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ABSTRACT

Calil, W. V. (2020). Methodology for Specification of Generator Step-Up Transformers in
Photovoltaic Power Plants Based on Real Loading Profile. Tese (Doutorado) — Escola
Politécnica, Universidade de Sao Paulo, Sao Paulo, 2020.

This research presents a methodology for dimensioning the top-rated for the
collected step-up power transformer applied in the large photovoltaic power plant through many
technical and financial variables. The power transformer equipment is an expensive asset that
often is used well below its power rating on a photovoltaic farm. A precise estimation of this
cost is in the interest of the photovoltaic farm owners, in order to evaluate the initial investment
economic feasibility. The proposed method allows correcting the value of total losses utilizing
the concept of the Dynamic Loading Model without neglecting the aging of the solid insulation
neither reducing the reliability of the operation of the transformer, providing the best-in-class
cost-benefit for the procurement engineer. This novel methodology has been based, especially,
in the well-established loading guide model by IEEE standard. All techniques and procedures
to be evaluated in this research were obtained using a real loading and temperature profile of

the solar plant and a probabilist curves.

Keywords: Transformers, Dynamic Loading, Aging, End-of-Life, Efficiency.



RESUMO

Calil, W. V. (2020). Metodologia para Especificagdo de Transformadores Elevadores de
Tensdo em Usinas Fotovoltdicas Baseado em Perfil de Carga Real. Tese (Doutorado) — Escola
Politécnica, Universidade de Sdo Paulo, Sao Paulo, 2020.

Esta pesquisa apresenta uma metodologia para dimensionar a poténcia maxima
de um transformador elevador coletor aplicado em grandes usinas fotovoltaicas através de
diversas variaveis técnicas e financeiras. O transformador de poténcia ¢ um ativo de alto valor
agregado e costuma ser dimensionado para utilizagdo abaixo da poténcia méaxima quando
aplicado em uma fazenda fotovoltaica. Uma estimativa precisa desse custo € de interesse para
os proprietarios de fazendas fotovoltaicas poderem avaliar a viabilidade economica do
investimento inicial. O método proposto permite corrigir o valor das perdas totais utilizando o
conceito do Modelo de Carregamento Dinamico sem descuidar do envelhecimento da isolagao
solida e tampouco reduzir a confiabilidade do funcionamento do transformador,
proporcionando o melhor custo-beneficio durante o processo de aquisicao do equipamento. Esta
nova metodologia foi baseada, especialmente, no modelo de guia de carregamento bem
estabelecido pela norma IEEE. Todas as técnicas e procedimentos a serem abordados nesta
pesquisa foram obtidos utilizando um perfil real de carga e temperatura da planta solar e curvas

de probabilidades.

Palavras-Chave: Transformadores, Carregamento Dinamico em Transformadores,

Envelhecimento, Fim de Vida, Eficiéncia.
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Chapter 1 - INTRODUCTION

The increasing permeability of renewable energy in power systems around the
world requires more economic and efficient methods as well as operation and integrated
technologies that support all specific characteristics from these emerging energy sources
(ZAREI et al., 2019). The profiles of this type of energy are different from traditional sources
like gas, coal, and hydroelectric, which generates higher complexity of integration and control
of the power flow. Furthermore, eventual irregularities in power generation and consumption

require more dynamic solutions for rating of power system equipment.

Power transformers are one of the most critical and expensive component in a
substation systems due to the raw material for manufacturing (MELO and CALIL, 2014) (e.g.
silicon steel, carbon steel, mineral oil, copper and cellulose) and project customization, which
depends on the application and characteristics of the electric grid. The manufacture of large
power transformers, generally above 100 MVA, represents a meticulous and handcrafted
process since the first drafts to the last electrical tests. This way, the technical and financial cost

analyses require a great experience and know-how from the manufacturer.

Generator Step-Up — GSU power transformers are designed according to the
customer specifications requirements and standards. The process of transformer supply is an
“engineering to order”, i.e., for each project the manufacture has to design accordingly with
technical specification and variables such as altitude, ambient temperature, the seismic level,

and others will change the design of this equipment.

In this sense, a huge number of variables must be considered in the technical and
economic analyses during power transformers concept, which means each transformer
represents a customized and laborious process. Although a few cost evaluation methods were
previously proposed in the technical literature, most of them is limited to distribution power
transformers (OLIVARES et al., 2003; GEORGILAKIS & AMOIRALIS, 2010; AMOIRALIS
et al., 2012), there is not a consensus or standard procedure to evaluate technical and economic
issues, considering both manufacturing and material costs, which makes the technical/economic

correlation an even more complex process (IEEE, 1991; CARALAMBOUS, 2013; 2013a).

Furthermore, the increasing integration of renewable energy sources imposes on

manufacturers an additional challenge, given the intermittent behavior in the electric energy



12

generation provided from these energy sources. For example, a photovoltaic power plant is
characterized by generation peaks around noon, during great incidence of solar radiation
(generating state — GS), while the electric power generation is null throughout the night time
(non-generating state — NGS), as illustrated in figure 1.1 (LAZARI & CARALAMBOUS,
2015). In this context, the GSU transformer operates in the nominal power only a few hours
during the day whereas at nighttime it operates without any load, consuming only the active
power dissipated in the magnetization core. From this example, it is evident that the power
transformer design for a photovoltaic power plant must be different from a GSU transformer in
a hydroelectric plant, which operates close to the nominal maximum power throughout the
entire lifetime to increase its efficiency, however, the rated power of the equipment is near from
the maximum. The same statement is true for any other renewable energy source, which are

characterized by an intermittent electric power generation along the day.

The technical literature presents a few documents and researches on loss
evaluation of power transformers in renewable energy power plants and describes the life-cycle
as the sum of the present cost for each kilowatt of loss in a power transformer throughout its
lifetime (BOICE et al., 1988). For example, an interesting method was recently proposed for
life-cycle loss evaluation of the total ownership cost of power transformers connected to large
wind farms, which are represented as an intermittent energy source with varying operational
and financial characteristics. This method differs from those previously proposed because takes
into account the probabilistic total ownership costs, electricity market issues, and uncertainties
of wind energy generation. Finally, the loss evaluation method proved to be reliable when
compared to empiric data obtained from different manufacturers (LAZARI &

CHARALAMBOS, 2015a).

Another loss evaluation method was previously proposed for power transformers
designed to serve independent photovoltaic power producers or regulated utilities. In these two
cases, the capitalization of losses is an important issue for the adequate capital and future
operating costs of the power transformer over its lifetime brought back into a present-day cost.
This method simultaneously attends the concept of loss evaluation in both vertically integrated
and decentralized energy systems with a high penetration of renewable energy (LAZARI &
CARALAMBOUS, 2015).
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Figure 1.1 — Electric power generation of a photovoltaic plant during a day.
Source: LAZARI & CARALAMBOUS, 2015.

It is common some generation and power transmission companies evaluate
economic issues on new power transformers based solely on the initial investments, without
concern the life-cycle losses and dynamic degradation process in which the equipment is
subjected throughout its lifetime. A simplified analytic formulation was previously proposed as
a reliable technical-economic method for evaluation of power transformers designed to serve
large photovoltaic plants. Various factors are considered in this analytic method in terms of
initial investment (manufacturing, tests and installation costs) and operational costs (insurance,
maintenance, taxes and required energy to cover the transformer power losses). In general, this
simplified formulation takes into account some relevant issues in power transformers with

intermittent loading, such as (CALIL et al., 2016):

s Power transformer cost;

% Energy losses in the power transformer operating with load;
% Energy losses in the power transformer operating no-load;
% Specified lifetime;
% Power factor (energization time).

In these terms, a well-established evaluation method in the electric power market
is based on the loss capitalization, in which a currency cost per power losses ($/kW) is

determined for power transformers with and without load. From this information, the
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manufacturer is able to optimize the power transformer design in order to attend technical and

cost requirements from the clients (TOBAR et al., 2016).

The loss capitalization without load, as known no-load losses (NLL), is given in
currency cost per energy ($/kWh). This index is a function of the currency investment to reduce
one kW loss ($/kW), energy cost ($/kWh), total energization time per year (hours) and
percentage average increase in the energy cost. The loss capitalization with load, as known load
losses (LL), differs from the capitalization without loss because depends on the loading
percentage and period in which the power transformer operates. This loss capitalization
indicates the currency investment to reduce one kW loss in a power transformer with load

(CALIL et al., 2016).

The energy cost in kWh is dependent on several factors, such as the supply and
demand of electricity, taxes, monetary inflation, politic and environmental issues. In this sense,
the energy cost forecast represents a critical variable in the loss capitalization method.
Nevertheless, this method is able to calculate different cases, with different variables, in order
to evaluate variations in the final results, which include the capitalization of the energy

consumed in the cooling system of the power transformer.

Among all technical and economic issues to be considered in the loss
capitalization, the electric power generation profile of the photovoltaic plant should be carefully
analyzed. Figure 1.2 shows the power generation in 24 hours during a day per month in a
northeast Brazilian region with high incidence of solar radiation.

Figure 1.2 shows that the power transformer operates with some load profile
around 50% throughout a year. The average loading of the power transformer is approximately
35% during the entire lifetime, since it is designed to operate with 1 p.u. and solar radiation
incidence of 66% per day. From these technical characteristics and others in association with
economic indexes, e.g. interest rate and monetary inflation, the return on investment in years

and the loss capitalization in currency unit can be calculated.
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Figure 1.2 — Power generation profile per day during a year of a photovoltaic plant.
Source: Adapted from CALIL et al., 2016

Although the loss capitalization method shows to be useful in many applications,
some important issues are not considered, such as risk analysis and environmental
characteristics where the power transformer is installed (e.g. ambient temperature). The risk
analysis consists basically in correlate the hours per year in which the transformer operates in
total power capacity to its currency cost versus lifetime, i.e. to determine the optimum point of
power capacity and cost versus the expected lifetime. For example, considering a photovoltaic
power plant with a total power capacity of 100 MVA with a 60 MV A power transformer, which
operates a few hours per year over its nominal power, the risk analysis can estimate cost issues
and lifetime based on the technical characteristics and operation conditions of this power
transformer. In this sense, if the total capacity of the power plant and power profile per year are
previously known, such as in figure 1.2, the risk analysis can determine the optimum cost and
nominal power of the power transformer based on a pre-defined life cycle for this equipment.
Thus, the risk analysis represents a very useful tool to correlate technical versus economic

issues during power transformer design and manufacturing.
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1.1. BRIEF BACKGROUND ON SOLAR
PHOTOVOLTAIC POWER IN BRAZIL

The increasing electric power demand in the past few years shows to be higher
than its historical trend. The share of renewable sources, including hydropower, is almost 26%
of the total energy installed in the world. Nowadays, most of the growth comes from new wind
and solar capacity, which is supported by ambitious climate policies imposed by the European
Union, USA, China, India, Japan and Australia. In addition, the continuous decrease in
photovoltaic and wind turbines costs through the last decade enables the developing countries

to expand their renewable energy installed capacity (ENERDATA, 2019).

Global renewable-based power capacity will grow by 50% between 2019 and
2024. This increase of 1200 gigawatts, which is equivalent to the current total power capacity
of the United States that is driven by cost reductions and concerted government policy efforts.
Solar PV accounts to 60% of the rise. The share of renewables in global power generation is set

to rise to 30% in 2024. (IEA, 2019)

The renewable energy sector has employed around 11 million people since 2018,
in which solar photovoltaic is the largest employer, with approximately 3.6 million job
positions. In Brazil these numbers are discrete and the workforce in solar energy sector are

around 15 thousand against 2.2 million in China and 225 thousand in United States.

In the Stated Policies Scenario, solar becomes the largest source of installed
capacity around 2035, surpassing coal and gas. Global coal-fired capacity plateaus, with the
project pipeline of 710 GW, mainly in Asia, just exceeding coal plant retirements, mainly in
advanced economies. As an example, The Pavagada solar park in located in Kartanataka’s
Tumakuru district, southern India is expected to generate 2000 MW of electricity, making it the
world’s largest solar station. The park span across 52.2 square kilometers over five villages.

(BENGALL, 2018).
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Figure 1.3 — Aerial photography of “The Pavagada” solar park. Karnataka Solar Power
Development Corp. (LOS ANGELES TIMES, 2018)

Renewables make up two-thirds of all capacity additions to 2040 globally. Wind
power capacity triples, with offshore wind taking off in Europe, China and the United States.
Gas-fired capacity grows in most markets for reliability purposes and battery storage

skyrockets.
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Figure 1.4 — Installed power generation capacity by source in new policies scenario, 2000-

2040.

Source: Adapted from IEA, 2020
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Figure 1.4 shows the yaw of the solar PV sources from 2015. As an example, in

2018 the solar capacity addictions were more than 100 GW and cumulative reached 505 GW

as shown in the Figure 1.5.
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Figure 1.5 — Solar photovoltaic global capacity and annual addition, 2008-2018.

Source: Adapted from REN21. 2019

Since 2008 a Solar photovoltaic is the fastest growing energy technology, and in

an increasing number of countries. In 2018, 11 countries have added more than 1GW and 32

countries had cumulative capacity of at least IGW. China remains leader in solar photovoltaic

with cumulative capacity reached 176.1GW, followed by United States and Japan. In terms of

annual addition, China accounted for about 74% of global additions, followed by Turkey, India,
Brazil and United States. (REN21, 2019).
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Figure 1.6 — Solar photovoltaic capacity and additions, top 10 countries, 2018

Source: Adapted from REN21. 2019
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Brazil added more than 1.2 GW in 2018, doubling its capacity to nearly 2.4 GW,
contributing with 1.4% of the energetic matrix, because the extension of Brazil’s national net
metering programmed as well as to a rising number of state-level incentives, falling module

prices, rising electricity tariffs and increased environmental awareness (REN21, 2019).

Figure 1.7 illustrates the primary sources used for electricity conversion in Brazil
in January 2019. Despite the changes, more than 60% of the electrical energy came from hydro

source, however solar sources are increasing in recent years. (ANEEL, 2020).
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Figure 1.7 — Primary sources used in Brazil, 2020

Source: Adapted from ABSOLAR, 2019 and ANEEL, 2020.

Photovoltaic generation is a highly modular technology with almost no emission

of pollutants and noise during the operation and with low maintenance requirements. The
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photovoltaic generation has been developed and refined since 1970s and currently represents a
viable option for electrical energy production, aiming supplement and/or replacing energy from

conventional sources. (GAMA et al., 2013).

Brazil has been constructing a large solar power plant like Parque Solar Nova
Olinda, in Piaui State, as shown in figure 1.8. The installation covers an area of 690 hectares,
with a total installed capacity of 290 MW and will generate approximately 600 GWh per year.
(BRANDAO, 2018). This solar power plant has 2 power transformers of 140 MVA rated
capacity which will raise the voltage level from 34.5 kV to 500 kV and is directly connected in
the Brazilian National Electrical Grid System. (BRANDAO, 2018)

Figure 1.8 — Nova Olinda solar park, aerial view, 2018

Also, in Piaui State, the city of Sdo Gongalo do Gurguéia, was chosen to house
one of the most significant solar parks in the world, with a power of 475 MW. This solar park
will contribute to the diversification and resilience of the country energy matrix, supporting a
virtuous economic cycle through the supply of sustainable energy in the long term. (PORTAL
SOLAR, 2019).
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i

Figure 1.9 — Sao Gongalo solar park, aerial view - photo: Rafael Souza/Planner Tozzolatam,

(CIDADE VERDE, 2020)

This project is the largest photovoltaic solar plant in South America and in 2020
starts the operation in January 13th. Sdo Gongalo plant uses bifacial solar modules, which
capture energy from both sides of the panel, with an increase of up to 18% in power generation.
(MORAES, 2019). This solar power plant has transformers with 500kV voltage level to directly

connected in the Brazilian National Electrical Grid System.

Auction results and continued technical innovation suggest that costs will fall
further in the future. Recent auctions results suggest that some future projects will significantly
undercut. The price evolution of the solar photovoltaic sources during last auctions in the
regulated market in Brazil has been present a similarity with the global trend in the reduction

energy prices as shown in the Figure 1.8.
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Figure 1.10 — Prices evolution during auction in Brazilian regulated market
Source: Adapted from ABSOLAR, 2019.

Figure 1.10 shows a depreciation of 80% between the first action in 2013 to the
last auction which occurred in 2019, reducing the prices from 103 USD/MWh to 20.33
USD/MWh. Solar sources, diversify the energic matrix as a new renewable source, increasing
the feasibility of the energy supply; reducing losses and postpose investment in transmissions
and distribution besides to relieve the electrical demand during day light, decreasing customer

costs.

