD, E) = Y<s,“—,—,D,aE>. @
(43 a

The effect of the shifting is demonstrated for the computed voltage transfer from MV terminal phase A to LV terminals
with terminal conditions shown in Figure 1 (left). Figure 1 (right) shows the terminal connection for the computation of
input impedance of MV terminal phase A. The resistance values connected to MV terminals phase B and C represent
the surge impedance of cables connected to them.

Figure 2 shows the frequency sweep of the transferred voltage to LV terminal phase A when the MV phase A is 1 pu,
with alternative shift factors, a=1, 5 and 10. As observed in Figure 2, the dominant resonant frequency (f;,) moves down
from 2 to 0.4 MHz and 0.2 MHz for shift factors 5 and 10. Because of shifting, higher input impedances of MV phase A for
lower frequencies can be observed in Figure 3.

Since the measurements on the 300 kVA transformer are carried out until 10 MHz, shifting of the frequency responses to
lower range leads to undefined values for MV input impedance and transferred voltage to LV in high frequencies in the
range of megahertz. As an instance, shifting by factor 10 leads to undefined values for impedances and transferred voltages
for f> 1 MHz. Considering this limitation, the simulation cases (cable lengths and shift factors) in Section 3 are selected
such that the transformer frequency responses are defined for.

2.3. Scaling the frequency response

To study the effect of scaling in the admittance matrix on the resonant overvoltages, the black-box model of the transformer
is modified by multiplying R,,, D and E in equation (1) by a factor £. This gives the following scaled model,

HV WTT LV

A a HY WTT Lv "
C
V. I(ﬂ?im
() 20Q 20Q

Figure 1. Circuits for extracting the frequency response of voltage ratio (left) and input impedance (right).
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Figure 2. Frequency sweep of the transferred voltage to LV terminal phase A for 300 kVA transformer (solid trace), with alternative
shift factors.
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Figure 3. MV input impedance of phase A for 300 kVA transformer (solid trace), with alternative shift factors.

/fY(S,am,R,y,,D,E) = Y(S,a,,,,/me,ﬂD./fE>. 3)

The dashed and dotted traces in Figure 4 show the scaled input impedances by factors 10 and 0.1, respectively. In

Section 4.1, the effect of scaling is simulated in no load transformer energization without the protective devices in order
to observe how they increase or impede resonance initiation.

2.4. Justification of shifting and scaling approach by design considerations

The shifting and scaling of the WTT frequency response is treated conceptually in this paper. But it can also, within
moderate limits, be justified physically from the following considerations:

1. The kVA scaling of transformer: generally speaking, transformers with larger sizes have higher inductances and
capacitances. This leads to lower resonant frequencies according to equation (4). With careful consideration, the

8 N, ©T Jeescaled factor=0.1
g 4 \\ = scaled factor=10
- N,
B ——" —scaled factor=1
& 4
£ 10
P v\
=
g NV el
S e i
] 100 e .
= . . >
g hat ) “:' 'q,.‘_\\"f
0
10
10' 107 10° 10* 10° 10° 10’

Frequency(Hz)

Figure 4. MV phase A input impedance for 300 kVA transformer (solid trace) with alternative scale factors.
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effect of transformer size can be formulated. Assuming constant current density, flux density, insulation space factor
and frequency, the kVA scaling relations for transformer can be obtained.?’ When scaling the kVA by a factor of m,
the physical dimensions of transformer should be scaled by the factor m”?. Therefore, inductances and capacitances
also scale by the factor m*?’, and resonance frequencies are scaled by factor m~%?> according to

1
-t 4
fe 2n/LC @

2. Transformers with various insulating material: the application of various insulating materials in transformers such as
mineral oil, ester based oils as well as cast resin dry insulator leads to different series and shunt capacitors for a
constant winding frame. Therefore, according to equation (4), the resonance frequencies will be scaled inversely
by the variation of the square root of ¢, since the transformer capacitances are directly related to ¢,.

3. Winding type (layer, disk etc.): assuming a fixed core window, i.e. fixed axial winding height and radial radius, the
series capacitance (Cy) of a layer winding is typically smaller compared with a disk winding leading to a lower value
of resonance frequencies for disk winding.

The actual frequency response of input impedance and voltage transfer to LV is strongly dependent on the transformer
design (e.g. winding type) and the vector group. Therefore, the applied approach of shifting and scaling the admittance ma-
trix of the given 300 kVA transformer cannot represent an arbitrary transformer very well. In this work, the shifting/scaling
is simply used for gaining insight in the phenomenon of high-frequency cable-transformer resonance in OWFs.

The approach of shifting/scaling can however be very useful also in practical studies. There is always some uncertainty
in the accuracy of wideband transformer black-box models because of inaccuracies in the measurements and model extrac-
tion procedure. A sensitivity study based on small shifting/scaling of the frequency domain behavior will therefore give
more faith in the conclusions derived from simulation results.

3. MODELING OF CABLE, PROTECTIVE DEVICES AND ENERGIZATION
TOPOLOGIES

3.1. System overview and modeling considerations

The OWF considered for simulations is illustrated in Figure 5. It consists of several WTTs which are connected in a row with
the MV cables. There are VCBs to switch each transformer and one VCB for switching the entire row. The main components
in OWFs for the switching transient investigations are WTTs, cables, SAs and RC filters. In the LV side of WTTs, depending
on the wind turbine configuration,>' soft start or full-scale frequency converters are installed. The soft start or the frequency
converter is initiated after the energization of transformers. Therefore, they are off and can be disregarded in the simulation.

The modeling of the components should be performed on the basis of the frequency range of the phenomena and time
interval of study. The transformers for the initial time interval after energization are adequately modeled on the basis of the
high frequency behavior, which is taken into account by the parameterized model in Section 2. VCBs have multiple
prestrike and multiple reignitions in energization and de-energization, respectively, which can mainly affect the amplitude

other row groups

‘cBI E

Row 2

Platform cB1 HV cable

el = R e

Row 1 cB2 cB2 cB2

HV cable

Wind Turbine
Transformer

CB3 ' CB3 | CB3 .
BB BB
Figure 5. Single phase diagram of OWF system
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and waveform of overvoltages at HV terminal.* However, since the focus of this paper is on resonant overvoltages at the
LV terminal, VCBs are simply modeled as ideal switches.

3.2. Cable modeling

For cable modeling, the JMarti model?? is used. This model considers the modal transformation matrix as real and constant,
which is computed at a user-defined frequency that can be chosen equal to a dominant frequency component in the
simulation. Such modeling is valid for single-core cables at high frequencies since all waves propagate essentially as
coaxial waves. In the case of a single cable that is subjected to a step voltage on one end, the open-end voltage response
has a dominant frequency equal to the cable quarter-wave resonant frequency,

fﬁlivcablei c
A 4l AlLe

(5
The veapie for high frequencies is defined inversely proportional to the square root of relative permittivity (g,) of the cable
insulation. The single-core cable parameters used in this paper is shown in Table I. The cable and 300 kVA transformer
model is verified with the simulation of experimental energization circuit in the work by Gustavsen'? (Figure 6), and the
LV resonant overvoltages were reproduced in good agreement (Figure 7).

3.3. RC filters

Resistive—capacitive filters can be applied at both LV and MV terminals of a transformer for controlling overvoltages; es-
pecially du/dt. In the work by Piasecki er al.,” the resistance and capacitance value used for protecting the arc furnace
transformer from restrikes due to VCB disconnection is 50 Q and 30-200nF, respectively. The selection of RC values
should be carried out on the basis of both transient and steady state situations. R=10Q and C=500nF are used for MV
and LV filters in this paper. The active and reactive power of these RC filters are P3jpue =13 mW and Qsphase =8 VA,
which are well ignorable values for steady state situations.

3.4. SA

Generally, arresters are installed at WTT MV and LV terminals to protect them from lightning surges which strike the wind
turbine blades or nacelle.”* In this paper, the non-linear and frequency-dependent model introduced by IEEE working
group® is applied. The characteristics of arresters applied at LV and MV terminals of the 300kVA transformer are based
on the ABB surge arrester POLIM-R-2N datasheet*® and ABB surge arrester POLIM-C-N datasheet,?’ respectively. Series
stray inductances of 0.5 and 0.25 uH are introduced for representing the ground lead in MV and LV arresters, respectively.

Table I. MV cable parameters.

Speed of light in vacuum (m s 3x10°
Core outer radius (m) 0.02
Core resistivity (ohm x m) 1.72x10°°
Relative core-sheath insulation permittivity 2.671
Sheath inner radius (m) 0.035
Sheath outer radius (m) 0.038
Sheath resistivity (ohm x m) 22x1077
Relative sheath insulation permittivity 2.3
MV LV
20Q 4

Internal Impedance

0.1Q 0.1pH 27m Cable 300kVA

12v

Figure 6. One phase energization with 23 m cable—in good accordance with Figure 14 in the work by Gustavsen.'®
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Figure 7. Verification of cable modeling according to Figure 6. Source voltage (solid line), voltage on phase C MV terminal (dashed line)
and voltage on phase C LV terminal (dotted line).

3.5. Energization topologies

Considering the alternative locations of transformers inside wind turbines, and CB2 status (VCB for each transformer
energization), the possible energization topologies become as listed in Table II. A decrease in cross section of the cables
along rows could also be considered for energization topologies. However, it does not affect overvoltage amplitudes
significantly, and it is not considered among the energization topologies.

3.6. Resonant overvoltage withstand capability

The overvoltage withstand capability of the apparatuses in the MV and LV sides of WTT is crucial, and they should be
selected on the basis of thorough transient study of wind farms. According to table 5 in IEC_60076-3, the minimum clear-
ance at MV terminal bushing of 11kV transformers should be selected to withstand 75 kV impulse voltages. The standard
impulse voltage test for 11kV XLPE cable is also 75kV.®

For LV equipment, the accepted 1.2/50 us impulse overvoltages with peak voltage <300V is 4kV according to table
B.1 in IEC 60664-1. This means that impulse overvoltages up to 21 pu and du/dt up to 21/1.2=17.5 pu/us should be tol-
erated by equipment at LV side of WTTs including LV bushing. These maximum allowed values are assumed as a general
but not sufficient criterion for safety margins against resonant overvoltages in this paper. In the discussion section, the lim-
itations of using this criterion are explained.

4. SIMULATION RESULTS
4.1. Resonant overvoltage for single transformer energization

A resonant overvoltage between a transformer and a feeding cable can occur during the energization of the cable if f;,
obtained by equation (5), is approximately equal to the f;, of transformer. The circuit in Figure 8 is used for investigating
the overvoltage calculation at the transformer LV terminals with alternative frequency shift factors, o = 1-10. RC filters and
arresters are applied to protect the transformers from overvoltages. The critical cable length for the 300 kVA transformer is
23m® with a=1, corresponding to f,;=f;,=2 MHz.

It is found that the amplitude of resonant overvoltages at LV terminal phase A is highest when the energization occurs at
the peak of MV terminal phase A. In this way, the upcoming results are presented for this case. The impact of scaling the
transformer impedance is shown in Figure 9.

The dotted trace is the energization of transformer, which has one order of magnitude lower impedance, compared with
the 300 kVA one. With such scaling, the transformer input impedance at the MV side is no longer much higher than cable
impedance at 2 MHz, and the resonant overvoltage buildup does not occur as the transformer damps the impinging voltage

Table Il. Energization topologies.

CB2 open CB2 closed
WTT at base al a2
WTT at nacelle b1 b2
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Figure 8. Simulation circuit for calculating resonant overvoltages and effect of MV, LV protection by RC filters and SAs. Source
represents the steady state 50 Hz voltage of the OWF row.
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Figure 9. The impact of scaled transformer impedances on LV resonant overvoltages.

oscillation. Although this approach significantly presents the effect of MV input impedance on resonant overvoltages, there
is some limitation. Transformer impedances in reality are linked to their size and power. Larger transformers have higher
impedances and lower resonant frequencies. Therefore, the effect of scaled transformer impedances is better to be carried
out with shifting. Feeding cable lengths should also be adjusted accordingly. However, this requires detailed transformer
modeling based on white-box models and analytical investigation of the transformer size effect on shifting of resonant
frequencies and scaling of impedances. This approach is interesting but is out of scope of this paper.

The effect of SA and RC filter on LV-induced resonant overvoltage is shown in Figures 10 and 11. Without protective
devices, the overvoltage approaches about 30 pu with du/dt equal to about 400 pu/us. The calculation method of du/dt is
shown in the lower right part of Figure 10. The application of arresters at both LV and MV sides decreases the overvoltage
amplitude noticeably. Nevertheless, the rate of rise is still high. The effect of stray lead inductances of arresters on LV
overvoltages is assessed by comparing gray trace and black dashed one in Figure 11. The presence of stray inductance
reduces the arrester effectiveness and doubles the overvoltage compared with an ideal one. Nevertheless, the overvoltage
is still lower than 21 pu.

—SA with L
-RC
0
3 =-SA without L
2 no RC and SA
3
g 35 . .
Ky N
2 i e s PN -
§ rr—
2 o- 10 A L
a 0 A
220 Dl
10 H
-30 o H—|
20 0.1 0.2 0.25
-400 0.5 1 L5 2 25 3

time(microsecond)

Figure 10. Resonant overvoltage when energizing 300 kVA transformer with 23 m cable. Lower right inset: the definition of du/dt.
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Figure 11. The effect of protective devices (zoomed-in waveforms in Figure 10).

The usage of RC filters on both MV and LV terminals results in lowered overvoltages including both amplitude and
du/dt (see the dotted trace in Figures 10 and 11). Even in the case of application of both arrester and RC filters, the
impact of the RC filters dominates the arrester, and the waveform is similar to the dotted trace in Figures 10 and 11. It
can be concluded that just RC filters can be implemented to protect transformers.

Energization of transformers with shifting factors 1-10 and variable cable lengths is performed, and the calculation
results are depicted in Figure 12. It shows that there are energizations which cause LV resonant overvoltages up to
40 pu. It should be mentioned that the selection of the shifting factors and cable lengths is such that only for one calculation
case out of 100, the transformer frequency response has undefined value. The case is a =10 and the cable length is equal to
23 m. For a =10, the shifted frequency response is defined until 1 MHz (Figures 2 and 3), and when cable length equals to
23 m, fy=2MHz, the simulation of this energization may lead to unrealistic results. Meanwhile, this case is not in the region
of critical overvoltage amplitudes, as seen in Figure 12.

Surge arresters reduce the voltage peaks to below 7 pu, as shown in Figure 13. The application of only RC filters further
diminishes the overvoltage peaks to 1.3—1.6 pu. Since the latter values are low and moderate in entire space, the results are

230
207
184
g e
£ 138
5
S 115
K]
S o
6
4%
3 2 3 4 5 6 7 8 9 10
shift factor

Figure 12. Resonant overvoltage peak at LV terminal as a function of cable length and shift factor. No protective device is applied.

230

cable length(m)

1 2 3 4 5 6 7 8 9 10
shift factor

Figure 13. Resonant overvoltage peak on LV terminal as function of cable length and shift factor. SAs applied on both LV and
MV terminals.
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not shown here. The du/dt in these energizations is illustrated in Figures 14, 15 and 16, respectively, for the energizations
without protective devices, with SA and with RC filter. It can be concluded that

1. du/dtis lower for transformers with higher shift factors (Figure 14). This means that resonant overvoltages have more
destructive effect on smaller transformer with lower kVA.

2. Although arresters can reduce the overvoltages to 6 pu, which is far below 21 pu, du/dt is decreased ineffectively
(Figure 15).

3. The selected RC filter can reduce both the overvoltage peak and the rate of rise of overvoltages effectively (Figure 16)

It should be mentioned that the installation of RC filters just at LV terminal plus arresters at both LV and MV terminals
can be the sufficient protective scheme for some resonance-leading energizations as described in table IV in the work by
Soloot e al.'" But it cannot be generalized since there are cases leading to 20 pu/us even with RC filters at both LV and
MYV terminals as shown in Figure 16.

115 =

cable length(m)
g

92
69

231 2 3 4 5 6 7 8 9 10

shift factor

Figure 14. du/dt in p.u./us at the LV terminal as function of cable length and shift factor. No protective device is applied.

Cable length(m)

shift factor

Figure 15. du/dt in p.u./us at the LV terminal as function of cable length and shift factor. SAs applied at both MV and LV terminals.

cable length (m)

5
shift factor

Figure 16. du/dt in p.u./us at LV terminal as function of cable length and shift factor. RCs applied at both MV and LV terminals.
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It is also found that the du/dt of overvoltages at LV terminal is more sensitive to the resistance of RC filter compared
with its capacitance, e. g. the increasing of the resistance from 10 to 20 Q, which equals to surge impedance of cable,
increases the du/dt to three times higher, whereas increasing the capacitance from 0.5 to 1 uF does not change the du/dt
so much.

Surge impedance of transformers is actually input MV terminal impedance at the frequency of resonance. The
value of this impedance at resonant frequency controls the value of resonant overvoltage. By inserting low RC
parallel filter at MV terminal, the effective input impedance of transformer and the overvoltage amplitude can be
decreased at resonance condition.

4.2. Resonant overvoltage versus OWF energization topologies

In this section, overvoltages due to the energization topologies in Table II are surveyed for the row 1 in Figure 5. Similar to
the previous subsection, energizations are performed at the time of voltage peak of MV phase A. In topologies b1 and b2, it
is assumed that the 300kVA transformer is connected with 23 m cable to CB2. The simulation results are depicted in
Figures 17 and 18. It can be found that

1. The induced overvoltages at LV terminal can be up to 18 pu (Figure 17, case bl), which is within safety margins in
accordance with the standard for unipolar impulse tests. But the du/dt are far above the safety margins and in the
range of 300-500 pu/ps. Thus, RC filters should be installed at both MV and LV terminals to decrease both resonant
overvoltage amplitudes and du/dt.

2. The first peak of resonant overvoltage in case bl is lower than the 25 pu, obtained in Figure 10 because the
transient surge entering to MV wind turbine cable has amplitude reduced from 1 to 2/3 pu for the first trans-
former with Z. <<Z,. The second and third peaks are quite lower than those in Figure 10. That is due to
the damping effect of the row cable.