Step-up power transformer has a significant weight in the total cost of
installation of a large photovoltaic farm. Optimizing this equipment will financially beneficial
and decrease investment cost, while providing equal operating performance as specified

without compromising the availability and safety and life expectance.
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1.2. OBJECTIVE AND STRUCTURE OF THE
THESIS

The main objective of this thesis is to define a methodology to quantify the
optimum power transformer in terms of cost-benefit to be installed in a solar power plant. This
methodology aimed to explore the mix between the dynamic rating based on a real solar loading
curve and ambient temperature, aging and economic analysis capitalization, since these

variables are not taken into account in previous optimization method for power transformers.

Dimensioning the transformer according to the loading profile it is possible to
reduce the quantity of raw material used. The benefits are the reduction of the total cost of the
equipment which will impact the reduction of the freight cost, the base of the installation, the
quantity of oil usage, and the overall carbon footprint necessary to manufacture the transformer.

Another important benefit is the reduction of no-load losses that will increase asset profitability.

Such methodology is essential for an adequate analysis and design of GSU
power transformers for large solar photovoltaic power plant, since this renewable energy source
is characterized by an intermittent behavior. Only this issue makes the project of large power
transformers for such application a great challenge in electrical engineering, without counting
many other economic and technical issues which will be discussed in this thesis. Furthermore,
a better understanding on GSU transformers, in the context of photovoltaic power generation,
represents a significant technical and scientific knowledge about this emerging renewable

energy technology.

In the Chapter 2 are described some technical and economic characteristics that
must be taken into account during the concept design of the transformers as: no-load losses,
load losses and its components and, how it impacts in the energy efficiency and indexes. Still
in this chapter important understanding of the capitalization financial analysis is detailed.
Chapter 3 are presented others important feature of the transformer design such as solid
insulation materials and its behavior under temperature versus time. Equations used in the
literature to determine the aging of the transformer are discussed in this chapter as well as the
methods present currently in the international standards and its methods. Finally, Chapter 4 is
presented the background of the dynamic model and brings proposed method which merges all

information presented until here like efficiency, aging, loading, losses capitalization are joint
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in the method and an example with a real loading curve and temperature profile is tested and in

Chapter 5, followed by discussions and conclusions.



Chapter 2 - CAPITALIZATION OF POWER
TRANSFORMER LOSSES

Large power transformer, usually with more than 100 MVA, are devices with
great added value in substations. Even with continuous improving of material and constructive
techniques, power transformers present losses in the magnetization core and windings, which
result in thousands of TWh during operation with and without load demand (BAGGINI & BUA,
2015). Nevertheless, power transformers are one of the most efficient electrical devices, which
are designed to operate for many decades, and even minor improvements in some constructive

characteristics may result in significant reduction in power losses.

Modern power transformers consist of a tank with oil fill in it and an active part
which are formed by 2 main components: core and winding. There are at least two winding,
low voltage winding, and high voltage winding. In some cases, are applied regulation winding
and/or tertiary winding. Figure 2.1 presents three figures which from left to right shows a
complete assembly transformer, the active part which is the heat source, and detailed windings

and core. (JIAO, 2012).

Core LVwinding HVwinding

Active part

Figure 2.1 — Complete transformer, active part and detail of the active part.
Source: Adapted from JIAO, 2012.
The total losses in GSU transformers are characterized mainly by three
components: no-load losses, load losses and auxiliary losses. During transformer design, these
three types of losses are balanced in order to attend specific operation conditions of the electric

grid in which the device will be installed. For example, a GSU transformer usually operates in
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nominal load through its entire lifetime in a hydroelectric power plant. On the other hand, a
power transformer installed in a photovoltaic solar plant operates with full load only during a
few hours during the day and operating without load at nighttime. Thus, the load losses are an
important issue in the first case whereas in the second case, both load and no-load losses should

be considered.

No-load losses are concentrated in the transformer magnetic circuit without load
demand. Basically, these losses occur when the secondary circuit is open (without load) and the
primary terminal operates with nominal voltage. In that case there is only a small primary
current and thermal Joule losses are negligible. These losses are incurred from the very first
moment that the transformer is energized and are not depend on the transformer load level. The
technical literature describes the no-losses into three components: hysteresis losses, Foucault
losses and supplementary losses (FITZGERALD, 1909). These three no-load losses parcels are

briefly introduced as follows:

1) Hysteresis Losses are the energy dissipation during the movement of the
magnetic domain due to the cyclical magnetization. In transformer, hysteresis losses are usually

responsible for one-third up to half of the total no-load losses.

i) Foucault losses are introduced in the literature as eddy current losses, which
are caused by Joule effect due to the circulation of the induced current inside the core
lamination. These losses can be reduced by building the core from thin laminated sheets
insulated from each other by thin layer of insulative and inorganic coating to reduce the eddy

current.

1i1) Supplementary losses are the sum of remaining losses in the transformer core
that are not well defined in the technical literature, and generally unknown. These losses are
still being object of various researches on electrical and metallurgical engineering. The
supplementary losses are marginal stray and dielectric losses which occur in the transformer
core. The stray losses, due to the stray magnetic field, cause eddy current in the conductor or in
surrounding metal and dielectric losses in the insulation materials, e.g. oil and solid insulation
of high voltage. The supplementary losses usually are no more than 1% of the total no-load

losses and therefore it is estimated by means of empirical values.
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The use of new and more efficient electrical steel can reduce these overall no-
load losses. The electrical steel specific losses, is defined as losses per unit mass at certain
conditions, range roughly from 1.38 to 0.68 W/kg at 1.7T and 50Hz, meaning that depending
on the type of material selected, the no-load losses can be reduced by up to 50% from one case
to another. Performance of core steels have been improved mainly by introducing thinner gauge

materials and improving their orientation (TAKAMIYA et al., 2016).

The use of lower-loss core material will decrease the number of watts lost per
kilogram of core, in opposite, substituting for a lower-loss core material will result in an

increase in material cost and consequently in total price (ABB, 2004).

During 1980s domain refining was commercialized and made a major step in
nominal loss reduction. Figure 2.2 shows the profile of the iron loss improvement since 1970

(TAKAMIYA et al., 2016).
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Figure 2.2 — Iron loss improvement 1970-2016.
Source: Adapted from TAKAMIYA et al., 2016

A laser scribed core lamination is used for improved the domain structure of the
electric steel, reducing the total no-load loss. Figure 2.3 shows a photography of the grain-

oriented steel with laser scribed treatment.
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Figure 2.3 — Electrical steel with laser scribed.

Load losses are resulted from the current circulation in the windings and varying
with the transformer load. These losses are composed of three components: resistive losses,

eddy losses in winding and stray losses. (FITZGERALD, 1909)

1) Resistive losses are the most significant component of load losses in
power transformers. These losses are resulting due to the winding resistance, leads
connection and busbar, also known as DC losses. This component of load loss is the

easiest to be predicted accurately.

i1) Eddy losses in winding is resulting from eddy currents in conductors
exposed to magnetic field. Regardless the type of transformer, Finite Element Method
(FEM) tools can be useful during the power transformer design, in order to minimize

eddy losses choosing winding conductor which fits better with the leakage flux.

ii1) Stray Losses are generated by the main leakage flux hitting metallic
parts when exposed to magnetic fields and by the currents in the leads and busbar which
generate magnetic fluxes as well. These losses can be reduced with the insertion of non-
magnetic material, installation of magnetic shunts that work basically as flux collectors,

i.e. shielding areas in the power transformer in order to avoid leakage flux through some
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specific parts (e.g. tank or clamp), where this flux would create higher losses. These
losses cannot be calculated easily due to the geometric characteristics of the active parts,
therefore 3D modeling by FEM-based computational tools are commonly used.
Furthermore, the stray losses cannot be determined separately of the eddy losses by

means of measurements.

Auxiliary losses are generated by cooling devices of power transformers, such

as fans and/or pumps.

The cooling system is an important feature of the overall transformer lifecycle
and efficiency, even auxiliary losses usually are not as significant as the others components of
losses it must be well design in order to reduce loss and at the same time quantity of cooling
material. Depending on the application of the transformer an intelligent approach should be
specified, like a type of cooling media, energy efficiency of the fans or pumps and, the ratio

between the operation without forced cooling and with forced cooling.

Currently, electronically controlled fans are used in order to reduce the auxiliary

losses in large power transformers when this equipment is not operating in the maximum power.
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Figure 2.4 — Typical quantity of losses distribution in a power transformer, example.

Figure 2.4 shows that load losses are the most significant component in the total
losses of a power transformer, and therefore major thermal dissipation and main driver of the
life expectance. In this sense, the winding design concept must be well detailed to avoid as
maximum as possible the eddy losses in windings and undesired hotspots. Besides, the hotspot
is the main driver of the life expectance of the transformer unit and it should be well predicted

and located during the design stage.

2.1. ENERGY EFFICIENCY

Energy efficiency is at the heart of any strategy to guarantee secure, sustainable
and inclusive economic growth. It is one of the most cost-effective ways to enhance security of
energy supply, to boost competitiveness and welfare, and to reduce the environmental footprint

of the energy system. An energy sector transformation of the scale and pace required to achieve
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the Sustainable Development Scenario depends upon fundamental changes to the way energy

is produced and consumed. (PRINDLE, W. et al., 2007).

A sharp pick-up in efficiency improvements is the single most important element
that brings the world towards the Sustainable Development Scenario. Energy efficiency is the
primary “fuel” of choice in most regions because of its cost-effectiveness. Energy efficiency
measures generally offer an attractive payback, although the barriers to their deployment such

as access to finance or lack of information have to be successfully addressed. (IEA, 2019).

International efforts to map trajectories towards the achievement of sustainable
development goals generally acknowledge the complementarity of renewable energy
deployment and energy efficiency measures. (IRENA, 2018). In 2011, the United Nations
'Sustainable Energy for ALL initiative, recognizing the joint role of renewable and efficiency
in securing universal access to sustainable energy, set a target to double both the share of
renewable energy in global final energy consumption to 36% in 2030 and the rate of

improvement in energy efficiency (SEforALL, 2020).

Furthermore, in 2018 the intergovernmental panel on climate change presented
several pathways for mitigating climate change that are consistent with a relatively high
probability of limiting the long-term increase in global average temperature to 1.5°C above the

pre-industrial levels. (ROGELJ et al., 2019).

Wind and solar are the fastest-growing sources of electric power today for a few
simple reasons: They are renewable energy sources that do not produce greenhouse gases or
other emissions; the “fuel” is free and essentially infinite in supply; and as technology matures,

equipment costs continue to drop as already been discussed in the Chapter 1.

Sources currently used to energy demand is limited in nature like fossil, coal and
nuclear fuels. In an attempt to rebalance supply and demand, many countries started investing
in power generation from renewable resources and energy efficiency programs and more energy

performant equipment (BAGGINI & BUA, 2015).

Renewable power capacity is set to expand by 50% between 2019 and 2024, led
by solar PV. This increase of 1200 GW is equivalent to the total installed power capacity of the
United States today. Solar photovoltaic alone accounts for almost 60% of the expected growth,

with onshore wind representing one-quarter. Figure 2.5 shows the capacity growth in renewable
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sources in GW between 2019 and 2024 considering normal case and the accelerate case (IEA,

2019).
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Figure 2.5 — Renewable capacity increase by technology (2019-2024).
Source: Adapted from IEA, 2019.

Solar photovoltaic drives strong rebound in renewable capacity additions. The

accelerated case requires that governments address three main challenges:
1) policy and regulatory uncertainty;
2) high investment risks in developing countries;
3) system integration of wind and solar in some countries.

Even if accelerated case is not addressed a substantial grown will be happen in

the solar photovoltaic sources.

Energy efficiency has tremendous potential to boost economic growth and avoid
greenhouse gas emission. In this sense, the standard IEC TS 60076-20:2017 states: to promote
a higher average level of the energy performance for transformers due to the need for energy

saving and reduction of the emission of greenhouse gases. The IEC international standard
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proposes methods to specified transformers with higher energetic performance according to

loading and operating conditions applicable (IEC, 2017).

Besides, the formulation to efficiency calculation is presented, and its claims that
the efficiency index should not be the unique base to choose the transformer. The equipment
cost, operational and maintenance cost and the estimate total life cycle should be taken in
account to determine the transformer most suitable for the intended application with focus on

delivering more cost-effective solutions throughout the life cycle of the transformer.

Several different ways can be used to evaluate the energy efficiency of a power

transformer, such as (OJEU, 2014):

e Maximum no-load and maximum losses at full load — this metric place
two constraints on each design and is closest to that specified in the
common test standards. It involves ensuring that a design does not exceed
the maximum values of no-load losses and full load losses in watts, when
specified separately. This approach for establishing mandatory
requirements on transformer performance can be found in economies
such as China, Europe Union and United Nations Convention on Climate
Change.

e Maximum combined losses at a specified loading point — this metric
place a single constraint on the design, measured in watts, which is the
sum of the no-load losses and the load losses at the specified loading
point. This approach for establishing performance requirements on
transformers can be found in countries such as India, Japan and Brazil.

e Percent efficiency at a defined loading point — this metric is the ratio
of the active power in watts delivered by the transformer over the load
relative to the active power in watts drawn by it from the source. Percent
efficiency varies with load and consequently must be declared at a
specified loading point. This approach for establishing mandatory
requirements on transformer performance can be found in economies
such as Australia, Korea and USA.

e Minimum efficiency using peak efficiency index (PEI) — this is an

index that was developed by a technical working group supporting the
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European Commission’s analysis of regulations for large power
transformers. The equation for peak efficiency determines the
appropriate highest efficiency value of any transformer design at an
optimal loading point. This approach for defining efficiency was
included in the European eco-design regulation for transformers (OJEU

2014).

2.1.1. MAXIMUM NO-LOAD AND LOAD LOSSES

There are two issues that must be considered during power transformer design:
no-load and load losses. These values are obtained from measurement during electrical tests.
The main objective is to ensure that the project does not exceed the maximum values of no-
load losses and load losses, which are specified separately, i.e. losses in power transformers are

limited regardless of your application.

Both IEC 60076 and IEEE C57 standards are based on power performance
evaluations of transformers without load in nominal voltage in order to analyze the core
magnetization (no-load losses), and with 100% of the load capacity (load losses), (IEC Std
60076, 2018 and IEEE Std C57, 2011).

This normative approach is followed in China, Europe, and the United Nations
Convention on Climate Change, where are determined the maximum loss levels for different
sizes of transformers. In this sense, no-load losses and load losses are limited to a certain
operation margin regardless of the loading level of the power transformer. This is an important
issue since it is generally difficult to predict the daily average load, with some degree of
accuracy throughout the entire life cycle of the power transformer. With this system, a minimum

performance level is guaranteed independently of the load level applied to the transformer.

However, once the no-load losses requirement has been established, an
optimum performance point is implicitly obtained, and the minimum manufacture cost can be
determined. If the loading corresponding at this optimum efficiency point and minimal
production cost is not coincident with the real load of the transformer, a potential energy saving

is lost. By this reason, regulators should be careful to define this point to ensure that the
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proposed requirements do not encourage maximum performance outside of the real load at the

transformer will be applied.

Another problem in specifying a maximum no-load and load losses separately is
the flexibility reduction during the design process, which implies a major initial cost of the
power transformer because of eventual variations on the raw material prices. However, this
problem can be mitigated if losses are capitalized, i.e. considering the relationship USD/kW of
iron (no-load) and on copper (load) throughout the design and manufacturing process of the
power transformer. This analysis leads to an optimum balance between no-load losses and load

losses, both below the maximum allowed values.

2.1.2. MAXIMUM COMBINED LOSSES

An alternative way to analyze the power transformer losses is the maximum
combined losses, or also called total losses, which basically consists in the sum of the no-load

and load losses, given in Watts.

This feature allows the manufacture a higher flexibility at design stage, dividing
the losses into an interval between no-load and load losses in order to find the lowest initial cost

to the customer. This procedure is widely employed by manufacturers in Japan and Brazil.

A disadvantage of this approach is that the specification of the transformer
should select the load point at which the load loss will be warranty, for instance, 60% or 100%,
and this load point must be represented at average load level during the entire life cycle of the
transformer. If the load level established does not match the actual load of the installation to be

fed by this transformer, the best efficiency will not be achieved.

This disadvantage can be overcome if losses are capitalized, as already discussed

in the previous approach.

2.1.3. PERCENTAGE EFFICIENCY

Percentage efficiency is a numerical dimensionless parameter, which is similar
to the combined value of no-load losses and load losses, since it is based on a single value to
limit losses in transformers. The total losses are obtained from the total power of the

transformer, and the percentage efficiency is calculated as ratio between the active power
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delivered to the load (output) and the active power delivered by the generator (input). This value
must be defined at a specific load point, since for each demanded power there is a different
efficiency. This requirement is mandatory to transformer performance and can be found in

countries as Australia, Korea and USA. (FERNANDEZ, 2016)

There is a main advantage of the percentage efficiency instead of maximum
losses approach, the first is independent of the technology employed, which allows flexibility
to choose materials and design methods in the transformer manufacture. This approach allows
the design engineers to decide the losses percentage for operation with and without load, which
means a great flexibility during development of an optimized unit according to customer

requirements.