3. If topologies al and bl are applied for the last transformer in the row, the transferred overvoltages at LV become
lower than those for the first transformers, especially for b1. Since the surge impedance of the row cable and the wind

—al-first WTT energized
—bl-first WTT energized
N\ --al-last WTT energized
AT =-bl-last WTT energized

—
(=3

-10

LV overvoltage (p.u,)
(=1

209 0.5 1 15 2 25 3
time(microsecond)

Figure 17. Overvoltages at LV terminal phase A of first and last WTT due to energization topologies a1 and b1.
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Figure 18. Overvoltages at LV terminal phase A of first WTT due to energization topologies a2 and b2.

Wind Energ. 2015; 18:1061-1074 © 2014 John Wiley & Sons, Ltd. 1071
DOI: 10.1002/we



Resonance overvoltage assessment in offshore wind farms A. H. Soloot, H. K. Heidalen and B. Gustavsen

turbine cable are equal in b1, the incoming surge to WTT will be 0.5 pu compared with 2/3 pu in the first WIT
energization.

4. In topologies a2 and b2, CB2 is already closed, and the energization is carried out via CB1, which results in lower
overvoltages with low du/dt. Thus, they are not critical (Figure 18), but the platform transformer experiences the
sum of inrush currents of transformers.

4.3. Resonant overvoltage versus energization in the second row

The energization of the second row, while the first row is already energized, was investigated in the previous work>, and
here, the main findings are summarized:

1. The second row cable experiences lower overvoltages during row energization compared with the first row since the
initial surge is reduced to 0.5 pu.

2. The induced overvoltage at LV terminal of each transformer is similar to the ones in the first row; the maximum peak
is 18 pu, which occurs in case b1.

The first and last energization leads to the same overvoltages as in the first row. However, the energization of transformers in
the second row leads to resonant overvoltages at the LV side of the transformers in the first row, which is investigated here. The
induced overvoltage at LV terminal of the first transformer in the first row is shown in Figure 19. The energization topology is
assumed b1.The amplitude is not critical, but the du/dt reaches 40 pu/us. It reveals that the RC filters are not just helpful for
direct energization of transformers but for the overvoltage transients of other transformers even in the other rows.

5. DISCUSSION

As it is mentioned in the work by Abdulahovic,?® critical impulse voltage for distribution transformer is not defined in
standards for rise times lower than 1.2 us. In the work by Abdulahovic,® the measured critical voltage for a 34.5 and
200kVA transformer decreased by shorter rise times. For 50 ns rise time, the critical voltage reduces to 1 pu, meaning that
1/0.05 =20 pu/ps is the critical du/dt for that transformer, which is slightly different from, but in the range of, what derived
in Section 3.6.

Besides, the waveform of resonant overvoltages is different from unipolar 1.2/50 ps lightning impulse voltage, and there
is no standard defined for it as well. Therefore, only the peak value and du/dt of standard 1.2/50 ps lightning impulse can be
used as a general but not sufficient criterion for safety margins as mentioned in Section 3.6. Although further discussion on
standard definition for resonant overvoltage is out of scope of this paper, it is necessary to be highlighted.

Although detailed model of circuit breakers could result in slightly higher resonant overvoltages, the general pattern of
overvoltage peaks and du/dt in Figures 12—-16 would be more or less similar. This means that the selected RC filter is
sufficient protective measure for transformer terminals.

The effect of RC filters resonant overvoltage can be investigated for internal overvoltages as well. How severe internal
overvoltages are and how deep inside winding can be protected by RC filters on terminal should be assessed by detailed
resistor, inductor, and capacitor modeling of transformer.

10 " [=First WTT in 2nd row

=-last WTT in 2nd row

w
>

LV overvoltages (p.u.)

S A A A~
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Figure 19. Overvoltage at the LV terminal phase A of the first transformer in the first row due to the energization of the first or the last

transformers in the second row.
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6. CONCLUSION

In this paper, a comprehensive study of energization transients in OWF was carried out with focus on transferred resonant
overvoltages to the LV side of WTTs. The study introduces the novel idea of parametric black-box model of a WTT, which
includes scaling and shifting factors for impedance and frequency, respectively. By scaling/shifting the 300kVA trans-
former frequency response, it was found that two conditions are necessary for resonant overvoltage initiation: (i) the trans-
former MV input impedance at resonant frequency should be much higher than the cable surge impedance and (ii) the
quarter-wave resonant frequency of the cable should be equal to the transformer dominant resonant frequency. By shifting
the WTT frequency response, dominant resonant frequencies resulted in the range 0.2-2 MHz. These transformer models
were exposed to no-load energization with corresponding critical cable lengths. This gave the following results:

a. Without application of SA and resistive-capacitor filter, the maximum resonant overvoltages can reach up to such a
high value as 40 pu.

b. Shifting the transformer frequency response toward higher frequencies gives a higher frequency for the resonant
overvoltage. Therefore, the resonant overvoltage gets a higher du/dt. Only well-designed RC filters can decrease this
critical du/dt to safety margins.

c. The scaling of the WTT impedance response shows that low input impedance of a transformer MV terminal can
prevent the initiation of resonant overvoltages.

d. The inclusion of SA keeps the amplitude of overvoltages at LV terminal low, but the du/dt cannot be decreased
sufficiently. The stray inductance of SA ground lead should be considered in the simulations as this increases both
overvoltage and du/dt.

e. RC filters have a considerable effect on both overvoltage amplitudes and du/dt. Simulation results indicate that just
the implementation of RC filters alone can securely protect WTTs MV and LV terminal from resonant overvoltages.
The selection of RC values should be carried out on the basis of both transient and steady state situations.

The selection of energization topology, i.e. WTT position in wind turbine and breaker closing sequence, should be
carried out after comprehensive simulations and calculations. The model should include the platform transformer and
protection equipment.
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Investigation of Resonant Overvoltages in Offshore
Wind Farms- Modeling and Protection

Amir Hayati Soloot, Himanshu J. Bahirat, Hans Kristian Heidalen, Bjorn Gustavsen and Bruce A. Mork

Abstract-- Earth fault and switching operation may lead to
resonant overvoltages in Offshore Wind Farms (OWF) with
higher amplitude and rate of rise (du/dt) compared to other
overvoltages. Overvoltages appear on High Voltage (HV) cables
and Low Voltage (LV) side of wind turbines, and can result in
insulation failure of the Wind Turbine Transformers (WTTs),
interconnecting cables and Power Converters (PC). This paper
aims to study the circumstance of the occurrence of these
overvoltages and suggests proper protection methods.

This paper uses high frequency black box model for WTT.
The power converter is modeled with two back to back voltage
source converters. The RL harmonic filters and snubber circuits
are included. This model can simulate the steady state operation
as well as resonant overvoltage due to earth fault in ATP-EMTP
software. But, it requires long simulation time. A simplified
model which has the same accuracy as the first model for
resonant transient is introduced.

Simulation results show that the transferred overvoltages to
LV side due to earth fault at critical cable lengths may lead to
resonant overvoltages with amplitude and rate of rise up to 30
p.u. and 400 p.u./ps, respectively. It is also shown that the
installation of surge arresters at LV and HV terminal of WTTs
only decreases the amplitude of overvoltages to safe margin and
not the du/dt. However, the application of RC filters instead of
surge arresters can protect offshore wind farm components from
overvoltages.

Keywords: offshore wind farm, wind farm energization, earth
fault, power converter, wind turbine transformers, RC filters.

1. INTRODUCTION

UE to the recent focus of power operating and

Transmission & Distribution (T&D) companies on
offshore wind farm installations as a renewable energy
solution, the maintenance and protection of the wind power
components have become of great importance. The challenges
of accessibility and repair require more effective protective
devices compared to land-based wind farms. In literature,
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switching transients in land-based wind farms and OWFs [1]-
[8] have been studied and analyzed, mainly concentrated on
transients in the HV interconnecting grid. Different aspects are
discussed such as the inrush current [1,2], the energization
overvoltages on HV terminal of WTTs and inside winding
[2,3,6,7,8] and earth fault interruption challenges in the
adjacent network [2,4,5,6,7]. However, there have been few
studies on the transferred resonant overvoltage to LV side [8].
Thus, the motivation of this paper is to study the transient
overvoltages, mainly resonant overvoltage, transferred to LV
terminal of WTT. Besides, the effect of protective devices,
such as surge arrester and RC filters are analyzed.

The energization of each wind turbine may result in cable-
transformer resonant transients. The length of cables in wind
turbines typically are such that their quarter wave frequency
can match resonance frequencies of WTTs. The resonant
overvoltages may lead to internal insulation failures in
transformers. Resonant overvoltages can also occur due to
earth fault in cables or joints. In this case, they can be harmful
for the connected power converters at LV terminal as well.

Typical components in offshore wind farms are modeled in
this paper considering the high frequency content of the
involved transients. In this paper, the model of a typical OWF
is explained in section II. The simulation results for
energization and earth fault transients are analyzed in section
III.

II. OFFSHORE WIND FARM MODELING

The OWF considered for simulations is illustrated in Fig. 1.
Several wind farm rows are connected to each winding of
platform transformer. Each row consists of several WTTs
connected with the HV cables. There are Vacuum Circuit
Breakers (VCBs) to switch each WTTs and one VCB for
switching the entire row. In the LV side, full-scale frequency
converters are installed. The power converters are initiated
after the energization of WTTs. Therefore, they are off and
can be disregarded. However, during earth fault, the wind
turbines are producing power and power converters are
connected to the system. Thus, they should be modeled in the
earth fault simulations.

The modeling of the OWF components should be
performed based on the frequency range of the phenomena
and time interval of study. The WTTs, for the initial time
interval after energization or ground fault, are modeled based
on the high frequency behavior. VCBs have multiple prestrike
and multiple reignitions in energization and de-energization
respectively, which can significantly affect the amplitude and
waveform of overvoltages in OWF [2]. However, since the



focus of this paper is on resonant overvoltages at the LV
terminal, VCBs are simply modeled as ideal switches. The
platform transformer is modeled with the typical saturable 50
Hz transformer model. In sub-sections A-E, the component
models are described in detail.

Row 2

Platform

CB1 HV cable
. —
Transformer

Row 1 x("m ! cB2 cB2

HV

cable

Wind Turbine
Transformer

CB3 CB3
BB BB BB
OA{IOAMTIOA
Fig. 1. The layout of typical offshore wind farms

A. Wind turbine transformer

For representing the 300 kVA transformer in ATP-EMTP,
we used a wide-band model of the transformer developed in
[9]. Here, the following steps were taken.

1. The 6x6 admittance matrix of 11.4/0.23 kV, 300 kVA
transformer was established by measurements as a
function of frequency from 10 Hz to 10 MHz. The
coaxial measurement cables were compensated for.

2. A six-terminal black box model of the transformer on
pole-residue form was obtained based on vector fitting
[10]-[11] followed by passivity enforcement by residue
perturbation.

3. An equivalent RLC lumped network was generated
from the rational model and implemented in ATP-
EMTP.

Fig. 2 shows the transferred voltage to LV for the
transformer model. The transferred voltage is maximum at 2
MHz and this is denoted the dominant resonance frequency
(far)-

Transferred voltage to LV (p.u.)

[
|
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Fig. 2. The transferred voltage to LV for 300 kVA transformer in p.u. HV

B. Power Converter model with both GSC and MSC
In this model, the wind turbine has two Voltage Source
Converters (VSC) connected in back to back configuration
(see Fig. 3). The control and the operation of the converters

are based on the modeling and control design discussed in
[12].
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Fig.3. Wind turbine with back to back full-scale converter and transformer

The VSC connected to the generator is referred to as the
Machine Side Converter (MSC) and the second converter
connected to the WTT through RL harmonic filters is referred
to as the grid side converter (GSC). In order to study the
transient behavior in this paper, the generator is modeled as an
ideal source behind impedance. Switched converters along
with detailed control systems are model for both the MSC and
the GSC. A set of three phase Pulse Width Modulated (PWM)
switching signals is obtained from the converter control
system and applied to the switches in the converter. In the
present work, the MSC controls the DC bus voltage. The GSC
controls the reactive and the active power fed into the
collection system. Fig. 4 shows the controller block diagram
for decoupled active and reactive power control of the
converter. In the transient simulation, a 0.03us time step is
used. The converter control system is implemented as a
MODELS code for the studies reported in this paper. To speed
up the simulation, the MODELS code is executed with an
increased (down sampled) time step of 10 microseconds,
reasonably adapted to the time constants of its input signals.

As the simulations is still time consuming, a model valid
and adequate only for the short time interval (<10us) during
resonant transients is introduced in next subsection. The
simulation time with same computing machine drops from
couple of minutes to seconds.

IGBTs in both MSC and GSC have 6 different switching
positions (sequences). For the GSC, they are listed in table I.
For instance in seq. 1, LA,UB and LC are on and phase A and
C are connected together and via DC link capacitor connected
to phase B. RC snubber circuits parallel to each IGBT in Fig.
3 are protecting them from high voltage variations. RL
harmonic filters are used to smooth the output of GSC during



steady state and decrease harmonics [13]. The typical values
of these four elements and DC link capacitor and its parallel
resistance are listed in table II.

Feed
Forward

Laref

gref

Vs
Fig.4. Converter control block diagram )
TABLEI
SPECIFICATION OF IGNITED SWITCHES IN GSC IN EACH SEQUENCE
Seq. 1 LA UB LC
Seq. 2 UA UB LC
Seq. 3 UA LB LC
Seq. 4 UA LB ucC
Seq. 5 LA LB uC
Seq. 6 LA UB UC

*L and U are abbreviation of Lower switch and Upper switch.
* A,B and C are phases.

TABLEII
TYPICAL VALUES OF RC SNUBBER AND RL FILTER
parameters value
RC snubber in GSC 1009, 2uF
RC snubber in MSC 1000Q, 0.2uF
RL harmonic filter 0.4mQ, 2.3uH
DC link RC 10kQ,16 mF

C. Power Converter model with GSC and DC link
capacitor

When an single phase earth fault occurs at the peak of
phase A and GSC is in operation, the IGBTs would be in one
of the 6 different switching positions (sequences) listed in
table I. since the duration of resonant overvoltages is typically
5-10 ps. It should be mentioned that in this model, the DC link
capacitor is considered passive and charged. During this time
interval, the power production does not change and DC link
capacitor functions only as filter for resonant transients.
Meanwhile, MSC and generator are not considered. This
model is only valid for resonant transient studies.

D. Cable Modeling
The JMarti model [14] is used to model interconnecting
cables in OWF. This model considers the modal transfor-
mation matrix as real and fixed. It can be computed at a user-

defined frequency. In this paper, it is considered to be equal to
the cable quarter-wave resonance frequency (1). Such
modeling is valid for single core cables at high frequencies
since all waves propagate essentially as coaxial waves. In the
case of a single cable that is subjected to a step voltage on one
end, the open-end voltage response has a dominant frequency
at the cable quarter-wave resonance frequency,

i _ Vcable _ c

s=%="w ~ae M

Veante for high frequencies is defined inversely proportional
to the square root of relative permittivity (g;) of the cable
insulation. The speed of light in vacuum is denoted with c.
The single core cable parameters used in this paper is shown
in table III. In order to verify the cable and WTT model, the
experimental energization circuit in [9] was simulated (see
Fig. 5) and the LV resonant overvoltages were reproduced in
good agreement (see Fig. 6).

TABLEIII
HV CABLE PARAMETERS
core outer radius (m) 0.02
core resistivity (ohmxm) 1.72x10°
Relative core—s'he.at.h insulation 2671
permittivity
sheath inner radius (m) 0.035
sheath outer radius (m) 0.038
sheath resistivity (ohmxm) 2.2x107
Relative sheath insulation permittivity 23
30Q HV Lv
1 4
Internal 5
impedance 6

Fig.5. one phase energization with 23 m cable in accordance with Fig. 14
in [9].
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Fig.6. Verification of cable modeling according to Fig. 5. Source voltage
(solid line), voltage on phase C HV terminal (dashed line), voltage on phase C
LV terminal (dotted line).



E. RC Filters

RC filters can be applied at both LV and HV terminals of
a WTT for controlling overvoltages; especially du/dt. The
selection of RC values should be done based on both transient
and steady state situations. R=10Q and C=500 nF are used for
HV and LV filters in this paper, leading to P3pnase=13mW and
Qiphase=8 VAT which are well ignorable values for steady state
situation. Series stray inductances of 0.25 pH are introduced
for representing the ground lead in HV and LV RC filters.
This inductance decreases the efficiency of RC filter and
should be minimized. In next section, the effect of them will
be analyzed.

F. Surge Arrester

Generally, Surge Arresters (SA) are installed at HV and LV
terminals of transformers to protect them from lightning
surges which strike the wind turbine blades or nacelle [15]. In
this paper, the non-linear and frequency dependent model
introduced by IEEE working group in [16] is applied. The
characteristics of SA applied at LV and HV terminals of the
WTT are based on [17] and [18], respectively. Series stray
inductances of 0.5 pH and 0.25 puH are introduced for
representing the ground lead in HV and LV SAs, respectively.

III. SIMULATION RESULTS

In this section, simulation results for both wind turbine
energization and single phase earth fault are reported. Since
protective devices and their design are going to be analyzed
and compared in this section, there should be criteria for the
selection of adequate protection.

For LV equipment, the accepted 1.2/50ps impulse
overvoltages with Vpeak <300V is 4 kV according to Table B.
1 in IEC 60664-1. This permits impulse overvoltages up to 21
p-u. and du/dt up to 21/1.2=17.5 p.u./us to be acceptable for
LV terminal of WTTs. Meanwhile, depending on dominant
resonance frequency, f;,, and the availability of critical voltage
vs. rise time, the typical value of rise time can be assumed as
1/(4f;) and the critical voltage for that rise time can be
considered for more accuracy. In [7], the measured critical
voltage envelope vs. rise time for a 34.5 kV, 200 kVA
transformer decreases by shorter rise times such as for 50 ns
rise time, the critical voltage reduces to 1 p.u. Thus, 1/0.05=20
p-u./ ps is the critical du/dt which is in good agreement with
the aforementioned standard value. Fig. 7 shows the layout of
possible protective devices installed at WTT terminals.

Lead
inductance

Fig.7. Installation of RC filter and surge arresters on LV and HV terminal
of WTT.

A. Wind turbine energization

Fig 1. shows the layout of OWF when WTT is on top of
nacelle. In fact, it can also be installed in the base. Thus, the
energization can directly be done on the HV terminal. In this
paper, energizations occur at the peak voltage of phase A.
Figs 8 and 9 show the induced voltage on the LV terminal for
various protection schemes when the transformer is in the base
or on top of nacelle, respectively. Having no protection, the
amplitude of the overvoltages (blue waveforms in Figs 8 and
9) are 12 p.u., which is well within safe margin. The quarter
wave frequency of the HV cable (length=23 m) is equal to
dominant resonance frequency of WTT (2MHz) and leads to
resonant overvoltages in Fig. 9 which persist for longer time
(in this case double duration) compared to energization at HV
terminal. On the other hand, the energization of the
transformer in the base has slightly higher du/dt compared to
resonant overvoltages (see table. IV).