In order to get a better point of optimization, the approach of the percentage
efficiency index has to be aligned with the specific load level of the transformer during the
entire life time, i.e., the specification must be clean in which point of load the losses should be
guaranteed, therefore it can be seen as a disadvantage of this method due to the difficult to get

this information in the very beginning concept part of the project.

Another important concern about energy losses is the load curve profile
demanded from the power transformer, and not solely a specific operating point or average load
factor. For the same operation point or average load level, there are innumerous forms of load
curve, and therefore, the accumulated losses of a transformer for different load curves are

different as well.

Furthermore, end users might not minimize the total cost during the entire life
of the asset in case the analysis will be restricted for a specific load factor, so this approach is
not indicated to intermittent loading curve as a solar profile when the loading profile is

unknown.

The Total Ownership Cost — TOC of the transformer represents an optimization
function involving the total losses, manufacturing costs, and optimum average power demand,
which is given based on the load profile characteristics. Therefore, the lowest TOC of the power
transformer, throughout its life cycle, is calculated based on the cost per kilowatt of losses in

the core and windings, i.e. losses capitalization of the power transformer.
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2.1.4. PEAKEFFICIENCY INDEX (PEI)

The Peak Efficiency Index (PEI) was proposed by a working group designated
to support the European Commission of regulations on power transformers. This index (PEI) is
unitless and combines no-load losses and load losses. The peak efficiency equation determines
the highest performance value for any transformer design, regardless of the specified load point.
The PEI is defined for the point in which the no-load losses are equal to the load losses (IEC,
2017).

This definition of efficiency was included in the European regulation of
ecological design for transformers (OJEU, 2014) and in the standard IEC 60076-20 dedicated
to the energy efficiency of transformers (IEC, 2017).

This approach has an advantage over other techniques because does not require
specifying a loading point. On the other hand, it could lead to level of losses higher than
expected if the transformer is designed for the load point related to the minimum manufacturing
cost, however, this load point is not necessarily into the load levels in which the transformer
operates during its entire lifetime. Some standards proposed by the IEC and CENELEC are
suggesting the load level or cost per kilowatt of losses to be included in the bidding process.
Therefore, the PEI can be optimized for a specific transformer loading by combining the losses.

(IEC, 2017 and CENELEC, 2015)

The transformer efficiency is expressed from the relationship between the output

power Sous and the input power Sin:
_ Sout 0
n= 1005(4) (2.1)

The transformer efficiency, at any operating point, is calculated as a function of
the: no-load losses at rated voltage and frequency Po; short circuit losses at the rated current

and reference temperature Psc; load factor £ and the rated apparent power of the transformer S;.

kzpsc+P0
Sr+P0+k2PSC

n =100 (1 - ) (%) 2.2)

The load losses are expressed in (2.3).

Pk = kZPSC (23)
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The output power Pou is calculated as follows:
Pyt = kSoyt cOS | (2.4)
And cos¢ is the power factor of the load.

The maximum efficiency #max 1s obtained when the no-load losses are equal to
the load losses. This operating point corresponds to the optimum load index Cop: (KULKARNI
et al., 2004):

nmax(kopt) - P, =P = kzPSC (2.5)
P
kopt = i (2.6)

Substituting the load index for optimal value in the equation (2.2), it is
possible to determine the PEI. Assuming the power factor as a per unit value, a population

of specific transformers might be compared.

As an example, in the figure 2.6 is presented a 100 MVA power transformer,

with no-load losses of 60 kW and 240 kW of load losses at nominal 100 MVA.
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Figure 2.6 — Transformer efficiency: no-load losses and load losses.
Source: Adapted from BAGGINI, 2017.
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The maximum efficiency occurs when Px= F. This way, equation (2.2) can

be restructures as follows:

2Py
koptST+2P0

PEI = n,.,. = 100 (1 _ ) (%) @.7)

Therefore, the PEI is a function of Po, Psc, Sr and the power factor of the load
cos ¢, which is unitary in this case. This approach is useful for comparison of the energy
efficiency of large distribution transformer to different primary voltage, which is applied in
energetic studies of installed transformers samples. This method focuses on the specific design

concept of each transformer unit in terms of component of losses.

In this context, it is possible to conclude that each losses approach, introduced
in this section, offers some advantages as well as specific limitations. The best losses analysis
method varies according to various technical and economic issues which depend on the load

profile and network in which the power transformer will be installed.

2.1.5. STANDARDS OF TRANSFORMER EFFICIENCY

Transformer performance is measured by tests from well-established
international standards, which ensure the efficiency, accuracy and reliability of the test
methodology. These international standards are established by two well-known organizations:
the International Electrotechnical Commission — IEC and Institute of Electrical and Electronic

Engineers — IEEE.

The IEC has published and maintained approximately 19 standards of the IEC-
60076 series, in addition to other standards on tap-changers, bushings, terminals and converter
transformers. The IEEE has more than 80 standards and guides on power transformers. Several
countries have been involved with development and promotion of improvements on energy
efficiency in power transformers, according to the well-established IEC-60076 standard. In
addition, some countries have made slight modifications in the IEC standards due to specific
technical requirements of each local electric grid (IEC Std 60076, 2018 and IEEE Std C57,
2011).
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The energy efficiency policies for power transformers, based on the IEC
recommendations, are followed by several countries around the world, some of them are
standards are: Australia, Brazil, China, Europe Union, India, Israel, Japan, Mexico, New
Zealand, the Republic of Korea and Vietnam. (FERNANDEZ, 2016) On the other hand, IEEE
standards are widely employed in the USA and Canada.

Although these standards are defined by two distinct institutions, they are not so
different in the way in which transformer performance is measured and evaluated. To avoid
eventual duplications in the standard definitions, IEC and IEEE have proposed a joint project
to stablish a single standard with both logos for transformers and other power devices.
(McNELLY et al., 2019). It is expected in the future, IEC and IEEE prioritize the losses
measurement within a double-logo procedure, in which standards on energy efficiency in power

transformers are established in a joint definition from both institutes.
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2.2. CAPITALIZATION

Capitalization is defined as the optimization of technical issues in a given
process taken into account a reduced investment and then a minimal final cost. In the case of
power transformers, it consists to minimize the total losses, and then searching for the greatest
energy savings, for a minimum investment and therefore a reduced final cost. This is not a
trivial task, since each power transformer is designed in a customized way, which varies

depending on the application and operational conditions (SZWANDER, 1945).

Basically, the capitalization process involves the Net Present Value — NPV of
the energy losses saving over the lifetime of the transformer. Due to the large numbers of inputs
needed with considerable degree of uncertainty, the calculation of kWh saving is not an easy
task, for instance, the value of kWh probably will vary along the period, the discount rated over
the lifetime should be well estimated to get the NPV of the losses and the duration of the
investment must be defined (ABB, 2004).

The investment decision, in case of power transformer, is driven by the
requirement to supply power in the present moment, so that the associated loss levels are
implicitly and explicitly decided at date of purchase. To select what level of losses is appropriate

involves sophisticated financial and engineering judgement and analysis (IEEE, 1991).

Total Cost of Ownership — TCO 1is used to evaluate the most economic
transformer, in which the initial cost and the associated losses are considered together. This
way, saving initial purchase costs from buying a low efficiency transformer are balanced by

higher level of losses incurred, increasing savings in losses by the higher initial purchase prices.

Asset management feature is the best method for optimization of power
transformer design in accordance with customer needs, therefore TCO is encouraged to be used
during the procurement process, and according to the initial cost of the transformer should take
into account all others associated lifetime costs such as: installation, maintenance, insurance,

transportability and end of life disposal (ABB, 2004).

Analogously, the value of the energy saved is characterized by its marginal cost
per kWh and should not include fixed costs, such as: renewable taxes, public sector obligation

levies, value-added tax and others.
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Increase the capitalization value will result in a decreasing loss, up to the point
in which the cost of decreasing the losses equalizes the capitalization values, or where the
weight associated, or the size exceeds the limits in the specification. The capitalization values
represent the avoided costs associated with the marginal kW of iron (no-load losses) and copper

losses (load losses) saved.

The no-load losses decrease when the respective capitalization factor increases,
which incurs in a major transformer efficiency at any loading level during operation. In this
situation, great part of the total losses is attributed to energy dissipation in the magnetic core of
the power transformer. On the other hand, if load loss capitalization factor increases, a major

part of the total losses of the power transformer is resulting from high loading levels.

In this context, for design of transformers applied to intermittent energy sources,
e.g. a GSU transformer in a photovoltaic power plant, the capitalization study must be taken in
the account during the procurement stage, from an accurate analysis of the load demand and
intermittent generation profile in which this transformer will operate. Thus, a design
optimization of the magnetic core and copper windings is required to define the best energy
efficiency of the power transformer, since the load and generation characteristics are known.
Furthermore, the balance between the no-losses and losses capitalization factors is intrinsically
related to mechanical characteristics (e.g. weight) and dimension (e.g. tank size and internal
volume) of the power transformer, since modifications in the magnetic core and windings

demand more or less raw material, such as: cellulose, mineral oil, iron and copper.

Several parameters influence the capitalized loss values. Some of these
parameters must be predicted for a few future years and consequently such predictions are

subjective and uncertainties.

Nevertheless, an attempt to analyze the situation to obtain reasonably relevant
capitalized loss figures will most likely lead to a more economic choice of transformer than

neglecting the cost of the losses completely and just go to the lowest purchase price.

Some parameters must be taken into consideration during the evaluation of a
transformer and its application. The energy cost and how this evolves during the year of

operation of this transformer.
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In a calculation model for capitalized costs of the losses, a sensitivity analysis is

used to calculate several alternative increase rates in order to see how the result is influenced.

2.2.1. CAPITALIZATION PARAMETERS AND COMPLEMENTARY
INFORMATION

The energy cost per unit, or kWh, is influenced by numerous factors, like supply
and demand of electricity, taxes, inflation, political situations and decisions, fuel market prices,
climate variations. This parameter may fluctuate during a day or even from one year to another,
making a fine-tuned prediction of the evolution energy price is almost impossible. For that
reason, some methods are used to predict as precision as possible, like an approximation the

evolution of energy costs can be calculated by means of an average increase rate per year.

The load pattern of the transformer is another very sensitive and one of the most
important parameters in a transformer capitalization. Depending on the application the
transformer can be run fully loaded from the beginning until the end of life, except for shut-
down period to maintenance. Transformers for operation in systems for general electricity
supply normally have a power rating which is considerably higher than the load just after
installation, in order to meet the future needs and possible disturbance situation. In some cases,
the initial load may then be even below one half the power rating of the transformer and this
low load might prevail for several years before the load current slowly approaches the nominal

current of the transformer.

Many transformers are operating satisfactorily after more than half a century or
more in service. The considerable accumulated saving potential during this long time should
make an investment to achieve low transformer losses quite attractive. The amount of money
the purchaser or investor accepts to invest per reduced each kW in loss is, however, determined
by the number of years the purchaser is willing to wait until accumulated saving equal the
invested amount, possibly also adjust according to the general inflation rate. Before these
numbers of years have elapsed, there is no net revenue on the investment. The earnings are
coming in the following years. Such an investment will compete with alternative investment

objects, considering profitability potential and economic risk level.
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Another parameter that should be taken into account is the period in de-energized
condition due to maintenance or other reasons that this transformer will be facing. It is a
parameter that is not easy to predict in its totality but must be considered during the procurement

and specification of a transformer.

The insurance premium has normally not any large influence on the capitalized
loss value and may be disregarded. In the same approach is the property tax, that is a certain
percentage of the acquisition cost and adds to the operational costs. Rules for depreciation for
the equipment vary in each country and after certain number of years, the value of the

transformer is written down, and the property tax may disappear.

2.2.2. CAPITALIZATION FORMULA AND MAIN COMPONENTS

The capitalization should concern various other parameters, such as the forecast
cost of the energy per year during the transformer lifetime, variable losses in this same period,
and then to relate these parameters to future monetary issues to present values applying an
appropriate discount rate. Unfortunately, several parameters are not easily available and
unreliable to determine the capitalization values with acceptable accuracy, as described in the

previous section.

The losses used for capitalization evaluation should include the cooling losses,
i.e. energy consumed by the cooling equipment, during the operation. That power consumption
can appear when the transformer is operating with the no-load losses or with both, no-load

losses and load losses, usually, these equipment are fans and/or oil pumps.
Equation (2.8) introduces the TCO. (SZWANDER, 1945)
TCO = IC+A(PO+PCO)+B(PSC+PCS_PC0) (28)

Term IC is the initial cost of the power transformer. For a more sophisticated
evaluation, this initial cost is calculated from the manufacturing price added to installation costs
(e.g. foundations and commissioning costs); no-load losses Po at rated voltage and frequency;
short circuit losses Psc at the rated current and reference temperature; cooling power Pco for

no-load operation; and total cooling power Pcs for operation at rated power.
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The factors A and B are capitalization costs of no-load losses and capitalization
costs of load losses, respectively. The losses cost comes into effect during the transformer
lifetime; losses costs are therefore converted to the moment of purchase. These factors represent
a discounted net present value of the future losses per kW over the lifetime of the power
transformer, which depend on transformer loading profile as well as cost of capital (Brealey et

al. , 2015) energy market forecasts and expected transformer lifetime.

The no-load losses and associated cooling losses are present as soon as the
transformer is energized, therefore the capitalization cost is the energy costs multiplied by the

operating time over the full life expectancy of the transformer.

The value of these kWh today is the A factor or no-load loss capitalization value,
normally given in $/kW of no-load losses, and represents, the net present value of no-load losses

saved over the transformer’s lifetime.

Correspondingly, a purchaser would be willing to invest up to this amount on
extra costs in improving the transformer performance, because if this extra investment will be
less than A, so there is a positive gain to be made. However, a higher investment in the power
transformer incurs in some declining returns, so then the benefits from the extra investment cost
more than losses saved, in which stage no further investment will be economic. At this point,
the value of the losses saved is balanced by the extra transformer investment cost per kW, and

this value is A in $/kW.

To calculate the value of capitalization is needed have some input data where, C
is the initial energy cost given in local currency and Cumia is the energy cost at the mid-lifetime

of the transformer, as expressed in (2.9).

c+Cc(1+p)"

Cmia = ——5—— (2.9)

The expected lifetime of the transformer is given in years #n; the energy increase

price per year is p.

Another important variable is the discount rate in the investment /nv, in
percentage, as also known as Weighted Average Cost of Capital — WACC. Basically, it the
average rate of return a company expects to compensate all stakeholders. (GITMAN et al.,

2011). In other words, WACC represents the minimum return that a company must earn on an
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existing asset base to satisfy its creditors, owners, and other investors. Usually, companies use

the WACC to evaluate if the project investments are viable or not.

1 n
1- (1+Inv)

Inv

A =ty Chria (2.10)

The operating hours in which the power transformer is energized per year is fop.
This term is usually established as 8640 hours, since the power transformer is considered to

keep operating at all time. (OROSZ, 2019).

The load loss the capitalization cost of the losses due to load and is highly
dependent on the load profile as losses vary with the square of the load. The capitalization of
load loss is highly dependent of the load profile once this component of this losses varies with

the square of the load.

The way in which losses vary depends on the load profile during a day, week,
month, and along the year. Since the load profile characteristics are known, the load loss factor,
Lt is calculated, which is defined as the average overtime of the root mean square RMS values
of the instantaneous load. Typically, the proportionality constant used is the square of the load

factor.
B=AL" 2.11)

Following the same logic as for no-load losses, a purchaser would be willing to
back roll up to B, $/kW on extra costs in improving the transformer efficiency, because once
this extra investment is less than B, there is a positive gain to be made. However, there are
declining returns with increasing investment so that at some stage the benefits from the extra
investment cost more than the losses saved, in this stage no further investment is economic. At
this point, the value injected to saved load losses is balanced by the extra transformer investment

cost per kW, and this value is B.

Equation (2.12) shows a new formulation to calculate the load loss capitalization,
including the integral of the current in a time period #p, as previously introduced and the current
rated of the equipment Irated. From this formulation is possible to define the average loading of

the transformer during its lifetime.
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1 n
1_-(1+Inv)

Inv

fOtOP i(t)dt

Irated

The relationship between no-load losses and load losses in transformer selection
means, in practical terms, that power transformers operating in full load, as those in
industrial/commercial and urban areas, copper losses are predominant and represent an
expressive return on investments; whereas transformers operating low load conditions, e.g.

solar power plant transformers, a very low investment return on copper losses is observed, and

then iron losses are predominant.( IEEE standard C57.120, 1991)

For maximum transformer efficiency the ratio of no-load losses per load losses
should be related to the load factor served. When the transformer operates with a unit load
factor, probably the optimum balance will be with a transformer with lower load losses because
this component is relevant. The opposite is also valid when a small load factor is predicted, the

no-load losses become more important.

GSU power transformers represent a special application. Great part of the 24
hours, this power transformer operates without load (no-load) or low load demand, i.e. it is
energized and consuming energy from the electrical net system. During the part of the daylight
period, the GSU power transformer operates with practically full loading, around 100% of its
nominal power. In this sense, capitalization of power transformers applied for solar power
systems present several peculiarities which should be taken into account during evaluation of

the losses costs.

The purchase decision of a transformer should be based on the optimum design
and purchase price that result in the lowest lifecycle cost. The use of TCO method allows the
manufacturers to design various customized devices in order to provide an optimal solution by
concerning specific requirements from each customer. Thus, both cost of purchase and lifetime
cost due to the lost energy are evaluated by using TCO method in order to define an optimum

solution that varies according to each customer.
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Chapter 3 - BACKGROUND ON POWER
TRANSFORMERS AGING

The solid insulation of power transformers is predominantly made of cellulose
and, in some specific cases, composed of polymeric aramid materials applied for high
temperature applications. In winding conductor, paper insulation is often used where are

electrically and mechanically stressed. (BENGTSSON et al., 2018).

In the figure 3.1 is presented a solid insulation inside the transformer discretizing

collar, exits, barriers, spacer and strips.

Winding Barriers
Conductors ./
ik Strips

between
windings

Figure 3.1 — Solid insulation in windings and collars (KAZMIERCZAK, 2020)

Cellulose occurs widely in nature as the constituent of the cell walls of plants.
Softwoods like pine or spruce and some hardwoods are used for pulp, which is used in the

manufacture of cellulose structure for transformer solid insulation. Cellulose fibers are
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composed of a complex structure which, at the molecular level, is comprised of chains of

anhydro glucose units. (FRIMPONG et al., 2019).

Polymeric aramid materials are often applied in high-temperature solution due to a class
of heat-resistant and strong synthetic fibers. These strong synthetic fibers increase the capability

to resist high temperatures comparing with cellulose.
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Figure 3.1 — The aramid molecule (left) and cellulose molecule (right).

One of the best cost-efficiency and reliable materials for electrical insulation, in high
voltage applications, is the cellulose (solid insulation), which have been widely used since late
1920, due to the availability from natural renewable source. The cellulose into power
transformers has two functions: electrical insulation and mechanical support of the windings
structure. These two functions are coupled and often should be considered together.
Nevertheless, cellulose is hydroscopic, which means that it easily absorbs moisture when
exposed to air. The dielectric strength of the cellulose insulation decreases with increasing

moisture content, which can be also generated from the mineral oil during electrical stresses.

Two different types of paper are used in a great part of transformer designs: normal kraft
paper or thermally upgraded paper. Kraft paper, or also known as non-thermally upgrade paper,
is produced from unbleached softwood pulp under the sulphate process without addition of
stabilizers. The thermally upgraded paper is a cellulose-based paper which has been chemically

modified to reduce the rate in which the paper decomposes.

Moisture and temperature are the two main aging agents in oil and cellulose insulation
in power transformers during throughout entire lifetime (KUNG et al., 2017). For example, the
lifetime expectance of the transformer is reduced 50% every 6°C increasing in temperature.
Moisture shows a similar aging rate; in this sense, both moisture and temperature incur in
significant reduction in the lifetime expectance. New technologies have been proposed for oil-
immersed transformers in order to minimize the moisture and oxidation effects on insulation

lifetime, in which the most important factor is the winding hot spot temperature (ZAREI, 2019).
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In this sense, methodologies based on the temperature show to be reliable for lifetime analysis

of power transformers.

The temperature range, in which power transformer operates, is defined by
international standards in the technical literature. In case the temperature limit exceeds, during
overload or very hot ambient temperature, the winding insulation material is progressively
degraded and therefore incurring in reduction of the transformer lifetime (FERNANDEZ,
2016).

Power transformers are subject to different types of stresses during the life cycle,
which are grouped into thermal, mechanical and electrical. E.g. overload (thermal), short-circuit
mechanical forces, fast electromagnetic transients. These stresses are directly related to the
operational conditions and load demand characteristics of the system in which the power
transformer is installed. In addition, these various stresses are also directly and indirectly
associated with insulation degradation/aging due to gas generation during electromagnetic

transient events or mechanical stresses (IEEE, Std, 2012).

The insulation aging implies in degradation of mechanical properties of the
paper insulation, incurring in possible failures due to mechanical stresses provoked from short-
circuit occurred in the external network. If the mechanical stress is strong enough to crack the
aged paper insulation, a severe internal short-circuit in the winding may occur, resulting in out-
of-operation as a final consequence. (BENGTSSON, 2018) It should be noted that electrical
failures in the windings, related to thermal aging, rarely happen solely because of the paper

degradation. This is resulting from combination of both aging and mechanical stress.

A well-established method is the Degree of Polymerization, DP, which is used
in the transformer industry to track degradation of the paper insulation used inside transformers.
The Degree of Polymerization method works well for both new, unprocessed paper, and for

aged paper. (FRIMPONG et al., 2020)

Power transforms are usually characterized by an efficiency higher than 99%,
i.e. the input and output powers are approximately the same. However, as previously described,
a minor amount of power loss occurs during the electromagnetic conversion. This power loss
is represented by load losses in the conductors, losses in the electrical steel due to the changing

magnetic flux (no-load losses), and losses in metallic tank walls and other metallic structures
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caused by the stray time varying flux, which induces eddy currents. These losses are directly
related to the temperature variation during transformer operation, which must be controlled by

the cooling system. (VECHIO, 2007)

The thermal behavior of power transformers has a direct relationship with the
aging processes of solid and liquid insulations. A suitable expression describing the aging
process would be: “Irreversible deleterious changes to the serviceability of the transformer”.
The main term of this definition is the serviceability, i.e., any change that does not affect the
transformer in a definitely way is not accounted or relevant during the aging process. Another
statement to describe the aging process may be: “Such changes are characterized by a failure
rate which increases with time”. Thus, from this last statement, the aging can be also defined

as the increasing conditional probability of failure with time (CIGRE, 1993).

The characteristic curve that represents the failure rate versus time is usually
denoted as bathtub curve in the technical literature. Such function is given from an interesting
analogy with human lifetime. In the early life, high levels of infant mortality are observed, or
juvenile failure rate, which decrease to lowest values covering most of the lifetime. However,
the failure rate increases abruptly during the last years due to the aging process, resulting from
a continuous physical and chemical degradation of active parts and insulation along the life
cycle. The total lifetime depends on application and operational conditions in which the power

transformer was subjected. (RETTERATH, 2005)
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Age
Figure 3.2 — Hypothetical bathtub curve (AHMED, 2011)

At the bottom of the bathtub curve, there is a low value of the failure rate and, in

this region, the probability of failure is then independent of the age of the transformer, i.e. any
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failure occurring during the flat part of the curve is the consequence of a random, extremely

severe stress or an abnormal reduction in dielectric strength (CIGRE, 1993).

Large power transformers have an insulating system which consists of organic
materials, essentially mineral oil, paper and pressboard. These materials are progressively
deteriorated throughout the transformer lifetime due to continuous aging process, which leads
to impaired insulation properties and malfunction in operation. These properties are
intrinsically related to a time function taken into account variables as temperature, moisture,
and various gas contents dissolved in the insulation oil. However, as prior commented and based
on the well-established literature (MIKULECKY et at., 2001 and MOSER et al., 1999), the
most significant agent during solid and liquid insulation deterioration is the highest temperature
levels in some specific operational conditions (e.g. overload demand), during electromagnetic

transients, and presence of hotspot in the windings.

The basic literature presents three main mechanisms that contribute to cellulose
deterioration during power transformer operation: hydrolysis, oxidation, and pyrolysis (SEN et
al., 2011). These aging agents are resulting from presence of moisture, oxygen, and effect of

very high temperatures due to hotspots, respectively. These agents are listed as follows:

¢ Hydrolysis (water) — The oxygen bridge between glucose rings is
affected by water, causing the rupture of the chains, and reduction of
Degree of Polymerization and weakening of fiber.

¢ Oxidation (oxygen) — The oxidation is a process dominant at lower
temperature. Oxygen attacks the carbon atoms in the cellulose molecule
to form aldehydes and acids, releasing water, CO, and COa. Since
oxidation releases water, it accelerates the hydrolysis process and the
insulation deterioration. Oxygen is derived from either the atmosphere,
or from thermal degradation of cellulose. The problem is intensified in
presence of catalyst agents, as moisture and copper.

s Pyrolysis (heating) — Heat and the resulting high temperatures contribute
to the breakdown of individual monomers in the cellulose chain. Thermal
degradation of the cellulose also yields free water, as well as certain gases
as carbon monoxide CO and carbon dioxide CO2. High temperature
within a power transformer can cause the cellulose insulation to shrink
and brittle. This leaves the solid insulation susceptible to failure due to
mechanical stress. (SEN et al., 2011).
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The transformer winding copper holds its mechanical strength up to several
hundred degrees Celsius and the transformer oil maintains its integrity below 140°C, the paper
insulation degrades at temperatures exceeding 90°C. Also, the moisture content, acidity and
oxygen content of the oil have a significantly detrimental effect on insulation life. Therefore,
the loading capacity of a transformer is defined in terms of its hotspot temperature and the

thermal aging of its insulation (SUSA et al., 2005).

As the temperature of the solid insulation is then considered one of the principal
agents during aging process, with time and high temperatures, cellulose insulation is subject to
a thermal depolymerization process. As the chain of cellulose gets shorter, several mechanical
properties of the paper are degraded, e.g. tensile strength and elasticity. Eventually, the paper
becomes brittle and unable to withstanding short-circuit mechanical forces and even normal

vibrations under nominal operation conditions.

To contain the thermal depolymerization of the celluloses, modern power
transformers have used thermally upgraded paper which has a rated hotspot temperature of
110°C. Previous designs of transformers were developed by using conventional kraft paper for

a hotspot temperature of no more than 95°C.

According to the international standards the most useful thermal aging criteria is
the Degree of Polymerization — DP. This aging criteria are suitable to thermal evaluation of
solid insulation in power transformers, since cellulose is an organic compound whose molecular
structure is characterized by a long chain of glucose rings and monomers (FABRE et al., 1960)

and (SHROFF et al., 1985) and (LAMPE et al., 1976).

Degree of molecular polymerization refers to the average number of glucose
rings usually from 1000 to 1400 for new material. A single cellulose fiber contains many of
these long chains, providing a good mechanical strength in fibers. Hence, it is true that
mechanical resistance of the solid insulation is directly related to the length of these glucose
chains. In this sense, the DP is an effective way to evaluate the mechanic resistance and

functionality of cellulose (IEEE, Std.C57).

In order to apply an absolute time scale to the life measurement, an appropriate

end-of-life was defined by international standard. An absolute DP value of 200 for an end point
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of insulation life was defined. It means that up to 200, the mechanical properties of the cellulose

in the solid insulation are maintained.

Figure 3.2 presents per unit transformer insulation life when the insulation
employed in the winding is made of cellulose. The utilization of this curve shows the principal
variable that affects the thermal life and consequently, the overall transformer life which is the
absolute temperature of the hotspot. This specific region will become the weakness part of the

transformer in terms of aging.

This graphic also indicates that at 110 °C of absolute temperature in the hotpot,
the transformer will be aging at a unity factor. In case the temperature is beyond this value, the

aging is accelerated and below the aging is retarded.

This statement means that if a transformer operates with 110°C absolute
temperature along its entire life cycle, after 150,000h, this transformer will be reach the end-of-
life criteria of 200DP in insulation, if the transformer operates with temperatures below 110°C,
it is saving lifetime. On the other hand, if the transformer is working with temperatures above

110°C, therefore it is losing lifetime. (IEEE, 2011)

Experimental evidence indicates that the relation of insulation degradation to
time and temperature follows an adaptation of the Arrhenius reaction rate theory. The equation
for the curve is based on the winding hotspot 6H in °C, which is the absolute temperature.

15000

PUL = 9.8.10-18¢l7irver3] (3.1)

The per unit transformer insulation life PUL curve can be used in the following
two ways. It is the basis for calculation of the aging acceleration factor — Faa for a given load
and temperature or for a varying load and temperature profile over a 24h period. Faa has a value
greater than 1 for winding hottest-spot temperatures, i.e. higher than reference temperature of

110 °C, and no more than 1 for temperatures below 110 °C. The Faa is expressed as follows:

[15000_ 15000 ]
FAA = el 383 6@H+273

(3.2)

Figure 3.2 shows the aging acceleration factor Faa as a function of the hotspot

temperature.
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Figure 3.3 — Aging acceleration factor in thermally upgraded paper.
Source: Adapted from IEC Standard, 2016
Figure 3.3 shows that the thermally upgraded paper is sensitive to temperature
variation and during an emergency overloading, with hotspots around 140°C, the factor Faa is
approximately 17, i.e. one hour operating with temperature 140°C is equivalent to 17 hours

aging at rated temperature 110°C.

There are various reasons for power transformers failure, such as excessive
overload operation or mechanical stresses (THENBOHLEN et al., 2017). Nevertheless, any
transformer will eventually fail due to aging process in the insulation throughout the life cycle,
even with a very efficient protection care. In this sense, equation (3.3) may be used to calculate

the loss of life — LL in a determined time interval from ¢ to .
LL = ft’f Fap dt (3.3)
The loss of life LL is then expressed as the definite integral of the aging
acceleration factor Faa, described in (3.2), in each interval of time.

Unfortunately, there is a limited literature available in the public domain

discussing failure statistics of transformers. Internal surveys are being conducted by certain
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countries such as Australia, Brazil, Canada, Germany and Japan (THERNBOHLEN et al.,
2017).

The first international survey on large power transformer failure was published
in 1983 summarizing the results of the analysis of transformer that failures in the period of 1968
to 1978 (BOSSI et al., 1983). In 2008 Cigré formed a working group named Transformer
Reliability Survey with the main objectives was: review all existing surveys and study different
practices; conduct a new international survey and proposing a uniform way of collect, compile
and present those data; and analyze this new data. In December of 2015 the final report will be

published.

According to this report presented in 2015 the failures mode were classified as
Dielectric, when it is related with partial discharge, tracking or flashover; Electrical, for
instance, open circuit, short circuit, poor joint or poor internal contact; Thermal, basically
general overheating or localized undesired hotspot; Physical Chemistry where can be identified
as contamination like moisture, particles, gas or corrosion; and Mechanical, i.e., bending,
breaking, displacement, loosening. The figure below shows the failure mode for 165 generator

step-up transformer and it is the most reliable information in literature.

Unknown 15.16%

Mechanical Dielectric 28.48%

9.70%

Physical
chemistry 5.45%

Electrical 9.09%

Thermal 32.12%

Figure 3.4 — Failure mode analysis of 165 GSU (Cigre, 2015), Adapted




57

The conclusion shows that dielectric mode failures were among the most
prominent, irrespective transformer application and voltage class. Substation transformers were
also more prone to mechanical type failures, and GSU transformers to thermal mode failures.
This can be explained by the normally higher loading of GSUs compared to substation
transformers. (Cigre, 2015).

The thermal failure is the most significant mode of failure in the GSU
transformers, as presented in the figure 3.3, based on that, this study has a certain importance

in order to avoid undesired temperature which can cause future failure in GSU transformer.

3.1. EcoNoMIC ANALYSIS AND OPTIMIZATION

Nowadays, there is a constant search for different optimized solutions,
combining efficiency and reduce costs, in terms of materials and manufacturing process
(GEORGILAKIS et al.,, 2007). Materials used in power transformers suffer commodities
market variation with direct impact on design of a technically and economically optimum
transformer. Figure 3.4 shows the variation per year of copper and electrical steel costs, and the

ratio copper/e-steel.
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Figure 3.5 — Copper and electrical grain-oriented steel price variation.
Source: Bloomberg, LME and T&D Europe
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Figure 3.5 describes that copper and steel varied greatly from 2007 to 2018,
which raises the question if the same optimization technics applied during these years are also
valid for power transformer design currently. For example, a transformer manufactured in 2009
probably was designed with more copper than power transformers designed in 2011. Basically,
the manufactures can vary the quantity of materials in transformer design year by year in order

to obtain a best cost-efficiency project.