According to Figs 8 and 9 and table IV, the existence of
stray series inductances results in less affectivity of protective
devices. For example, inductance-free (ideal) RC filters at LV
terminal can diminish both overvoltage amplitude and du/dt to
safe levels (acceptable du/dt=17.5 p.u./us). Comparing the
protection options in table IV, RC filters at both HV and LV
terminal, which have low series impedance (in this case
0.25pH) can compensate the negative effect of series
inductance and decrease the du/dt to safe margin. In [19], it is
shown that even during energization of the second WTT in a
row, there is a potential of resonant overvoltage induction on
LV terminal of the first WTT. In that case, the RC filters also
are adequate protective devices.

B. Earth Fault in the wind farm

As analyzed in previous sub-section, for this 300 kVA
WTT, the switching at the peak of phase A with 23 m cable
length leads to resonant overvoltages at LV terminal. That is
also valid for earth fault since it can be interpreted as
switching at the peak of phase A to ground potential. WTT
can be on the top of nacelle or at the base. Therefore, earth
fault scenarios which can lead to resonant overvoltage are
different (see Fig.10).

N

—no protectopn
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Fig.8. Induced voltage on the LV terminal of first WTT in Fig.1 when it is
in the base with various protection devices at LV side ( L and SA means surge
arrester with inductive lead.).
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Fig.9. Induced voltage on the LV terminal during energization of first
WTT in Fig.1 when it is on top of nacelle.
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Fig.10. resonant overvoltage due to earth fault. left: WTT on top of
nacelle, right: WTT in the base.

TABLE IV
RATE OF RISE/FALL OF VOLTAGE (P.U./uS) FOR VARIOUS
PROTECTION SCHEMES INCLUDING RESULTS IN FIGS. 8 AND 9.

Protective devices WTT in WTT on

the base the
nacelle
No protection 154 93
SA(LV) with L* 44 27
Ideal SA(LV) 36 25
RC(LV) with L* 25 11
Ideal RC(LV) 16 9.5
SA(LV) & RC(LV)* 20 11
SA(LV),RC(LV) & 19 10
SAHV)*
SA(LV),RC(LV),SA(HV) 13 4
& RC(HV)*

RC(LV) & RC(HV)* 16 4.5

*In this cases, stray series inductance is included to protective devices.

Fig. 11 shows the comparison between the two models for
induced overvoltages to LV phase A due to single phase earth
fault in the base (Fig. 10-left). The simulation results for both
models are in good agreement. It can be concluded that the PC
model with GSC and DC link capacitor is adequately accurate
for resonant transient studies. It should be mentioned that all
IGBT sequences in the latter model results in the same
transient result. The simulation results of both models had dc
biases due to fixed voltage at DC link capacitor, which are
subtracted for easier comparison. When the middle point of
DC link capacitor is not grounded, the resonant transient is
more persistent. The peak-to-peak of overvoltages in GSCs
with grounded and ungrounded DC link middle points are 12
and 18 p.u., respectively. The maximum value of du/dt equals

to 70 for both cases.

—PC model with both GSC and MSC-DC fink middle is grounded
—PC model with both GSC and MSC-DC link middle is ungrounded.
---PC model with only GSC-DC link middle is grounded.

++-PC model with only GSC-DC link middle is ungrounded

Induced Voltage on phase A(p.u.)

3 | | | | j
! i 2 3 4 5
‘Time(microsecond)

Fig.11. Induced voltage on the LV terminal for the scenario in Fig. 10-left

Since ungrounded DC link leads to more severe resonant
transients, it is further analyzed in this paper. Besides, the
model with GSC and DC link capacitor is applied. Fig. 12
shows the induced voltage on the LV terminal during earth
fault for the two scenarios in Fig. 10. When WTT is in the
nacelle and earth fault occurs in the base (cable length=wind
turbine height=23m), the first transient surge arriving at the
transformer is double compared to when WTT is in the base
and earth fault occurs in 23 m distance in row cable. In the
former case, the first surge meets the HV input impedance of
WTT, which is high. While in the latter case, it meets the
equivalent impedance of the transformer and other HV cables,
which approximately equals to the surge impedance of the HV
cable.

[—WTT in the nacelle
|—WTT in the base

Induced Voliage on LV (p.u.)

-10

i | L H
! 1 2 3 4

Time(microsecond)
Fig.12. Induced voltage on the LV terminal for two earth fault scenarios in
Fig. 10 when the DC link middle point is ungrounded and GSC has seq.1.

Earth faults for WTT on the top of nacelle are now further
investigated. Since, it is more critical than other scenario. If
earth fault in resonance condition occurs when GSC is not
connected, the highest overvoltage will be induced at the LV
terminal of WTT (30 p.u. and 400 p.u./us). Earth fault at th e
peak of phase A in critical cable length (in this case 23 m)
with low earth fault impedance results in persistent resonance
oscillations at the LV terminal. The red waveforms in Figs 13-
15 show the induced voltage on phases A, B and C for this
situation. According to the simulation results in Figs 13-15,
the voltages of each phase are almost the same regardless to
the IGBT switching sequences. Thus, we analyze the effect of
components in GSC, RL harmonic filter and RC filters at LV
and HV terminal only for one sequence, e.g. seq. 1.
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Fig.13. Induced voltage on LV-phase A for earth fault at peak phase A for
the scenario in Fig. 10-left with converter in various sequences according to
table I or LV open circuit.

As shown in Fig. 13, the amplitude and du/dt of the
induced voltage are decreased to one-third on LV when the
GSC is connected. The reason can be explained in this way:
seq. 1 can be interpreted with good approximation as a short
circuit between phase A and C and other sequences has other
kind of two phase short circuits. This short circuit effects the
transformer terminal connection and consequently the
transients.

seq. 1-seq. 3-seq. 4-seq. 5
|—s2q. 2.

Induced voltage on LV-phase B

0 2 4 6 8 10

times (microsecond)
Fig.14. Induced voltage on LV-phase B for earth fault at peak phase A for
the scenario in Fig. 10-left in various sequences in table I and LV open circuit.
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Fig.15. Induced voltage on LV-phase C for earth fault at peak phase A for
the scenario in Fig. 10-left in various sequences in table I and LV open circuit.

The main component with dominant effect on overvoltage
transients at the LV terminal is the RL harmonic filter. Fig. 16
shows that the increase of the inductance leads to the increase
of the overvoltage amplitude and du/dt. However, four times
increase of the DC link capacitor or the capacitors in RC
snubber circuits do not change the transients effectively.

=
| | 1 | T [—L 2 3microld
—L=92microH

Induced Voltage on LV-phase A(p.u.)

1 | H | |
0 7 1 6 g 1
Limesgmierosccond)

Fig. 16, The effect of L in RL harmonic filter on the induced voltage on
LV-phase A.

Installing RC filter (R=10Q and C=500 nF) at LV and HV
with low stray inductance (0.25 pH) results in similar induced
voltage on LV as in Fig. 9. The amplitudes decrease to 1 and
0.5 p.u. for uninitiated and initiated GSC, respectively.
Besides, du/dt decrease to 10 and 5 p.u./us, respectively. This
means that the application of just RC filter protects the LV
terminal of WTIT and GSC components effectively.

IV. CONCLUSIONS

In this paper, the resonant overvoltages at LV terminal of
wind turbine transformers due to energization or single phase
earth fault in feeder cables are analyzed. Both energization
and earth fault are considered to occur at the peak of phase A.
It was found that if the lengths of energizing cable or cable
distance of earth fault are such that their quarter wave
frequencies are equal to one of resonance frequencies of the
transformer, resonant overvoltages occur. In this paper, the
highest resonant overvoltages occurs (30 p.u.) for earth fault in
23 m cable distance from the wind turbine transformer if grid
side converter is not connected. Since single phase earth fault
at peak of phase A can be interpreted as energization of
negative voltage source with very low internal impedance
(short circuit impedance). This creates more sustained
oscillations and large induced voltage on LV side.

If earth fault occurs at the peak of phase A during power
production by generator, the inductance in the series RL
harmonic filter dominantly affect the resonant transients. The
amplitude of resonant overvoltages and du/dt increases with
higher inductances.

Simulation results also show that installation of wind
turbine transformers in the base leads to relatively less
vulnerable resonant overvoltages compared to transformer in
the nacelle. It was found that installation of RC filters at both
HV and LV terminal, which are inductance-free or has
adequately low stray inductance, protects the LV terminal of
WTT from resonant overvoltages due to both energization and
earth fault.
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Switching transients and earth fault in a wind farm collection grid are two transient phenomena which
can lead to resonant overvoltages at the LV terminal of the wind turbine transformers as well as inside
HV and LV windings. The aim of this paper is to analyze the potential of the resonant overvoltage for
various winding designs; disc, layer and pancake. In this way, the least vulnerable winding design can be
recommended. For this aim, a 500 kVA transformer test object with the three aforementioned winding
types has been designed and manufactured. Similar geometrical characteristics are used for all the three
windings. By measuring the frequency response, the resonant frequencies can be found and the amplitude
of the transferred voltage at these frequencies can be compared. The windings are also modeled in this
paper in detail based on analytical functions. This RLC ladder model is verified by the measurements.
The measurements and modeling results show that all winding designs have a resonant frequency
around 800 kHz for the transferred voltage to LV terminal. Disc winding shows the lowest amplitude of the
transferred overvoltages (6 p.u.). The layer winding, also has a resonance at 1.6 MHz with an even higher
transferred overvoltage (80 p.u.). The frequency response of the pancake winding has characteristics of
both disc and layer windings. In spite of having the lowest transferred overvoltage peak, the disc winding
has many additional resonant frequencies in the range of 100 kHz-1MHz. This could excite resonances
in other parts of the winding. Consequently, pancake winding designs might be the most promising to

minimize resonance situations.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Medium voltage transformers with ratings in the range of
300 kVA-8 MVA have been installed in both onshore and offshore
wind farms. The energization of each wind turbine may result
in cable-transformer resonant transients. This phenomenon has
been studied in traditional medium voltage transmission and dis-
tribution networks [1-6]. The similar resonance condition can also
happen in wind farms [7,8]. The length of the cables in wind tur-
bines is in the range of 100-200 m. The quarter wave frequency of
such cables can be in the vicinity of resonant frequencies of wind
turbine transformers. Therefore, the energization may lead to res-
onant overvoltages on LV terminal of transformers and inside HV
windings [9]. These overvoltages have higher amplitude and rate
of rise (du/dt) compared to other overvoltages. They can lead to
insulation failures in transformers. In [10], the voltage distribution

* Corresponding author. Tel.: +47 45123757.
E-mail addresses: amir.h.soloot@ntnu.no, amir.hayati@gmail.com (A.H. Soloot).

http://dx.doi.org/10.1016/j.epsr.2014.03.004
0378-7796/© 2014 Elsevier B.V. All rights reserved.

due to energization of a 10 kV-200 kVA reactor with disc winding
is analyzed. It was observed that energizations with short rise time
(<100ns) lead to the excitation of internal resonances. Resonant
overvoltages can also occur due to earth fault in cables [11]. In this
case, they can be harmful for the power converters as well. Thus,
the investigation of them is necessary and appropriate protection
devices such as resistive-capacitive (RC) filters are required [12].

The selection of less vulnerable winding design is a measure to
prevent resonant overvoltages during wind turbine energizations.
This means that knowing the cable lengths and their quarter wave
frequency, a winding type can be chosen that does not have a reso-
nant frequency in that vicinity. The aim of this paper is to compare
the frequency responses of three winding types; disc, layer and
pancake. A 500kVA transformer with the three aforementioned
winding types has been designed and manufactured. The trans-
ferred voltages to LV and HV input impedance of windings are
measured based on frequency response analysis (FRA) technique
[13-16].

An analytical model is also developed and introduced in this
paper. The model assists us to draw general conclusions about
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the various characteristics of the three winding designs and their
potential for resonant overvoltages. In literature, two main high
frequency transformer modeling techniques are introduced as
multi-transmission line (MTL) model and ladder RLC [17]. In [18],
results from MTL and RLC ladder models of windings are compared
with frequency domain measurements. It is concluded that the RLC
model can give accurate results for fast transients (up to 1 MHz).
However, for very fast transients (above 1 MHz) MTL model pro-
vides better results. In this paper, RLC ladder model is developed,
since the maximum range of the quarter wave frequency of wind
turbine cables are about 1 MHz.

In Section 2, the transformer test object and the setup for fre-
quency response analysis are outlined. Section 3 describes the
transformer model. In Section 4, the results of the analytical model
for the different windings are compared. The characteristics of the
three windings are also discussed. Section 5 discusses the chal-
lenges of transformer modeling.

2. Test setup

Fig. 1 shows the layout of the special 11/0.24 kV 500 kVA trans-
former whichis designed and produced to enable comparison of the
frequency response of the three different winding designs. The core
and the windings are fully paper insulated and out of tank during
the measurements. The LV and HV neutrals are grounded together
and connected to the core with 2 cm wide braided aluminum wire.

As showninFig. 1, the transformer consists of a layer winding on
the leftlimb, a pancake winding on the middle and adisc winding on
the right limb. To compare the frequency response of the windings,
design parameters are kept as identical as possible:

e The number of turns in HV and LV windings and rated voltage
ratio are the same for the winding designs.

e The winding frame, i.e. axial winding height and radial width, is
almost the same for the windings.

e The layer winding has aluminum wire and the others have copper
wires. The conductors’ cross-section is such that the DCresistance
of the windings becomes similar.

¢ LV windings are all aluminum foil with the same geometrical
designs and insulation materials.

In this way, the three windings have equal impedances at 50 Hz
and similar steady state condition. The frequency response of
the transferred voltages to LV terminals is measured from 1kHz
to 10 MHz with Agilent network analyzer E5061B and Tektronix
P2220 probes. The voltage probes are used with x10 attenuation
which is appropriate for voltage measurement up to 200 MHz.
Attenuation X1 is appropriate up to 6 MHz and it may seem
adequately accurate for our measurements. But, the input resis-
tance/capacitance of attenuation X1 is 1 M£2/95 pF which may have
loading effect on high frequency measurements compared to X10
attenuation (10 M2/16 pF). Thus, X10 attenuation is selected which
has acceptable error (<5%). For measuring the input impedance of
HV and LV windings, the current probe FLUKE PM6306 is used,
which has low and acceptable error (<10%) in frequency range
1kHz-1MHz. Therefore, the results for input impedance will be
shown in this frequency range in the next section.

3. Transformer model

The three winding types; disc, pancake and layer windings
and the LV foil winding are represented by RLC ladder model in
this paper in which windings are divided into units as shown in
Fig. 2. Each unit has resistance and self inductance as well as series
capacitance and insulation resistances. There are capacitances and

conductances between units in adjacent layers. Mutual impedances
between units of HV, LV and LV-HV are not shown in Fig. 2, but are
considered. The capacitances between last layer LV and first layer
in HV is not shown in Fig. 2. They are considered, though. The accu-
racy of the model mainly depends on the level of the discretization
chosen for the windings. High discretization increases the calcu-
lation time. The procedure for the calculation of RLC parameters
is explained here for layer winding. It is generally similar for the
other windings with only topological adjustments. After that, input
impedances of HV and LV windings and the transferred voltages to
LV winding are calculated.

Let us consider nu number of units in each layer of HV layer
winding. nH is the number of HV layers and therefore nu x nH is
the total number of units. Besides, the LV foil winding has nL layers,
and we take each layer as one unit. The total order of R, L, C and G
matrices becomes m=nL+nu x nH.

Performing the Kirchhoff’s Voltage Law (KVL) and Kirchhoff's
Current Law (KCL) for all units results in (1) and (2), respectively.
In Appendix A.1, KCL and KVL for an arbitrary unit, i, is performed.

[A]mxm[V]mxl = ([R]mxm +j2nf[L]m><m)[1b]m><l (1)

[”mxl[A]ﬁnxm“b]mxl = ([G]mxm +j2nf[C]m><m)[V]m><1 (2)

Matrices V, I and I, representing nodal voltages, injected nodal
currents, the currents of inductive branches, respectively. A is a
connectivity matrix describing the topology and linking branches
and nodal quantities. The diagonal elements in A matrix are equal
to 1 and sub-diagonal elements are equal to —1 and the rest is zero.
Exceptionally, the first row and the row number nL + 1, which are for
firstunitsin LV and HV winding respectively, have only the diagonal
element, since the other nodes of these units are grounded.

The nodal admittance matrix Y can be calculated by reforming
(1) to obtain I, based on V and inserting this in (2). This gives (3).

U=[YIV].  [Y]=[G]+j2af[C] + [A]'([R] +j2f[L])'[A] (3)

Since all of the R, L, C and G matrices are symmetrical, the admit-
tance matrix also becomes symmetrical. To obtain the equation for
the transferred voltage to LV, impedance matrix, Z, should be calcu-
lated from (3) by inverting Y. Since only the last element of I vector
is none-zero due to the connection of last unit to the HV terminal,
the last column of Z multiplies with the terminal current, I;;, and
gives the nodal voltage in (4). Therefore, the transferred voltage to
LV terminal is according to (5).

[Z(:, m)llm = [V] (4)

& _ Z(nL,m)
Vav ~ z(m,m)

(5)

In the following subsections, the process for the calculation of
the R, L, C and G matrices are explained. It should be mentioned
that these four matrices, Z matrix and equation (5) are coded and
calculated in MATLAB. Inputs of this code are: (1) core and winding
physical dimensions, (2) material properties of winding conduc-
tors, insulation and core. The main output of the code is input
impedances of LV and HV windings as well as transferred voltage
to LV.