The optimization process varies depending of the transformer application and
customer objective, such as: minimize optimization of unit cost, maximize efficiency, minimize
the total life cycle owning cost, meet the guaranteed losses, and reduction of the CO2 emission

footprint. The number of variables varies according to these design objectives.

(PHAENGKIEO, 2016).

Usually, computer aided design (CAD) tools are necessary to efficiently solve
this multivariable optimization problem. The two main materials of transformer design are
copper and steel; however due to the continuous increasing of the computational capacity, many
others materials can be optimized as well as analyzed in technical and economic terms, such as:
mineral oil, metallic structure of the tank, solid insulation, cooling system and core clamps.

These materials can be estimated during the quotation stage.

In this context, computational analysis during design and pricing stages, since
there are also economic reasons to prefer units with high energy performance, concerning that
losses represent the most significant part of the Life Cycle Cost, especially in an increasing

electricity price scenario. (BAGGINI, 2017).

Currently, transformers are designed conservatively to withstand extreme
scenarios of loading and weather conditions. These two parameters affect the heat balance in
transformers, which consequently affects transformer capacity and life expectancy. Load and
weather conditions are variables; therefore, the transformer capacity also changes constantly.
When the transformer’s loading is increased above nameplate rating and standard load
guidelines, the power network operators can have significant level of cost savings and increased

return of investment (WARD, 2001).
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It is very common to define the active part of the transformer based on the prices
of the feedstock, as: copper and silicon steel. Depending on the materials price, the designer
can choose a transformer with more copper and less core or vice versa. There are different ways
to optimize power transformers in the technical literature (GEORGILAKIS et al., 2007 and
JUDD & KRESSLER, 1977). Power transformer is a prototyping industry, it means that the
same specifications can be attended by distinct designs. An objective function for optimizing

power transformer design can be expressed in (3.4): (HURLEY et al., 1998).
min Cost = min} , uc; w; (3.4)

Where uc represents the unit cost of the copper, steel, solid insulation, mineral
oil, tank structure, core clamps, cooling system and so on given in (USD/kg), and w is a weight
value applied to each material uc in kg. Others important accessories can be included in the
total material cost of the transformer, such as: bushing, tap-changes, electronic devices,

monitoring system, and pumps and fans.

The optimum Total Owning Cost — TOC can be calculated from the capitalized
loss values, and if the loading curve is previously known, the TOC and aging process can be
easily determined. The balance between material and cost must be reach, for example, more
materials means lower losses and vice-versa. Morover, very heavy or height transformer could
become non-transportable by normal highway and it can cause price increase in the

transportation.

Another important cost driver is the liquid used for cooling and insulating the
transformer. This is a key factor for determining special thermal requirements for most
accessories in the power transformer. Thus, when an optimum solution is determined, all
accessories should be verified in order to check if the insulation and cooling fluids are adequate
for such optimum solution. Otherwise, the optimum solution must be found considered all

accessories.

Leads and cable must be properly designed to guarantee the transformer
operation under overloading and high temperatures, independently of the solid and liquid
insulation. Other components (bushings, tap-changer, insulation, tank structures) must be also
designed to operate during high temperatures and current density. In addition, the internal

structure of power transformers must be totally sealed from the external environment in order
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to avoid any contact with the air moisture, which causes oxidation of the mineral oil and inner

structures of the transformer (RUBIO et al., 2012).

In this system, the interior of the transformer shall be sealed from the atmosphere
throughout the total temperature range of operation. The aim of this system is to avoid any
contact with the external air where has moisture and it causes oxidation on the transformer oil

and decreases life expectance.
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Chapter 4 - DYNAMIC LOADING AND
RESULTS

The technical literature introduces the concept of Dynamic Transformer Rating
— DTR taken into account varying load profile and environmental conditions. This index
indicates the power transformer load above the nameplate without incurs in adverse effects on
the transformer’s total lifetime or increases the risk of failure (LAHOTI et al., 1981). A general
definition for dynamic loading could be given by the maximum loading in which the
transformer may acceptably sustain under time-varying load and/or environmental conditions

(LACCHMAN et al., 2003).

Most power transformers operate with dynamic loading through its entire
lifetime, on some periods it exceeds the nameplate rating, and situations where environmental
or transformer conditions lie outside the design characteristics, dynamic loading may be lower
than nameplate information. The basis of dynamic loading includes the insulation oil thermal
time-constant, ambient temperature, and issues related to the cumulative thermal aging process
in which electric insulation is subject. Nevertheless, the technical literature shows that dynamic
loading can be justified without encroaching on normal life expectancy or with an acceptable
loss-of-life (BENKO et al., 1979). Furthermore, the appropriate analysis of the dynamic loading
could optimize the characteristics of power transformers to be installed, and therefore result in
more economy and saving on investment costs. So far, a limited number of publications have

been addressed in this subject (LACCHMAN et al., 2003).

In this context, some models are described in the technical literature to evaluate
the transformer insulation lifetime taken into account bottom and duct oil rises, fluid viscosities,
and specific heats of materials as well as other important parameters applied for the proposed
methodology (hotspot gradient, oil rise over ambient, hotspot time constant, top oil time
constant, total harmonic losses, no-load losses, exponential power of loss versus temperature,

loading, and ambient temperature). (IEEE, 2011).
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4.1. BACKGROUND AND METHODOLOGY

Power transformers are usually sized and designed in a very conservative way,
to withstand extreme combined scenarios of loading and weather condition, which rarely come
together in practice, and the temperature is an important variable during design process

(PACHECO et al., 2019).

There are two methods to calculate the hotspot temperature, which are described
in detail by the IEEE Standard: top-oil model and bottom-oil model. The first one, the
temperature rises over ambient to determine the winding hottest-spot temperature during an
overload. This method was proposed in early 40s, when there were only a few experimental
investigations in winding hotspot temperature during transient loading conditions. In the 1990s,
some researches proved that the oil temperature into the winding cooling duct increases rapidly
at a time-constant of the duct is equal to the winding, during the overload condition (AUBIN et
al., 1992; PIERCE, 1992). Such researches shown that, during the transient condition, the oil
temperature adjacent to the hotspot location is higher than the top oil temperature in the tank.
For air-natural and air-forced cooling models, this phenomenon results in winding hotspot
temperature higher than predicted by the top-oil model. On the other hand, more input
information is needed in order to obtain more accurate and reliable results. In this sense, the
bottom-oil model shows to be more accurate, since it takes into account additional variables,
such as: type of liquid, winding duct temperature, cooling model, ambient temperature, loading
changes during a load cycle, resistance and viscosity variation. In this research, the IEEE Annex
G model (bottom-oil model) has been used because it yields more accurate winding losses and
hottest-spot calculation (SEN et al., 2011; ZAREI et al., 2019). In addition, this model is
suitable, during the specification process and design review, because all parameters are

available.

Overload implies in some risks during power system operation, especially when
the load profile exceeds the nameplate rating of some power devices in the system. In these
terms, this thesis proposes also to identify such risks and to determine limitations and
guidelines, in order to minimize risks to an acceptable level. The proposed methodology is
based on thermal models using the DTR approach for a real case on a GSU power transformer

installed in a large photovoltaic power plant.
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The pieces of information obtained from the thermal model are used to perform
the reliability analysis, specifically on lifetime loss. Thereafter some improvements are

suggested and discussed based on the DTR and other indexes, such as:
% Optimization of the transformer size;

+» Variation of no-load losses;

+ Limiting accessories;

+»+ Capitalization analysis;

% Efficiency analysis.

This method starts by calculating and optimization of some power transformers
in a wide range of input power, from 50 MVA to 175 MVA with steps of 25 MVA. All cases
were calculated by using the same procedure, which is well established in the technical
literature and industry proceedings. The technical specification is the similar for all

transformers, and the unique variation is the power:
e Power Input, Pinpur in MVA: 50, 75, 100, 125, 150 and 175;
e High Voltage: 230 kV +£10% with tap changer;
e Low Voltage: 34.5 kV;
e Impedance at last stage of cooling: 12%;
e Maximum Total Losses at ONAF bases: 0.4%;
e Connection: Yndl;
e No-load losses capitalization: 2500 USD/kW;
e Load Losses capitalization: 2500 USD/kW;
e Loading Profile: 1.0 p.u. (flat curve);
e Ambient Temperature: 30°C (continuous);
e Maximum hotspot rises allowable: 80 °C;
e Maximum top oil rises allowable: 65 °C;

e Maximum mean winding rises allowable: 65 °C;
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e Type of oil: Mineral;

¢ Solid insulation material of the winding: Thermo-established paper;
¢ Winding conductor material: copper;

e Total lifetime considered: 150000 hours as per IEEE standard.

This method uses as input data: the no-load and load losses capitalization taken
into account the best available electrical steel in terms of cost-benefit because it is possible to
insert as input, the price of each kind core steel available, for instance, regular grain-oriented,
Hi-B or laser scribed. Normally, high quality material has lower losses and higher prices,
however, depending the capitalization factor it is possible to optimize the overall transformer

corc€.

Several output parameters are obtained from this optimization process
(GEORGILAKIS et al., 2007), however, only seven of these data are needed as input
information on this method, so for each parameter, a fitting a curve is generated to determine
an equivalent equation, in order to be able to get any size of the transformer through these
curves. These parameters are resistivity losses, PW; winding eddy losses, PE; stray losses, PS;
core losses, PC; weight of the core and coils, WCC; weight of the tank, WTANK; and volume
of fluid, GFLUID. Figures from 4.1 to 4.7 show the graphics related with these parameters. The
optimization process generated all these parameters and the numerical regression was used to

fit the best curve.




65

PW [W]
700000
600000
©
500000
400000 @
300000 ©
© ©)

200000
100000

0

50 75 100 125 150 175

Siveut [MVA]

Figure 4.1 — Resistivity losses versus input power.

The fitted equation (4.1) encountered according to the points defined by the
optimization process for resistivity winding losses parameters, previously described in the
p p Yy g p , P y

figure 4.1, in which the coefficient of determination R? equal to 0.9572.

PW = 20.454 S?

input

— 1682.2S 5y + 227954 (4.1)
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Figure 4.2 — Winding eddy losses versus input power.

Based on the optimization points and curve in the figure 4.2, equation (4.2) is

fitted for the winding eddy losses parameters, in which the coefficient R? is 0.9704.

PE = 334541n(S;pye ) — 120431 (4.2)




67

PS [W]
60000

50000 ©
40000
30000

©
20000

10000

50 75 100 125 150 175
Sieur [MVA]
Figure 4.3 — Stray losses versus input power.

Equation (4.3) is obtained by fitting the function from the points defined by the

optimization process for the stray losses parameters PS, with the coefficient R? equal to 0.9842.
PS = —1.1896 Siznput + 541.22 Sippye —3019.4 (4.3)

The fitting obtained from optimized points is shown in figure 4.4, related to the
no-load losses and the equivalent expression in (4.4). The determination coefficient R* is

0.9797.

PC = 3522.6 S5 (4.4)
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Figure 4.4 — Core losses versus input power.

The same fitting procedure is applied for the weight of the transformer core
WCC and tank WTANK, and volume of fluid GFLUID, which are described in figures 4.5 to

4.7, respectively. The respective equations are expressed in (4.5) to (4.7) as follows:

WCC = —1.9898 2, + 1029.4S;,,,c + 10863 (4.5)
WTANK = 32854 In(Siypu ) — 105015 (4.6)
GFLUID = 39.509 S;ppu: + 3558.9 4.7)

The coefficient R? for (4.5) to (4.7) are 0.9823, 0.9525 and 0.9431, respectively.
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Figure 4.5 — Weight of the core and coils versus input power.
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Figure 4.6 — Weight of the tank versus input power.
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Figure 4.7 — Volume of fluid versus input power.

Therefore, equations (4.1) to (4.7) are obtained according to the technical

literature and optimization process, as functions of the power input in the transformer

Sinpur:(PHAENGKIEO, 2016; GEORGILAKIS et al., 2007; HURLEY et al., 1998)

Resistivity Losses

PW = 20.454 S?,,,; — 1682.2S s + 227954

Winding Eddy Losses

PE = 334541n(S;ppue ) — 120431

Stray Losses

PS = —1.1896 S}, ,,; + 541.22 Sippye — 3019.4

Core Losses (no-load)

PC = 3522.6 S2.6%73

input

Weight of core and coils

WCC = —1.9898 Siznput +1029.45;u: + 10863

Weight of tank

WTANK = 328541n(S;ppyc) — 105015

Volume of fluid

GFLUID = 39.509 S + 3558.9
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Dimensioning the power transformer for a solar power plant without taking into
consideration the loading profile could overestimate the total size of the equipment. A recent
publication showed a real case example in which a 25 MVA rated power transformer was used
to attend a 20 MW solar farm (SINGH et al., 2018). As a solar farm will operate only a few
hours a year at the maximum capacity this over dimensioning utilizes more material and
increase the total size, weight, footprint, and raw material consumption, so this approach could

have been used to dimensioning this equipment.

The proposed method starts input data considering a continuous load for the
whole day, i.e., flat curve and ambient temperature according to standards (IEEE, 2012). Figure
4.8 shows the workflow of the method, in which the initial power Sinpu is the maximum total

power Smax of the solar farm.

The first step of the proposed optimization algorithm is the insertion of Smax,
ambient temperature, loading curve function, hotspot limit, top oil limit, and equivalent aging
equal unitary. Thereafter, the second stage, represented by the second block, the parameters'
values like 1) resistivity losses; i1) eddy losses; iii) stray losses; iv) core losses; v) the weight of
the core and coil; vi) weight of the tank and; vii) the volume of fluid; receives a value related
to the function of the total power to the correspondent parameter. After that, the Annex G
algorithm of the IEEE Standard is started. The detailed information of the run Annex G is

encountered in Annex A of this thesis.

The output data of this calculation are maximum hotspot and maximum top oil
temperature under the loading curve profile, and equivalent aging calculated. The algorithm
verifies if one of these three outputs is overtaken the limited values imposed from the data came
from the well established international standard. In case no constrain is found, a reduction of 1
MVA in the total size of the transformer is performed and the loop continues, otherwise, the
algorithm stops and shows the latest calculation value of the power which is approved in these

three criteria.
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Tamb < f(t)
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input)
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Figure 4.8 — Method workflow.

The ambient temperature Tump 1s a time-dependent variable which is presented
as an array of values. The maximum step considered is one hour, i.e., temperature
measurements are hourly collected and inserted in the optimization algorithm. The loading
curve in which the GSU transformer is submitted throughout an entire year is also a time-
dependent function that represents one of the most important and sensible input information in
the proposed model. In case no access to the entire year information, can be realized probability

model as describle in the section 4.5 of this thesis.

In addition, the maximum hotspot and the maximum top oil temperature as per
international standards (IEEE, 2011), Std HS and Std TO respectively, are needed in the
optimization algorithm. Both variables, hotspot and top oil are considered long-time emergency
loading instead normal cycle, since the total time with solar radiation during a day is not 24

hours neither few minutes.

Long-time emergency loadings permit the hotspot and top oil temperature

exceed the normal cycle temperatures and may be applied to transformers carrying non-
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continuous loads. In this research, the same temperature limit established in the IEEE guide is
considered, i.e. 140 °C for hotspot and 110 °C for top oil temperature (IEEE, 2011). These
temperature values are defined in accordance with the thermal limits of the mineral oil and
thermo-upgraded insulation paper. In the case of the utilization of high-temperature class
materials like aramid paper and/or ester fluid, these values can be increased and, consequently,

the size of the transformer can be reduced even more.

Loss of insulation life must also be analyzed in order to be accepted as equal or
more than 1.0 p.u. at equivalent aging, £Q aging, so this variable is a unitary value to be
compared with the calculated equivalent aging facing the loading and temperature curve. If
eventually one of these three variables do not exceed the maximum allowed, the calculation
decreases the total size of this transformer in 1 MV A until converge to the optimum transformer

size attending all restrictions.

4.2. REALLOADING CURVE - EXAMPLE

The real loading curves and seasonal behavior of the ambient temperature are
used to perform the analysis of loss of life. Therefore, a real case example is presented in figure

4.9, in which the hourly average temperature per day is described throughout a year.