3.1. Calculation of R and L matrices

The analytical method [19,20] for computing the self and mutual
impedanceisbased onEgs. (A-3)-(A-6)in Appendix A.2.In addition,
the internal conductor resistance is added to the diagonal elements
of R matrix, since Wilcox formulas only consider the core effect
on the resistance matrix. In this paper, an analytical equation for
the consideration of skin and proximity effects is applied for the
calculation of the internal conductor resistances [21] in both LV



28 A.H. Soloot et al. / Electric Power Systems Research 115 (2014) 26-34

Fig. 1. The layout of the manufactured 500 kVA transformer.

and HV winding:

D(n)y
20h

. 2n(n—1)
[coth(yw)(2n® — 2n +1)] - W} ’

y=1m=a +i)(\/ﬂuoof)\/g ®)

Ryy(n) = Re{

In (6), the layer number is symbolized with n. The diameter of
nth layer is D(n). The conductor height and width are h and w,
respectively. The skin depth in each conductor is shown with § and
is related to its conductivity, o, frequency, f, and its permeability,
1 = [Lo. The conductor height plus its insulation height is p. The ratio
of h to p is called porosity factor, 1. For LV foil winding, n equals to
one. Since, discretized units of LV layers in the proposed model
should be assumed without insulation. Thus, p equals to h and 7
equals to one. For HV pancake and layer winding, 0.9 <n<1. While
for disk winding, it is 0.7 <1 <0.9. Since, the inter disc insulations
increase the effective insulation height.

3.2. Calculation of C matrix

The diagonal elements of C matrix are the sum of the capaci-
tances connected to each unit. While the off diagonal elements are
all negative and equal to the capacitance between the unit which
has the row number and other units. It is obvious that there are
many zero elements in C matrix, since each unit has just capacitive
coupling with four other units, e.g. in layer winding the two adja-
cent units in the same layer, one unit in layer before and one unit
in layer after. The capacitance between adjacent units is calculated
based on (7),

27R(T + t)

Cij = €oér ¢

(7)

The permittivity of vacuum and the relative permittivity of the
insulation between units are shown with &y and &, respectively.
R, T and t are shown in Fig. 3 for both cases where two units are
in the same layer or adjacent layers. Units in the same layer have
same radius, R, which can directly be used for inter-turn capac-
itance (Fig. 3, left). While, units in adjacent layers have slightly
different radius. Thus, the average of these radii (R) is considered
for capacitance calculation (Fig. 3, right).

T is unit height if units are in adjacent layers. For units in one
layer, Tis the unit thickness. The insulation thickness is shown with
t. The fringing effect, which is the increment of the capacitances

due to curvature of electric field lines in the edge of conductor, is
considered by adding t to T [22].

3.3. Calculation of G matrix

The conductivity matrix, G, is calculated based on the conduc-
tance of the insulations between units. The insulation conductance
is related to its capacitance and dissipation factor (tan ).

Gjj = 27f tan 8Gj; (8)

Similar to C matrix, the diagonal elements of G matrix are the
sum of the conductances connected to each unit. While the off
diagonal elements are all negative and equal to the conductance
between the unit which has the row number and other units. It
should be mentioned that tand in (8) is also frequency, moisture
and temperature dependent and has important effect for high fre-
quency transformer model above 100 kHz [23]. Therefore, accurate
modeling necessitates obtaining the frequency dependency of all
insulations; the ones between LV foils, HV units, between LV and
HV, LV to ground and HV to ground. In this paper, we used an
approximated equation, (9), for all the insulation dissipation factors
[24],

tan(8) = (1.082 x 1078) . 271f + 5.0 x 1073 (9)
4. Model verification and winding comparison

The results of modeling the three windings are brought in this
section and compared with measurements. Besides, considerations
for the energization of wind farms are given.

4.1. Layer winding

InFigs. 4 and 5, the input impedance of HV layer winding and the
associated LV foil winding are shown. It can be observed that the
calculations follow the trend of the measurement for Layer wind-
ing in both HV and LV windings. The shortcoming of the model is
that the second resonant frequency (10 kHz) is not represented due
to flux linkage with other phases, as is discussed in [25]. Besides,
the amplitude of the calculation results for LV winding (Fig. 5) at
f=1MHz is higher than measurement.

The induced voltage on the LV terminal calculated by (5) is com-
pared with measurements in Fig. 6. The frequency range is now
extended to 10 MHz, since the voltage probes are accurate also
above 1MHz as mentioned in Section 2. Although quarter wave
frequency of wind park feeder cables rarely can be in this range,
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Fig. 2. RLC latter model of LV foil and HV layer winding.

close-up ground faults can give oscillations with such high frequen-
cies. This also gives an opportunity to test the analytical model at
higher frequencies.

As it can be seen in Fig. 6, the model results are in good agree-
ment with measurements for f<1MHz. But, for f>1MHz, it only
follows the decreasing trend of the measurements. The dominant
resonant frequency in 1.6 MHz is not well represented. This will be
discussed in detail in Section 5.

4.2. Disc winding

In Figs. 7 and 8, the input impedance of HV disc winding and
its LV foil winding are shown. The calculation result for HV input
impedances is in good agreement with measurement. One weak-
ness for the calculations of the disc winding is the shift in the LV
input impedance for f>20 kHz. The induced voltage to LV terminal
is compared with measurements in Fig. 9 for the disc winding. The

model response follows the trend of measurement and represents
some of the resonant frequencies and especially the dominant one.
Comparing Figs. 6 and 9, it can be seen that the amplitude of the
transferred voltage to LV at 800 kHz, which is the common resonant
frequency, is much lower for the disc compared to layer winding.
If the amount of the transferred voltage to LV at 1kHz is consid-
ered as base value for per unit comparison, the transferred voltages
to LV at 800 kHz for layer and disc windings are 21.6 and 5.4 per
unit. It can be concluded that the very fast transients induce criti-
cal overvoltages at LV terminal for layer, but not for disc winding.
Meanwhile, disc winding has many resonant frequencies around
100 kHz, while the layer winding has most of its resonant fre-
quencies above 1 MHz. The resonant frequencies of disc winding
are in the range of quarter wave frequency of typical wind tur-
bines. They can be amplified inside HV or LV windings. Therefore,
there can be high potential of the internal resonant overvoltages
[26,27].
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4.3. Pancake winding

In Figs. 10 and 11, the input impedance of HV pancake winding
and its LV foil winding are illustrated. Compared to disc wind-
ing, the frequency shift in the LV model response is smaller but
still present. The induced voltage to the LV terminal is com-
pared with measurements in Fig. 12. It seems that, the model
results cannot represent the amplitude of the measurement near
800 kHz. According to Eq. (5), the calculation results for the trans-
ferred voltages to LV are sensitive to the accuracy of Z(nL, m)
and Z(m, m) calculation The latter one is input HV impedance.
Small, but notignorable, deviations of calculation results from mea-
surements can be observed in Fig. 10. There can be noticeable
deviations for Z(nL, m) calculations, which measurement can-
not be available for it. These two deviations in numerator and
denominator of (5) may lead to higher deviations for the cal-
culation of transferred voltages. Since the proposed model aims
to assist wind transformer designers and operators to improve
windings design against very fast transients, especially resonant
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overvoltages, the model should have this feature to draw general
conclusions. In future work, the sensitivity of calculation results
on core and insulation material properties is going to be inves-
tigated in more detail to improve agreements with calculations,



A.H. Soloot et al. / Electric Power Systems Research 115 (2014) 26-34 31

10

=
=4
;m

8
; \
3 10' 7\
E \
i
£10°
>
S \
10° 3 0 5 6
10 10 Frequency(Hz) 10 10
Fig. 10. HV input impedance for pancake winding.
10°
—Measurement
—Calculation /%\
9 10°
: N
&
E 10!
=)
=
E \ //
=
- Va4
10" a3 3 3 6
10 10°  Frequency(Hz) 10 10
Fig. 11. LV input impedance for pancake winding.
10°
) —Measurement|{
5 — Calculation
-
[}
§° 10"
<]
s L/\\
10 AVAN
: U T
[«
>
'4 3|
107
10° 10* 10° 10° 107
Frequency(Hz)

Fig. 12. Transferred voltage from HV to LV for pancake winding.

particularly the transferred voltages to LV in pancake wind-
ings.

Comparing measurement results for the transferred voltage to
LV for the three windings in Fig. 13, the trend of the frequency
response around 800 kHz for the pancake winding is similar to the
disc winding, while the amplitude of the transferred voltage is in
the range of the layer winding.

It can be concluded that if the quarter wave frequency of feeder
cables is lower than 800kHz, pancake and layer windings may
be the less vulnerable winding for internal resonant overvoltages.
Meanwhile, the pancake winding has the advantage of repair eas-
iness. For example, the pancake winding here has four coils. If any
internal insulation failure happens in any coils, it can be easily
replaced. This feature is prominent for offshore wind farms, where
long distance from shore and accessibility challenges requires
maintenance-free or easy repairing components.
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Fig. 13. Measured transferred voltage from HV to LV for the three windings.
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ignored in the calculations.

5. Discussion

The white box models; RLC ladder model and MTL model require
precise geometrical data and material property of the transformer
under study. In this work, we designed and produced this 500 kVA
transformer. Therefore, detailed geometrical design data are avail-
able. The other input for modeling is conductor, core and insulation
material properties, where only conductor material properties are
available accurately. Core parameters, i.e. jtz, Ocore and y, are not
available. Wilcox et al. proposed measurement techniques to obtain
these parameters in the case of the mutual impedance between
two coils [ 19]. However, those techniques cannot be applied to this
special 500 kVA transformer. The calculation results are sensitive to
core material properties. The three core parameters are estimated
and optimized by the comparison of repetitive calculation results
with measurements. A slight variation in the acceptable range [19]
is done for one parameter in each calculation.
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In the case of insulation materials, their permitivities are well-
known. But, the detailed frequency dependency of the dissipation
factors (tand) of all insulators, which is needed for accurate mod-
eling, especially f>1MHz is not available. Eq. (9) from literature
is just included for all transformer insulations. The sensitivity of
LV input impedances to core and insulation parameters are higher
that HV input impedances. That is why the calculation results for
LV layer and LV disc (Figs. 5 and 8) still can be improved to have
better agreement with measurements.

It should be mentioned that the layer winding conductor is alu-
minum due to design limitations. According to discussion with
manufacture, it was not possible to choose any available cop-
per wire cross section so that radial width, 50Hz transformer
impedance and turn ratio of layer winding became similar to
those of disc and pancake winding. Nevertheless, aluminum has
higher skin depth compared to cupper. The conductor resistances
at high frequency would be different between layer and two other
windings. This will influence the amplitude of terminal impedances
at resonant frequencies. But, the value of resonant frequencies is
not dependent to conductor resistances, but to the capacitances
and inductances.

The next issue to be discussed is the analytical calculation of the
internal conductor resistance, which is one part of self-resistance.
The other part is the self-resistance due to the core and is calcu-
lated by Wilcox formula. Fig. 14 shows the total self-resistance of
the LV foil associated with disc winding according to the proposed
model. The black solid line represents self-resistance due to core
skin effect. The dashed line shows the internal conductor resis-
tance based on (6). The dashed-dotted line is the internal conductor
resistance only due to skin effect [28].

It can be found that total resistance is dominantly affected by
proximity effect for f>4 MHz. Ignoring the proximity effect in the
model and including just skin effect by the analytical formula in
[28] leads to resonant frequencies, around 100 kHz, with quite high
amplitudes for the transferred voltage to LV in layer winding (see
Fig. 15). The internal conductor resistance becomes two orders of
magnitude lower for 10kHz <f<1MHz by ignoring proximity and
the calculation results for transferred voltage in this case has poor
agreement with measurement for 50 kHz <f<500 kHz. However,
the calculations based on proximity effect formula cannot repre-
sent the trend of transferred voltage to LV in layer winding for
f>1MHz (see Fig. 6). Also, the dominant resonant frequency at
1.6 MHz is not represented. The calculations based on skin effect
formula can represent the trend much better in this frequency
range. But, improvements are still required for amplitude agree-
ment. All in all, it can be concluded that based on the frequency
range of study, the appropriate formula for the analytical calcu-
lation of the internal conductor resistance can be brought in the
model.

6. Conclusions

This paper aims to propose an analytical high frequency model
to study resonant overvoltages in wind turbine transformers. The
outputs of this model contribute wind transformer designers and
operators to improve windings design against resonant overvolt-
ages or select the least vulnerable winding type. The verification
of the proposed model is carried out by comparing the calcula-
tion results with measurements on three winding type, i.e. disc,
layer and pancake. A special 500 kVA transformer with these wind-
ing designs is produced and used as test object. The frequency
responses of the input HV impedance, input LV impedance and
transferred voltage to LV are measured. The calculation results
show that the following characteristics of the windings are rep-
resented in good qualitative agreement with measurements:

1. The general trend of the frequency response for the windings, i.e.
the range of amplitude for input impedance and voltage ratio.

2. The decreasing trend of the HV input impedance.

3. The resonant frequencies of the HV and LV input impedances in
the range of 10 kHz-1 MHz.

4. The dominant resonant frequency of the transferred voltage to
LV for disc and pancake winding (800 kHz). This frequency is also
critical for layer winding.

The shortcomings of the model can also be listed as:

—_

. The second resonant frequency (=10 kHz) of the input impedance
of the HV and LV windings is not represented. It can be due to
flux linkage of other windings via core.

. There is a frequency shift between impedance measurements
and calculations.

. The model cannot represent the voltage ratio measurements for
f>1MHz. It can be due to inaccuracy in measurements due to
effect of leads, inaccuracies in the proximity effect or dissipation
factors (tan §) formulas.

N

w

In fact, the qualitatively good agreement of the calculation
model assists us to study the internal overvoltages in future work.
The least vulnerable winding design seems in this case (500 kVA)
to be the pancake winding. Its modular design makes it also easier
to repair compared to the two other winding types.
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Appendix A.
A.1. KCL and KVL for an arbitrary unit

Fig. 16 shows an arbitrary unit, i, in HV winding and its adjacent
units. Performing KVL in this unit gives,

V(@)= V(i—1) = z(i, D)Ip(i) + z(i, i — DIp(i — 1)+ z(i, i + 1)Ip(i + 1)

+2(i, m)lp(m) + (i, lp(n) + - - - (A-1)

where V(i) and V(i — 1) are voltages of nodes i and i — 1. The branch
current in unitiis introduced by I(i). Accordingly, the other branch
currents in units are introduced. Unit i has mutual impedance with
other units, e.g. unit n as shown in Fig. 16 and brought in (A-1) in
the form of z(i, n). Mutual impedances are calculated by means of
(A-3). Self-impedance, z(i, i), is calculated by adding the internal
resistance (6)-(A-3). Writing KVL for all units in LV and HV result
in (1). To perform KCL, an injected nodal current, I, is assumed and
connected to node i (see Fig. 16). The sum of all branch currents
connected to node i is equal to I.

I=1,3i) = I(i + 1) + (G(i, i — 1) +j27fC(i, i — 1))V(i) - V(i — 1))
(G, i+ 1) +j27fC(i, i + 1))V(E) — V(i + 1)) + G(i, m)
+j27fC(i, m))(V(i) — V(m)) + G(i, n) +j27fC(i, n))(V(i) — V(n))

(A-2)

The branch currents and nodal voltages are shown in Fig. 16. C(i,
i—1)and C(i,i+ 1) are the series capacitances of unitsiand i+ 1. C(i,
m) is the parallel capacitance between units i and m. The conduc-
tances can be defined same as the capacitances. Writing KCL for
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Fig. 16. The layout of unit i, an arbitrary unit in HV windings.

all units in LV and HV and doing simple mathematical manipula-
tion result in (2). Besides, Eq. (A-2) shows that the summation of
all adjacent capacitors of unit i come into the diagonal element of
C matrix. Since they are all multiplied to V(i). The matrix I in (2)
has only one non-zero element, which is the last one. This variable
is the HV terminal current. Only the HV terminal is connected to
source and other nodes does not have any connection to source in
reality. Therefore, their nodal injection currents are zero.

A.2. Computation of the self and mutual impedance

Fig. 17 shows two arbitrary units around the core. The core is
assumed as a solid magnetic material with i, in the axial direction,
r in the radial direction and an isotropic resistivity p. Egs. (A-3)-
(A-6) describe the mutual impedance between these two units
[19]. (A-5) describes the impedance contribution due to that part
of flux which is confined entirely to the core. (A-4) and (A-6) are

kth unit I H I
(N« turns)

Ith unit
. (N1 turns)

]

Fig. 17. Dimensions of two arbitrary units for the calculation of self and mutual
impedances.

contributions to the impedance arising entirely from the effects
of leakage flux. They are also the terms which control differential
impedances. The effect of closed core is considered in (A-6) with
N number of images introduced by opening the core and having
parallel infinite plates at the open ends [20].

2(k. 1) = Lk, ) + 2 (k. ) + Za(k, 1) (A-3)
LUk D = poNiNivFa 2 [(1 - %) K(p)— E(p)] (A-4)
210k, 1) = SN, ”f {7%113((;15)) - ,lto} (A-5)
2ok, 1) = NN T { Fow s ZPl(ﬂnal, Bret2)
<Py, far2)Qu(Bah, fuy) x LD ELE) cos(ﬂnm}
(A-6)

s is the Laplace transform operator in (A-3). The supporting
equations for calculating functions and parameters in (A-3)-(A-6)
are described in (A-7)-(A-16). In (A-4), K(p) and E(p) are complete
elliptic integrals of the first and second kinds respectively, and

4ar
N (A-7)
H2+(a+r)

The dimensions a, r and H are specified in Fig. 17. In (A-5), the

core skin effect parameter, m, is equal to,

SHz
m=,/— A-8
- (A-8)
In(A-6), Bn = 2n/A, where A is the length of the magnetic circuit.

Iy, I, Ko and K; are modified Bessel functions. The functions P, Q,
and F used in (A-6), are defined in (A-9)-(A-12).

Py(x,y) = %{pl(x)—m(y)] (A-9)
2 X-y xX+y

Qﬂx,y)ﬂ—% [cos (T) —cos( 3 )] (A-10)
— g 4 Hzf(Bab) — tof (1) .

Fl(ﬂ”b)"“{uz g(ﬂnb)+li0f(rnb)} (A-11)

L=,/ A Sz (A-12)

o

In (A-12), p'=y.Is| and y is defined as fundamental core param-
eter related to leakage flux and is in the range of 10-19-10-8 [19].
The functions f, g and p; are defined by

f&) = sj"g (A-13)
26) = 620 (A14)
P1(e) = S K (@lo(e) + Ko(@)La ()] (A-15)
In (A-15), Ly () is the modified Struve function,
(0 50[ k+2n+1
L) = Z[n+05]'[k+n+05]' (A-16)

It should be mentioned that for self-impedance calculation (z(k,
k)), H should be set to zero in (A-6) and H=0.2235(h+w) in (A-7)
where h and w are the height and the width of the coil cross section.
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