Average - Temperature [°C]

h Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

0 13.39 13.85 13.52 12.00 10.06 8.88 7.66 8.82 9.01 9.95 10.85 1207 & | 10.82
1 1271 | 1316 | 1294 | 1132 | 9.30 7.96 6.67 7.71 8.02 8.96 1004 | 1132 ] 9.99
2 12.03 12.48 12.37 10.64 8.54 7.06 5.69 6.63 7.08 7.97 9.23 10.58 I: 9.17
3 11.35 11.80 11.80 9.96 7.79 6.18 4.70 5.57 6.16 6.98 8.42 9.83 D 8.36,
4 10.66 11.12 11.23 9.28 7.02 5.33 3.76 4.57 5.27 6.04 7.61 9.15 'j 7.57
5 10.10 10.43 10.66 8.60 6.26 4.53 2.83 3.69 4.44 5.22 6.80 851 I | 6.82
6 10.75 10.14 10.08 7.92 5.52 3.76 2.18 2.97 3.86 6.29 8.80 1007 [ | 6.84
7 12.30 12.17 11.89 9.45 6.48 3.81 2.14 3.98 6.89 8.75 10.96 11.89 ] 8.37
8 14.07 13.93 13.61 11.59 8.97 6.75 5.66 6.96 9.85 11.43 13.15 13.76 D 10.79
9 15.78 15.66 15.30 13.68 11.55 9.89 9.15 10.32 12.71 13.97 15.17 15.57 l | 13.21
10 17.34 17.23 16.81 15.59 13.89 12.84 12.36 13.41 15.32 16.22 16.94 17.17 | 15.41
11 18.65 18.57 18.07 17.17 15.89 15.32 15.10 16.00 17.46 18.08 18.36 18.47 | | 17.25
12 19.71 19.63 19.05 18.38 17.42 17.21 17.22 17.99 19.08 19.50 19.42 19.48 | 18.67
13 20.46 20.39 19.72 19.15 18.39 18.40 18.62 19.28 20.13 20.43 20.12 20.16 | 19.60
14 20.86 20.81 20.06 19.49 18.81 18.91 19.26 19.90 20.59 20.87 20.43 20.49 | | 20.03
15 20.97 20.91 20.07 19.37 18.59 18.66 19.05 19.83 20.41 20.80 20.36 20.49 ! | 19.95
16 20.66 20.57 19.58 18.62 17.54 17.42 17.71 18.71 19.33 19.96 19.70 20.02 | | 19.15
17 19.90 19.76 18.64 17.31 15.86 15.34 15.46 16.71 17.47 18.47 18.50 19.07 | | 17.70
18 18.76 18.56 17.39 16.35 15.01 14.39 14.39 15.50 15.59 16.57 16.92 17.77 | 16.42
19 17.52 17.74 16.72 15.57 14.16 13.44 13.31 14.29 14.45 15.41 15.88 16.79 | | 15.43
20 16.63 16.91 16.04 14.80 13.31 12.49 12.24 13.08 13.30 14.26 14.85 15.81 l | 14.46
21 15.74 16.09 15.37 14.03 12.46 11.54 11.17 11.86 12.19 13.10 13.81 14.83 | 13.50
22 14.88 15.26 14.69 13.25 11.61 10.59 10.10 10.65 11.07 11.95 12.77 13.85 | | 12.54
23 14.01 14.44 14.01 12.48 10.76 9.64 9.03 9.44 9.96 10.79 11.73 12.87 11.58

Figure 4.9 — Annual average temperature.
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Figure 4.9 represents the average temperature mapping in a year. In this specific
case, higher temperatures are observed around 13 up to 15 hours, i.e., from 1:00 pm to 3:00 pm.
The highest ambient temperature values throughout the year are verified in January/February
and November/December. At the same time, during these same months, the highest generate

levels are also observed, as described in figure 4.10.

The average temperature mapping and average load are related to a largely urban
and industrial area in South America since the summer season is from December to March in
the South hemisphere. Therefore, great power demand is required for residential/commercial

air conditioning and many other cooling applications.

Average - Load
Apr May Jun Jul Aug Sep

0.04320 | 0.00128 ] 0.06357 | 0.17788 | 0.14437
056622 | 0.38394 | 025553 | 0.13740 | 0.03921 | 0.00074 | 0.00079 | 0.06273 | 0.33777 | 066302 | 072366
0.67256 | 0.57210 | 0.43960 A 0.45061 | 0.62905
| 0.69243 | 0.64748 | 0.66558 ]
| 0.70951 | 0.68348 | 0.69645 |
0.71672 | 0.67459 | 0.69485 |
0.70947 | 0.66205 ;| 0.68671
| 0.70598 | 0.66427 & 0.68643 |
| 0.70577 | 0.66826 | 0.68971 |
0.67949 | 0.65578 | 0.67323
0.58211 | 0.54831 | 0.59720 _ _
0.16359 | 0.11383 | 0.20198 | 0.33402 | 045888 | 0.56118 | 0.69375 072394

0.33407 | 0.27612 | 0.09201 | 0.00033 | "o 0.00091 | 0.03193 | 0.12843 | 0.25443

VWiviN|jOoLnih WIN{RIiOiT

Figure 4.10 — Annual average load.

In figure 4.10, the maximum top generation of the solar power plant is 1.0 p.u.,
so then the maximum average of 0.98 p.u. occurs at 10:00 am in December, i.e. the intermittent
behavior of photovoltaic power generation demands only a few hours per year for the nominal

rated power of the GSU transformer.

Running the loading curve with the data from the figure 4.9 and 4.10 according
bottom-oil model, the curve in figure 4.11 is obtained. The blue curve represents the average

loading in which the maximum loading is no more than 0.9 p.u.; the gray curve is the dynamic
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profile of the hotspot temperature inside the winding, with a maximum temperature of 80 °C

approximately.

Top oil and bottom oil are represented by yellow and green curves respectively
and the orange bars mean the ambient temperature. The figure 4.11 is the annual average

temperature and loading, considering that 1.0 p.u. is 100 MVA, the output data is:
+ Maximum hotspot temperature of 79.84 °C at 15 hours and 00 minutes;

% Maximum top fluid temperature of 64.35 °C at 15 hours and 21 minutes;

R

% Equivalent aging: 0.178805 p.u. for 10 minutes and 44 seconds a day.
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Figure 4.11 — Annual average loading and temperatures for a 100-MVA transformer.

A transformer with thermally upgraded paper can operate for the entire life with
110 °C in the hotspot (IEEE, 2011 and IEC, 2018), it means that, if the transformer faces a
constant loading and a constant temperature, the equivalent aging factor is unitary value, i.e.,
after 150,000 h the DP of the paper will reach the end-of-life criteria. In case of the aging factor
is bigger than 1.0 p.u., which means that the transformer has been accelerated aging and vice-

versa.
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Modern generator step-up transformer utilizes an on-load tap changer, OLTC,
on the high voltage side, and none regulation on low voltage side. As the high short-circuit
power appears on the high voltage side, so depending on the voltage level of the high voltage
system, the regulation relay will fetch the correct position of the OLTC. Based on that, these
transformers can operate with maximum induction on the linear region of the saturation curve
differently from the old transformer designs that do not have installed automatic voltage

regulation and for that needs to be designed with some clearance on the saturation.

In order to check the model used in this approach was run a flat loading curve
with a flat temperature curve to verify if the calculation of the aging factor is correct. Figure
4.12 shows the line of loading at 1.0 p.u. and the hotspot with temperature of 110 °C. The aging

factor of this curve in figure 4.12 is 1.0 p.u.

The real loading curve and ambient temperature are input data which have to be
insert in the workflow method presented in figure 4.8. Figure 4.13 shows the calculated values

of the hotspot absolute temperature, top oil absolute temperature and equivalent aging in hours.

In figure 4.14, the maximum hotspot, top oil temperatures and equivalent aging
as per standards are the dashed lines gray, yellow and green respectively. The minimum
transformer size for the top oil temperature point of view is 63 MVA, for hotspot temperature
is 64 MVA and 68 MVA for the minimum equivalent aging. In this context, the minimum

allowable transformer size is 68 MVA.
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Figure 4.12 — Flat loading and temperature curve for 100 MVA transformer.
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Figure 4.13 — Absolute temperature of hotspot and top oil, equivalent aging limits.
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Figure 4.14 —Annual average loading and temperatures for a 68 MVA transformer.
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The same loading curve and temperature profile are applied for a 68-MVA

transformer in order to verify the maximum temperature of the hotspot and top oil:
% Maximum hotspot temperature of 127.30 °C at 14 hours and 09 minutes;

% Maximum top fluid temperature of 98.28 °C at 15 hours and 09 minutes;

X/

« Equivalent aging of 0.99439 p.u. for 23 hours and 52 minutes a day.

Thereafter, determining the minimum and technically viable size of the power
transformer, the formulation of the loss's capitalization is applied to determine the minimum
TOC. In this sense, 68 MVA represents the lowest size for the GSU transformer, so then this

value should be verified if meet with the minimum TOC as well.

4.3. TEMPERATURE CORRECTION

This method also corrects the effect of the losses on the equipment lifetime based
on the temperature levels in which it is exposed. Thus, during colder months, losses are lower
than other months compare with the same load. In the cold days, when the transformer starts
the operation at the beginning of the morning, the ambient temperature is low and due to the
thermal inertia of the whole equipment, sometimes the transformer does not reach the higher
temperature because there is no enough time to stabilize the oil temperature, consequently, the

load losses are less.

The figure 4.15 shows the temperature diagram inside the transformer, where it
is possible to observe the cooling media flow path inside the equipment. Point 1 and 1" is the
lowest temperature found in the equipment, also known as Bottom Oil. As the heat-generating
sources are the windings and the core, the oil flows through two elements, and the temperature

increases progressively from the bottom to highest parts of the tank, as described in figure 4.15.
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Figure 4.15 - Temperature map versus tank height.

Inside the winding is the highest temperature found in the transformer,
representing the most critical aging agent in power transformers. The temperature at the hottest
region is not linear and it is governed by a hotspot factor that is calculated by the ratio between
the maximum and average losses in the conductors. On the top of the winding, due to the
leakage flux generated from the windings, a stray flux impinging in the upper and lower turns
and it generates concentrated losses on this region. On the bottom turns, this effect os not
important because it is surrounding by colder oil, but on the top turns a combination of these

two factors must be considered.

The number 3 in figure 4.15 indicates the top oil temperature that represents the
maximum temperature in the tank and at this temperature the inlet oil on the cooling system.
On the other hand, point 4 is the lowest temperature that returns to the tank after cooling down

in the cooling system.

The winding gradient is defined as the difference between the average
temperature around the winding and the average temperature of the tank. (CIGRE, 2016). The
calculation of the average winding temperature is necessary because it is the real temperature
in which the winding is facing. This parameter is one of the most important data during the
transformer acceptance test because it is directly related with the load losses and efficiency of

the equipment.
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In order to clarify, the way that the mean winding temperature is measure on the
test laboratories is not simple because this measure must be done thought indirect measure.
During the short-circuit test, circulate the nominal current in the windings until stabilizing the
oil. Thereafter, the transformer must be completely shut down and disconnected from the source
to be possible to measure the at hot resistance. This resistance must start to measure a few
moments after shut down in order to get a curve of resistance versus time and through the
extrapolation of this curve to the time equal zero, it is possible to know which is the average

winding temperature when nominal current is flowing.

The mean winding absolute temperature MQOuss is another important index to
determine other parameters, as the top oil TO, bottom oil BO, hotspot temperature HS, hotspot
factor fus, and the ambient temperature. Equation (4.8) calculates the temperature which the

winding is subjected.

(TO-BO) = (HS-TO)
MOgps = > + Frs

+ Tomp (4.8)

Figure 4.16 shows the temperatures inside the transformer, and the dotted curve

represents the average temperature at the windings.

Ambient Temperature, Hotspot, Top Oil, Bottom Qil and
Mean Oil Winding at 68MVA
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Figure 4.16 — Ambient temperature and temperatures into the 68-MVA

transformer.
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In this figure, it is possible to observe that the thermal inertia of the winding,
represented by MO, is higher than thermal inertia of the 68-MVA transformer as a whole,
represented by TO. In this sense, the thermal stability will never be achieved in a power

transformer with the loading profile of a solar plant.

It is well known that smaller power transformers, operating in overloaded
conditions, results in higher temperatures on the windings and insulation, therefore a
temperature correction procedure is necessary in order to avoid any mistake during design
process. For temperature corrections in the windings, it is necessary to distinguish the types of
associated losses are being considered. For ohmic losses PW and winding eddy PE, the
correction factor is directly proportional to the temperature, as expressed in (4.9). (IEC 60076-
1,2011).

(234.54Tp)
(234.5+Tref)

few = fre = (4.9)

The frw and fpe are the correction temperature factor to ohmic losses and eddy
losses respectively. Tref is the reference temperature defined in the standard which is normally
75°C to non-thermally upgraded paper and 85°C to thermally upgraded paper and, To is the

temperature which the material is submitted.

For stray losses PS occurs the opposite phenomenon, i.e., it means that as higher
the temperature is, lower the stray losses because of the greater conductivity in metallic parts,
as demonstrated in (4.10). (IEC 60076-1, 2011). The fps is the correction temperature factor to
stray losses.

_ (234.5+Tyep)

fes = (234.5+Tp) (4.10)

This way, the load losses LL are calculated as a function of the dynamic

temperatures of the power transformer, as expressed in (4.11).

The load loss has a direct influence on the temperature which the winding is
inserted. Considering a 100 MV A transformer and apply (4.1), (4.2) and (4.3) at 75°C the ohmic
losses are 264.274 kW, the winding eddy losses are 33.630 kW and the stray losses are 39.206

kW, in case, the reference temperature change to 45°C, the ohmic losses become 238.658 kW,
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the winding eddy losses become 30.370 kW and the stray losses become 43.414 kW, resuming
the load losses at 75°C is 397.11 kW while the load losses at 45°C is 372.442 kW, 7.8 % lower,
i.e., this shows the importance to correct the losses through the real temperature during loading

cycle and ambient temperature.

The load factor is one of the most important information needed during the
transformer procurement. There are two concepts of load factor presented in the literature,
where the load factor can be defined by the average loading or the average overtime of the root
mean square RMS values of the instantaneous load (SZWANDER, 1945; IEEE, 1991). In
addition, it is proposed a novel approach for correction of the RMS loading based on the real
temperature inside of the power transformer winding taken into account the temperature

correction factor.

The mean winding temperature is usually specified as a rise temperature,
however, the real load losses are calculated at absolute temperature, so the ambient temperature
has a direct influence on the load losses of the transformer. There are two standards values
indicative of the "mean winding temperature": 55 °C rise when non-thermally upgraded paper
and, 65 °C rise when the thermally upgraded paper is used. In the IEEE standard the ambient
temperature is fixed at 20 °C, so, in order to compare the load losses at the same base, the
procurement engineer must define the temperature reference. In the industry, there are two
temperature references used, 75 °C or 85 °C and, the load loss values are warranted at a

reference load and temperature.

This work proposes a correction of the load losses at a real temperature instead

of a fixed temperature and it is discussed below.
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Load Losses [kW] at 100 MVA transformer under solar profile
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Figure 4.17 — Comparison of load losses with and without temperature correction.

Figure 4.17 shows a simulation with 85°C as losses reference called “without
temperature correction” and the other curve is the real temperature profile, which is denoted as
“with temperature correction”. Basically, it is possible to observe that the losses are highly
dependent of the temperature, the optimum transformer size can by determined by comparing
these two results. As previously introduced, the losses vary with the load profile during a

determined time period, and the load factor Ly can be represent as two different approaches:
% Average loading;

% Average overtime of the root mean square RMS values of the
instantaneous load.
This thesis proposes the third approach method which is recalculate the load

losses and consider this value to optimize the equipment and recalculate the TOC.

7

% Average overtime of the root mean square RMS values of the
instantaneous load considering instantaneous temperature correction.

The average loading is described as the arithmetical average of the load along

the entire year. For non-intermittent load applications, this approach has a very good
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performance, as well established in the technical literature, so the load factor Lyis calculated by

(4.12).

Le=7Jy fioaa(t) dt (4.12)

The time function fioad is represented in figure 4.17, in which the load loss factor
is calculated from a definite integral throughout a year (total period), where 4 is the number of
hours in one year. The figure represents the per unit load of a real profile studied in these. The
data inserted in this figure was collected during an entire year considering the solar radiation of
the 8760 hours of the year, with step of one minute, so the total number of points in this graphic

is 525600.
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Figure 4.18 — Per unit solar radiation along the year.

Average RMS overtime represents a more suitable method for intermittent

energy sources. The load loss factor Ly is given in (4.13) as follows. (KENNEY, 1962)

Lf=\/% [ fioaa(£)? dt (4.13)

Finally, the conventional expression of the loading function in (4.13) is

reformulated taken into account the temperature correction fremp, such as described in (4.14).

Lf=\/% fohftemp(t)z dt (4-14)
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Figure 4.18 shows the load factor calculated by using the three different
methods. For a 100-MVA GSU transformer, the average loading based on the solar energy
profile in figure 4.17 is around 58.9%, in which the conventional RMS overtime is 50.4% and

51.2% when RMS with temperature corrections.

@ Average loading RMS without temperature correction A RMS with temperature correction
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Figure 4.19 — Load loss factor versus transformer size.

On the other hand, power transformers with almost half size, 55 MVA, the
average load factor is no more than 80%, while for RMS load factor without temperature
correction this value is 98% and RMS load factor with temperature correction is 93.1%. For
solar application, transformer almost does not operate near of the temperature referred on
technical standard, i.e., around 85°C, due to the large load variation, so, when the temperature
is corrected through this method proposed a bigger gap appears when light equipment is
compared, it is because, as smaller the equipment, higher temperature of operation and

consequently the correction of the temperature get more evident.
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The method which utilizes average load has been presented a good approach,
however, when the load variation increases, this method shows a not real composition of load
losses, an example if a 100 MVA transformer is substitute for 80 MVA transformer, the
equivalent increase of loading is 25% higher but, it can be applied only for constant loading or
with small variations if some error are acceptable, for that reason for intermittent loading the

RMS load factor approach capture the real load.

In order to simulate the real case and calculate the TOC to compare the both
RMS load approach with and without temperature correction, some values were inserted in the
model to perform a sensibility test. The average energy price of the first year in operation is
0.02033 USD/kWh which was taken of the closed price of the last auction of solar power plant
in Brazilian regulation marketing according presented in the figure (1.10). The average annual
increase in energy cost is 1.52% per year according to a weighted index of the energy price
provided by the World Bank (STATISTA, 2020). Figure 4.20 shows the price of the worldwide

energy indexed.
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Figure 4.20 — Price index of energy worldwide from 2019 to 2030 in U.S.

dollars, price index in 2010.

Source: Adapted from Statista, 2020
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From 2020 to 2030, the average increment is from 72.0 to 87.2, so, the annual
average increase estimate price is 1.52% per year in the next 10 years. Another important data
that the investor must inform is the weighted average cost of capital, WACC, that has been
discussed before. The estimated WACC of the energy transmission companies is 6.6% per year

(LAM,1998) and this value is used in this example.

The investor must have as input data the cost of the transformer installed and
commissioned in the substation, i.e., it is the final price given from the manufactured. The
transformer equipment has a big correlation with commodities prices due to the big amount of
material used in the manufacture. For that reason, a good way to obtain the initial price of the
investment, IP, to have a knowledge of the prices of the main transformer elements needed. A

good approximation way to get the initial investment cost of the transformer is given by (4.15),
[Price = fprice (mcoppechopper + MyronWiron + moilWoil) (4-15)

The mcopper is the total mass of the copper and weopper is the price of the copper
given in kg/USD; miron 1s the total mass of the iron electric steel and wiron is the price of the iron
given in kg/USD and; moi is the total mass of the oil and woi is the price of the cooper given in
kg/USD. Morover, only these three cost drives do not give the total cost of the equipment, for
that reason, a factor price, fprice, 1S insert in this model to consider all others elements costs like:
engineering costs, manufacture costs, others materials, taxes, transportation, installation,
commissioning and the profit of the manufacture. As this value will never be encountered in
the literature because it is part of the business strategy, in order to obtain a final price of the
equipment, a factor price chosen is 2.8, i.e., the estimate value of the price of the equipment is

three times the values of the sum of copper, iron and oil.

These materials have their price vary daily according to the commodities price,
so this example was chosen 8.00 USD per kilogram of the copper, weopper, 2.00 USD per
kilogram of the core steel, wiron, and 1.00 USD per kilogram of the mineral oil, woi.

Summarizing, the input data used in this test are:

o,

¢ Average energy price of the first year in operation 0.02033 USD/kWh;

% Average annual increase in energy cost rated of 1.52%;

K/

« Number of years before the invested amount shall be paid back: 17.12
years which is equivalent at 150.000h;
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0

» Weight average cost of capital of 6.6%;

4

» Copper cost: 8.0 USD/kg;

L)

>

¢ Iron cost: 2.0 USD/kg (electrical steel core material);

L)

R/
A X4

Oil cost, : 1.0 USD/kg;
¢ Factor price, fprice = 2.8.

The total cost of ownership is calculated according to equation (2.8). The table
below shows the TOC calculated, in kUSD, by using the three methods introduced previously

in this section.

Table 4.1 — Initial Cost and TOC versus transformer size using RMS

approaches with and without temperature correction.

Power [MVA] 100 | 95 | 90 | 8 | 80 | 75 | 70 | 65 | 60 | 55
Initial Cost [kUSD] 444 | 429 | 413 | 396 | 379 | 361 | 343 | 324 | 304 | 284
TOC [kUSD] - RMS 751 | 744 | 738 | 734 | 733 | 737 | 745 | 762 | 791 | 837

TOC [kUSD] - RMS - with

. 757 | 748 | 741 | 735 | 732 | 731 735 | 745 | 763 | 792
temperature correction

Table 4.1 shows that there is a different optimum point when temperature
correction is considered. The first row shows the initial cost calculated through (4.15) and as
smaller as the transformer, lower the initial prices. This statement makes sense once no financial
input is inserted to calculate the initial cost, on the other hand, when TOC is calculated is it
possible to observe that, there is a minimum optimum transformer size. The green color means
the lower TOC prices and red color shows the higher TOC. For RMS approach without
temperature correction, the second row, the optimum point is a transformer with 80 MV A rated
power and TOC equals 733 kUSD, and when the temperature correction is considered a 75
MVA transformer is encountered with 731 kUSD. As previously analyzed, the minimum
allowable transformer size is 68 MVA due to the technical limitations of aging, top oil, and

hotspot temperature. If the procurement engineer only is taken into consideration the technical
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limitation, probably the 68 MVA transformer will be chosen because will be the most
economical transformer. For that reason, it is very important to understand the full concept of
the TOC in order to reanalyze, and, according to this example, the optimum transformer is 75

MVA when all criteria are checked.

In terms of energetic efficiency, figure 4.20 shows the efficiency index
comparing these two different approaches and the peak efficiency index, PEI, which is obtained

when the no-load losses are equal to the load losses presented in (2.7).

A more realistic data of the efficiency index is presenting in the figure (4.20)
when the calculation considered a specific loading of the transformer, in this case it is the real
load loss factor calculated for each approach, i.e., for 75 MVA transformer the RMS without

temperature correction is: 68.96% and with temperature correction is 68.30%.

EFFICIENCY INDEX

e PE| [%)]

Percentage Efficiency [specific load] RMS

Percentage Efficiency [specific load] RMS - with temperature correction
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99.500%
55 60 65 70 75 80 85 90 95 100
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Figure 4.20 — Efficiency index of specific load and PEL

In this example, for RMS with temperature correction higher index compared
with PEI is seen when the transformer is chosen is bigger than 63 MVA. The PEI has a lower

index because this index is calculating when the no-load losses are equal to the load losses per
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definition, i.e., in power transformer units it usually occurs at low load which makes this
transformer with high efficiency at low loads. The proposed method also increases the
transformer efficiency at the specific load which this equipment will operate along the entire

year, became more compact and efficient.

According to the example exposed in this thesis, it is possible to reduce the total
rated power in 25%, from 100 MVA to 75 MVA when the new approach is applied. The no-
load losses will be reduced from 63.3 kW to 52.9 kW as presents in table 4.2. This means low

energy consumption for the entire life of the transformer.

Table 4.2: Mass and losses comparison

Power [MVA] Core [kg] No-load Cooper [kg] Load losses
s losses [kW] PETLE at 100 MVA [kW]

At the same base rated, the load losses are bigger because the quantity of cooper
material is approximately 19% lower, on the other hand, a transformer with 75 MVA will
operate less than 20% at overload condition. Comparing the no-load loss, from 100 MVA to 75
MVA the no-load losses came from 63.3kW to 52.9kW, a reduction of 19.6% of this loss

component that is presented for the entire life of this transformer.

4.4, REALLOADING CURVE WITH REACTIVE
DISPATCH - EXAMPLE

The share of photovoltaic farms is increasing in the energy mix as power systems
move away from conventional carbon-emitting sources. Photovoltaic farms are equipped with
an expensive power converter, which is, most of the time, used well below its rated capacity

(LOURENCO et al., 2018). Currently some photovoltaic plant is eligible for receiving payment
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on the active power losses due to reactive power generation, which either reduces its active

power output or requires power to be drawn from the grid. (HAGHIGHAT, 2010).

The same approach presented in subchapter 4.3 is now presenting considering
reactive dispatch. The quantity of the reactive dispatch has obtain from the literature
(LOURENCO et al., 2018). Figure 4.21 represents the quantity of reactive dispatch of
photovoltaic plant which provides nearly a full reactive dispatched all the time during night-

time and early morning.

Reactive Injection [pu]

0.2

0.1

0.05

Figure 4.21 — Example of a reactive injection on the grid in a solar power plant.

Considering the dispatch of reactive power in a photovoltaic power plant it is
observed that there is an increase in the load of transformer that will operate in the substation.
Figure 4.22 shows the average load curve of the loading of the transformer and the figure 4.21

above is added to the quantity of load of the transformer.
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Ambient Temperature x Load with Reactive Dispatch - 100MVA
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Figure 4.22 — Annual average loading and temperatures for a 100-MVA transformer and the
average reactive power dispatch.

Redoing the same calculations already presented in the previous sessions 4.2 and
4.3 in which the TOC and temperature correction are calculated with the same assumptions

used previously, we obtain:

Table 4.3 — Initial Cost and TOC versus transformer size using RMS

approaches with and without temperature correction adding the reactive dispatch.

Power [MVA] 100 | 95 | 90 | 8 | 80 | 75 | 70 | 65 | 60 | 55

Initial Cost [kUSD] 444 | 429 | 413 | 396 | 379 | 361 | 343 | 324 | 304 | 284

TOC [kUSD] - RMS 830 | 851 | 883

TOC [kUSD] - RMS - with

. 817 | 812
temperature correction

818 | 831 | 851

According to the same methodology approach, in the case of the same equipment

for the reactive injection, it is necessary to acquire an equipment with at least $SMVA of power
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in order to obtain that all the criteria are satisfied. Such analysis is of paramount importance for
the purchaser of the equipment, since if the equipment is dimensioned or does not consider the

use of reactive, the useful life of the equipment can be reduced considerably.

4.5. PROBABILISTIC ASSESSMENT ON SOLAR
RADIATION & TRANSFORMER AGING

Procurements generally select the size and overload the transformer, following
the international standards. This model provides the deterministic calculation of transformer
loss-of-life at given elevated hotspot temperature. With this approach, the exact mean ambient
temperature and, the transformer hotspot temperature values are assumed known (SEN et la,

2011).

As the solar radiation is radiant energy emitted by the sun from a nuclear fusion
reaction that creates electromagnetic energy (CODDINGTON et al., 2016) and the balance of
incident solar radiation that is absorbed or reflected by Earth’s surface and atmospheric
components, such as clouds and gases, with the radiation that the earth-atmosphere system

emits to space defines Earth’s radiation budget (Loeb et al., 2009).

The radiation that impinging in the solar panel will be not constant along the
entire life, and it can cause a large variation along the year due to many reasons like: season of
the year, longitude, latitude, altitude, weather and other. However, in the real practical
application, because of the number of variables appointed, the exact amount of overloading is

extremely difficult to set.

Some statistical approaches, like Monte-Carlo, to evaluate these parameters are
using in the literature (SEN et al., 2011). This approach can provide a more flexibility and
better results. To perform an analysis using solar irradiance values from a typical day, a set
comprising 2000 synthetic series was used in this thesis. The synthetic series were generated
using a methodology that is under development by colleagues from the electrical engineering
department at the University of Sao Paulo. This method, that is yet to be published, relies on k-

means clustering to model the deterministic component of the solar irradiation and a kernel
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density distribution for modeling its stochastic component. The synthetic series generated for

this analysis correspond to the solar irradiance from a Northeastern region city in Brazil.

Figure 4.23 below represent the boxplot of this data series generate by k-means

clustering.

Box Plot hours of the day x Solar Radiation [pu]
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Figure 4.23 — Box plot per hour of the day versus solar radiation in per unit

Table 4.4: Statistical data of the generated curves

Hour of the day Oto 5 6 7 8 9 10 11 12 13 14 15 16 17 18t0 23
Sample Size 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000
Position Measures

Average 0.000 0.072 0.257 0.444 0.595 0.701 0.757 0.763 0.706 0.579 0.405 0.212 0.054 0.000
Median 0.000 0.065 0.251 0.439 0.593 0.709 0.775 0.788 0.730 0.602 0.421 0.215 0.047 0.000
Mode 0.000 0.014 0.245 0.415 0.528 0.736 0.932 0.930 0.787 0.765 0.485 0.152 0.028 0.000
1st quartile 0.000 0.036 0.210 0.387 0.521 0.621 0.678 0.689 0.638 0.518 0.356 0.177 0.026 0.000
2nd quartile 0.000 0.065 0.251 0.439 0.593 0.709 0.775 0.783 0.730 0.602 0.421 0.215 0.047 0.000
3rd quartile 0.000 0.100 0.306 0.508 0.672 0.796 0.855 0.853 0.792 0.654 0.467 0.254 0.075 0.000
Dispersion Measures

Standard Deviation 0.000 0.045 0.068 0.086 0.101 0.119 0.125 0.121 0.114 0.100 0.085 0.060 0.036 0.000
Variance 0.000 0.002 0.005 0.007 0.010 0.014 0.016 0.015 0.013 0.010 0.007 0.004 0.001 0.000
Average Deviation 0.000 0.036 0.055 0.069 0.083 0.096 0.101 0.097 0.092 0.080 0.067 0.047 0.028 0.000
Maximum 0.000 0.331 0.444 0.653 0.843 0.929 1.000 0.995 0.923 0.776 0.621 0.426 0.342 0.000
Minimum 0.000 0.000 0.026 0.022 0.098 0.208 0.106 0.134 0.106 0.099 0.014 0.001 0.000 0.000
Interquartil interval 0.000 0.064 0.096 0.122 0.152 0.175 0.176 0.164 0.154 0.136 0.112 0.077 0.048 0.000
Amplitude 0.000 0.331 0.418 0.630 0.744 0.721 0.894 0.861 0.817 0.678 0.607 0.425 0.342 0.000
Coefficiency variation N/A 62.398 26.590 19.260 17.040 16.936 16.572 15.838 16.170 17.272 20.898 28.309 66.575 N/A

Evaluating the data presented in the figure above, it is possible to create a
histogram data from each hour of the day and the probability of occurance can be represented

by the figure 4.24.




95

Probability of occurance
1.2

0 5 10 15 20
Hours of the day

—--100% —*-95% 90% 85% -—+-50% -*-5% -eAVERAGE

Figure 4.24 — Probability of occurance of radiation

Based on the curves found by the k-means clusters method, computer
simulations were performed in order to find the loss-of-life for each type of curve used. If the
equipment is dimensioning for the maximum irradiation, i.e., 100% curve (blue in the figure
below), the aging rate is 1.00 p.u. for the transformer sized for that curve. Performing the same
analysis for 95% and 90% it is observed that there is a significant decrease in aging by 0.30 p.u.

and 0.20 p.u., as shown in the figure 4.25.
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Figure 4.25 — Aging and curve of probability

If the transformer is dimensioned to reach 1.00 p.u. with the 95% probability
irradiation curve, the aging value for a day which the curve reaches 100%, i.e., extreme
irradiation, is 3.7 p.u. of aging which means that on this specific day the transformer will aging
3.7 times the normal aging expected. In addition, such results are analyzed by the proposed
method in order to avoid that the maximum temperatures of the hotspot and top oil for the long

and short-term loading limits are not exceeded.

In this thesis has not been considered the reduction of efficiency of the solar
panels, obviously, in case of has this consideration has taken into account, there will reduce the
total size of the power transformer even more, however, valuing the security of the facilities
and by the possibility of the owners of the photovoltaic farm change the solar panel for a new

one with more efficiency, this consideration was neglected.




97

Chapter 5 - CONCLUSIONS AND
DISCUSSIONS

The knowledge and optimization process in this thesis are the result of decades
of experience in power transformer design and manufacturing. The empiric and experimental
technical knowledge, accumulated along the years in the factory floor, is also documented in
this thesis as part of the proposed optimization method. Although experienced engineers have
very deep knowledge about technical issues, sometimes financial issues are neglected during
the procurement process, even more, when the power transformer is going to be installed to an
intermittent power resource. Thus, this thesis has a double task, to document the well-
established experimental knowledge as well as the development of a novel technique for the
optimization of large power transformers designed in the context of new applications involving

renewable energy

A high safety factor does not have a direct relationship with the high quality of
the overall system neither higher prices, therefore the goal of the proposed method is an
optimization process for dimensioning a GSU power transformer for photovoltaic power plants
considering not only the conventional real loading curve and the ambient temperature which
the transformer will operate throughout its lifecycle. In this context, the new optimization
method is formulated considered these two last characteristics and in addition the correction of
the mean oil temperature of the winding and the financial data to find the overall transformer

dimensioning technically and financially.

Technically this work also aimed to deal with two issues, encountered by
utilities, energy generators, and finance area, without any clear answer until now: how fo
optimize transformer size in a new project with real loading and temperature curve;, and this
technically optimized transformer fulfill all economic criteria. Both items together fit the final

cost-effective transformer for a new installation.

Two very well-established concepts of load factor were presented in this thesis,
the first one defined the load factor by the average loading and the second defined by the

average overtime of the RMS value of the instantaneous load. The first shows an adequate
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performance for cases with low load variations during the evaluated period, and the second
represents a modern approach taken into account very high load changes throughout the
evaluated time period, but this last one does not consider correction by the ambient temperature.
The model presented in this thesis where besides using the RMS of the instantaneous load it is

considering the temperature correction jointed with the total ownership cost.

Even though the method technique developed here is independent of the type of
transformer as size, cooling system, design etc., the numerical example demonstrates the
principles are limited to mineral oil-cooled power transformer applied for a solar application.

This method could easily be expanded to other types of the transformer and varied applications.

A few researches on this subject were found in the technical literature, however,
the temperature correction inside the winding is not considered in this same research, and
neither a joint relationship is defined on the total ownership cost of the power transformer. In
this context, this method is efficient and more appropriate for its intended purpose because find
the most suitable technical equipment comparing its financial inputs data like the price of
energy, WACC of the investor and transformer life expectance, therefore, it is an original
method that has great potential to assist in the design of transformers for systems with

intermittent loading.

It is possible to observe the importance of acquiring reliable data on the loading
and the ambient temperature of the installation site of the equipment, as well as the concepts of
the weighted average cost of capital of the investor/buyer of the transformer, reliable estimates
on the growth of the electricity values and the concept of capitalization of losses over the useful

life of the equipment.

Although in recent years, some investors have reduced attention to the topic of
losses capitalization, just focusing on the initial price of the transformer, or not distinguishing
the difference between the capitalization of no-load losses and the capitalization of load losses.
To avoid a reduction in the revenue of electricity production, a deep analysis in this context was
done which has demonstrated the importance to take into account the loading profile and the

huge difference between capitalization of no-load and load losses.

Another relevant conclusion is that the peak efficiency index may not be the best

way to compare transformer efficiency for in solar energy applications. The best way to define
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the most efficient transformer is by analyzing the efficiency at a specific load, because the
transformer with higher PEI are larger, with no technical or economic advantage for solar

application.

These methods of energy efficiency were developed for GSU power
transformers design, more specifically for power transmission systems with conventional hydro
and thermal generation. With the increasing advent of renewable energy sources, e.g.
photovoltaic, it is possible to verify a gap in the technical literature concerning intermittent
energy sources. Moreover, this proposal methodology can be expanded for analysis in high-
temperature transformers also considering other variables, such as: the solid insulation
moisture, hotspot temperature, top oil temperature, and end-of-life criteria for high-

temperatures materials applied in this transformer.

According to the standards, ester fluids combined with aramid solid insulation
have a higher temperature of operation which increases the ability to overload the power
transformer, generating higher revenues during peak demand periods without compromise the
transformer life. The ester fluid, differently of the mineral fluid, reduces the risk of
environmental fines and can have insurance benefits because the chance to explode is small. In
some countries, the applicable laws and regulations determine how fines are imposed and high

biodegradability and non-toxicity ester liquids leakage can be disposed of through normal.

High-temperature materials and aging control through dynamic overloadability
allows a much more compact and efficient transformer design. The size reduction is particularly
valuable for photovoltaic power plants, wind offshore power stations, urban substations, and

others. Generator step-up transformers applied to photovoltaic power plant are unique because:

«» experience intermittent loading that follows weather conditions and has
an upper limit corresponding to the installed generators or more;

% must fulfill the minimum efficiency according to the current standards;
+ no-load losses have a significant impact on the capitalization scenario;
¢ reliability of transformer in the grid.

Currently, the digitalization of a substation and consequently the power
transformer digitalization has become massive. Power transformers already commissioned and

in operation can be monitored with digital and electronic equipment that can estimate the end-
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of-life of this asset. For brand new equipment, the investor should consider additional
investment in the monitoring system which besides estimate the end-of-life of the transformer
can evaluate many other parameters, such as: on-line dissolved gas generation, non-expected

high temperature, hotspot, and failure initiation.

Even with all analyses described in this thesis, to dimensioning the total size of
the transformer, it is recommended to monitoring a transformer during its entire life in order to
provide actionable information that supports effective operations, maintenance actions, and
predictive maintenance actions to avoid the possible risk of failures. As presented in this work,
the transformer population distribution failure has been governing by the bathtub curve and, in

a few cases, early failures can occur.

In addition, the proposed optimization method can be improved in order to
provide a more detailed knowledge on the solar loading curve and temperature. Monte Carlo
based methods have been proposed to randomly create a set of data points corresponding to a
transformer loading at ambient temperature. This well-established probabilistic method can be
applied to the proposed optimization method in further researches. This thesis used probabilistic
data generated by a synthetic series in order to present the importance of the knowledge of solar

radiation and the necessary consideration for the procurement engineer.

Besides that, some modern photovoltaic plant is eligible for receiving payment
on the active power losses due to reactive power generation and this approach was presented
and conclude that must be taken into account during the procurement process, even more, the
credits which the generator will obtain during the reactive dispatch has to be part of the TOC

equation.

From the finance point of view, a Sharpe ratio can be studied for this purpose.
The Sharpe ratio it has been one of the most referenced risk/return measures used in finance
world and this ratio is used to help investor understand the return of an investment compared ti
its risk. The risk of failure or aging according to a random load curve and the TOC can be

studied to fit an optimum risk/return utilizing the method presented in this thesis.

The novel methodology proposed in this work which carried out dynamic

loading models applied with TOC analysis can reduce the weight of the transformer
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approximately 25%, considering the same thermal material class, bringing better cost-benefit,

and longer service life with higher reliability to the investor.

An effective change in the global energy policy requires a fundamental upgrade
in the way energy systems are conceived and operated. This requires long-term energy system
planning and changes to a more holistic policymaking, more coordinated approaches across
sectors and countries. It is critical in the power sector, where timely infrastructure deployment
and the redesign of sector regulations are essential conditions for cost-effective integration of
solar and wind generation on a large scale as well as other renewable energy sources. These

energy resources will become the backbone of the electric power system by 2050.

Currently, there is no technical literature that reports how the calculation of the
transformers applied to large solar plants is carried out. Based on the methodology currently
applied by IEEE Loading Guide, it is possible to optimize from a technical point of view. On
the other hand, this thesis presents arguments for the needs to analyze the equipment from the
economic point of view in addition to the assessment of the ambient temperature in which the

equipment will be installed.

The thesis supports that it is necessary to observe three issues, and mainly
disagreeing with the normalized currently data used by most of the procurement of
transformers. This three issues are: i) Method of Technical Optimization, ii) Method of
Financial Optimization and iii) Ambient Temperature. The equipment is marked by the
temperature values according to the international standards, however, the optimum point of the

equipment can be only found in the current ambient temperature.
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ANNEX A - IEEE ALTERNATIVE THERMAL
MODEL, ADAPTED FROM (SEN ET AL.,
2011)

Transformer’s overall life expectancy and overloading capabilities depend on
several factors. However, it is determined primarily by the winding hottest-spot temperature.
The overloading guideline and the corresponding loss-of-life calculation as presented in the

ANSI/IEEE C57.91-1995 is available in the Appendix.

Four modes of cooling most commonly employed in liquid filled transformers
are:

« Natural convection of oil and natural convection of cooling air over the
radiator (OA);

¢ Natural convection of o1l with forced convection of air over the radiator
— either single stage (OA/FA) or multiple stages (OA/FA/FA);

¢ Directed forced oil flow and forced airflow (DFOA);
% Non-directed forced oil flow; and forced airflow (NDFOA).

The IEEE Classical model uses the top-oil temperature rise over ambient
temperature to calculate the winding hottest-spot temperature. Recent investigations (PIERCE,
1992 and PIERCE, 1994) have shown that during overloads the temperature of the oil in the
winding cooling ducts rises rapidly at a time constant equal to that of the winding (contrary to
the oil). During this transient condition, the oil temperature adjacent to the hottest-spot location
is higher than the top-oil temperature in the tank. The calculations in Annex G are based on
Pierce, 1994 and account for the type of fluid, cooling mode, winding duct oil temperature rise,
resistance and viscosity changes, stray losses, eddy current losses, hottest-spot location,

ambient temperature, and load changes.
The principle of the model is governed by two basic heat transfer equations:
Heat balance equation: Qcen= Quas+ QLrosr

Where, Qcenis heat generated by heat sources, Q4asis heat absorbed in heat sources, and
Qrosris the heat lost to cooling medium.
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And heat absorption equation: Quzs= M Cp AT

Where, M is the mass of absorbed material and CP is the specific heat of

material, and AT is the temperature difference.

The hottest-spot temperature of the model is made up of the following

components:

HS = Ta + ATBo + ATwo + ATuswo (A.1)

Where, ATso is bottom-oil rise over ambient, ATwo is duct-oil rise at winding
hottest-spot location over bottom-oil, ATusjwo is winding hottest-spot rise over adjacent duct-

oil temperature at hottest-spot location.

The calculation consists of a number of iterations of small time interval, A7. All
variables are updated for every iteration. All equations use actual temperature, and not the

temperature rise.
DUCT-OIL TEMPERATURE

Within the winding, the heat generated, absorbed and lost by the winding is
defined by:

P
Qween = K? (TKW Pyr + ﬁ) At

Tkw

1

5
Quiosr = (4oT2a0 Y+ (MWRYS (b 4 Pp)At  for OA, FA, NDFOA

Twr-TpAOR Uw

Qwrost = (M) (Pwr+Pgr)At , for DFOA

Twr-TpAOR

Qween — Qwrost = Qwass = My Cpw ATy, (A.2)
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Where: Owaen, Qwass, and Qwrosr is the heat generated, absorbed and lost in

time interval (At).
K is the transformer loading in per-unit.
Tkw is the winding resistance correction factor.
Pwr and Per are the winding and eddy current losses at rated load.
Tw is the average winding temperature.
Twr is the average winding temperature at rated load.
Tobao is the average duct-oil temperature.
Topaor is the average duct-oil temperature at rated load.
pw is oil viscosity in the duct.
pwr 1s oil viscosity in the duct at rated load.
Myw is mass of the winding.
Crw is the specific heat of the winding.

The new value of the average winding temperature is calculated from A7w from

equation (A.2).

TW,new = TW,old + ATy (A.3)

The duct-oil temperature rise is given by:

Q X
ATTD0|BO = (TTDOR - TBOR) (ﬁ) (A4)

Where, ATrpojs0 is the duct-oil temperature rise over bottom-oil temperature,
Trpor and Tsor is the top-duct oil and bottom-oil temperature, and x is exponent of duct-oil

rise (0.5 for OA, FA, NDFOA and 1.0 for DFOA).
The duct-oil temperature rise gives the update to 77po, Tpao, and Two as:

Trpo= Tso+ ATrpo/so
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T _ (Trpo*TBo
DAO — 2

Two= Tpo+ HHS ATrpojzo

Where, HHS is the location of hottest temperature of the winding, hotspot. It is
equal to 1.0 when the hottspot is at the top of winding and equal to 0.0 when at the bottom.

HOTTEST-SPOT TEMPERATURE

In finding the hotspot temperature, it is assumed that the entire winding is at the

hotspot temperature. The winding loss at hotspot temperature is:

Pwusr= Tk Pwr

234.54T
Ty = ( HSR

) for copper winding and
234.5+TwR

__ (225+Thsgr
T = (22

) for aluminum winding.
225+Twr

Where Pwnusr is the winding loss at hottest-spot temperature, Tk is the

temperature correction factor, Tusr is the hottest-spot temperature at rated load.

Similar to the duct-oil temperature, within the winding at hotspot location, the

heat generated, absorbed and lost by the winding is defined as:

P
Quscen = K2 (TKHS Pyusr + TEHSR) At
KHS

1

5
Ths—T 3 7
Qusrost = ( 450 )4 (HHSR)4 (Pwysrt+Pgusr)At, for OA, FA, NDFOA

Tusr—Twor ugs
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Tys—T
Qusiosr = (2540 ) (P +Pgp)At , for DFOA

Tsur—Twor
Quscen — Qusrost = Qusaps = My Cpy ATy (A.S)

Where: Quscen, Qnsass, and Qnscosr is the heat generated, absorbed and lost in

time interval (At).
Tkus is the winding resistance correction factor.

Pusr and Pensr are the winding and eddy current losses at rated load at hotspot

temperature.
HS is the hottest-spot temperature.
Tusr is the hottest-spot temperature at rated load.
pus is the oil viscosity at hottest-spot location.
pasr is the oil viscosity at hottest-spot location at rated load.
The new value of hottest-spot temperature is calculated from AT#s of equation
(A.S)

Thsnew = Tusoia + AThs (A.6)

BULK-OIL TEMPERATURE

The model considers the heat that is generated, absorbed, and lost (to the air)

Qocen = Qwrosr T+ QStray + Qcore

1

Toave-Ta \y
QoLost = (M)y Prg AT

ToavGr—TAR

Qwrost + Qstray + Qcore — Qorost = X MCp ATy (A7)
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Where: Qocen ,QwrosT ,Qstray ,Qcore , and Qorost is the heat generated in oil,

heat lost form winding to oil, stray loss heat, core loss heat, and the heat lost.
Toavc is the average bulk-oil temperature, (70 + T30)/2.
Toavaris the average bulk-oil temperature at rated load.
y is the exponent of average oil rise as per table below.
Prr are the total transformer losses at rated load.

>MCp is the summation of the product of mass and specific heat of tank, core,

and oil excluding winding.

Table A.1 — Summary of Exponents

Exponent Type of Cooling System
OA FA NDFOA DFOA
X 0.5 0.5 0.5 1.0 Duct oil rise
Y 0.8 0.9 0.9 1.0 Average oil rise
0.5 0.5 1.0 1.0 Top to bottom oil rise

The new value of the average bulk oil temperature is calculated from AToarG

Equation (A.7)

ToavGnew= T04vG,0ld+ AT04vG (A.8)

The top- and bottom-oil temperature difference is given by:

Q z
ATT0|Bo = (Tror — Tgor) (ﬁ) (A.9)

Where, A Trojs0 is top and bottom oil temperature difference, Tror and Tsor is

top-oil and bottom-oil temperature, and z is exponent of top-oil to bottom-oil rise in radiator.

The top-oil and bottom-oil temperature difference gives the update to 70 and

Tsoas:

TO = Toav+ ATro|Bo/2. (A.10)
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Tpo = Toave - ATro|Bo/2. (A.11)

When the calculation completes the new value of all temperatures, the
calculation loops back to starting point. It reiterates by time step of (A¢) until it reaches the end
of the load cycle. The steady-state temperatures rise can be calculated from the following

equations.

ATyo = [ATTOR'ZFATBOR] (Pr)Y + [ATTOR;ATBOR] (P;)? (A.12)

AT AT AT —-AT
ATgo = [ TOR‘; BOR] (P;)Y — [ TORZ BOR] (Py)? (A.13)
For OA, FA and NDFOA COOlingZ ATTD0R|BOR = ATTDOR - ATBOR

For NDFOA COOlil’lg: ATTDORlBOR = ATWR - ATBOR

For all cooling type: ATrpoio = ATrporjpor K** (A.12)

For OA, FA, and NDFOA cooling,

ATy = [ATyg — ATpop — “TLORER] K16 4 AT, 4 S22 (A.14)

ATys = [ATHSR — ATgor — ATTD0R|BOR]K1'6 + AT + ATrpoiBo (A.15)

For DFOA cooling,

ATW S [ATWR - ATBOR - M’rozﬂ] KZ'O + ATBO + ATTD# (A.16)
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ATys = [ATysr — ATgor — ATTDOR|BOR]K2'0 + ATgo + ATrpojBo (A.17)

This model requires a big number of data of the transformer and other models
like IEEE Clause 7. However, it provides more informative results. For this thesis, this model
was used because the purpose of this project is to know since the beginning all transformers

parameters. It yields more accurate winding losses and hotspot calculations.

To calculate equivalent aging per unit factor, the Arrehenius reaction rate theory
is used considering the hottest-spot temperature of the model.

15000 ]

EQaging = 98- 10-18lsvars (A.18)
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