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Preface

MCEER is a national center of excellence dedicated to the discovery and development
of new knowledge, tools and technologies that equip communities to become more
disaster resilient in the face of earthquakes and other extreme events. MCEER accom-
plishes this through a system of multidisciplinary, multi-hazard research, in tandem
with complimentary education and outreach initiatives.

Headquartered at the University at Buffalo, The State University of New York, MCEER
was originally established by the National Science Foundation in 1986, as the first Na-
tional Center for Earthquake Engineering Research (NCEER). In 1998, it became known
as the Multidisciplinary Center for Earthquake Engineering Research (MCEER), from
which the current name, MCEER, evolved.

Comprising a consortium of researchers and industry partners from numerous disci-
plines and institutions throughout the United States, MCEER’s mission has expanded
from its original focus on earthquake engineering to one which addresses the technical
and socio-economic impacts of a variety of hazards, both natural and man-made, on
critical infrastructure, facilities, and society.

The Center derives support from several Federal agencies, including the National Sci-
ence Foundation, Federal Highway Administration, National Institute of Standards
and Technology, Department of Homeland Security /Federal Emergency Management
Agency, and the State of New York, other state governments, academic institutions,
foreign governments and private industry.

The Bonneville Power Administration (BPA) and the California Energy Commission
(CEC) are supporting a series of studies on the resilience of electric power substation
equipment that focus on the following topics:

* Reducing Disruption of Power Systems in Earthquakes: Advanced Methods for
Protecting Substation Equipment
* Analysis of the Seismic Performance of Transformer Bushings

Itis envisioned that these studies will result in the development of cost effective seismic
protective solutions for transformer-bushing systems and other electrical substation
equipment considering inertial effects and dynamic interaction with conductors. Fur-
thermore, new knowledge discovered about the bushing-transformer seismic interaction
will be translated into a proposed revision of the IEEE 693 Standard. A series of MCEER
reports will document the results of these studies.

In this study, existing transformers are modeled to explore the effects of modeling variations and
structural modifications that could impact the response of bushings mounted on the transformer
covers. A model was developed to identify the dynamic characteristics of the transformer and the
significant interactions between various components and the high voltage bushings. A number



of structural modifications were introduced to observe the sensitivity of the responses of the
bushings when mounted on different transformer models. Each model was investigated using
modal and spectral analyses, using random and spectrum compatible (IEEE 693-2005) ground
motion. The responses were measured at the top of bushings, the corners of the cover plate and
the base of the turrets. Furthermore, the spectra at the corners of the cover plate and at the base
of the turrets were obtained and associated with the bushings’ response. The transformer was
also analyzed for vacuum pressure, to determine the most adverse displacement condition for the
interconnected interior cables. Finally, simplified models were explored in which the cover plate,
along with its stiffeners and the bushings, was separated from the transformer. Various boundary
conditions were examined in an effort to determine the degrees of approximation of bushings’
response with respect to the response obtained from the full transformer model. Recommenda-
tions for guidelines on modeling transformers and bushings can be derived from this work.



ABSTRACT

Electrical transformers are complex structures, crucial for the operation of a power system, an
important infrastructure and lifeline essential for community resilience. Damage sustained in past
strong earthquakes rendered many of them unusable, leading to severe economic losses. Of
particular interest for the overall performance is the dynamic response of high voltage bushings,
the failure of which is closely associated with the loss of functionality of the transformer.

This study deals with the modeling of existing transformers and bushings to evaluate the
effects of modeling variations and possible structural modifications that may affect their dynamic
characteristics, and the significant interactions between various components and the high voltage
bushings. Detailed sensitivity analyses are performed on a finite element model which comprises
three identical 196 kV/230 kV bushings mounted on the cover of a 230 kV transformer with
variation of properties that simulate different transformers.

Bushings are modeled using properties provided by manufacturers while the
transformer’s tank cover plate is modeled considering only the important structural features. To
determine the behavior of the tank and bushings, the base of the structure is excited alternatively
with wide band random motion (white noise) and with the IEEE-693 spectrum compatible
ground motions. Transfer functions are calculated to determine the relevant dynamic properties,
even when the structure has mild nonlinear behavior.

The interaction between the bushings and several main parts of the transformer is
assessed through cross-spectra and coherences. Sensitivity of interaction is determined by
modifying properties of interacting critical parts of the transformer, especially the cover,
radiators, surge arresters and the core assembly. Moreover, the response quantities of interest
(accelerations and displacements) are measured at specific locations related to the bushings, at
the corners of the transformer cover and at the base of turrets connecting the bushings to the
tank.

Detailed techniques for the modeling of the bushings are presented in this report along
with a discussion on the sensitivity of interactions. Additional investigations were conducted to
explore feasibility and approximations in analyzing simplified models in which the tank cover

and the bushings are separated from the transformer. The report presents the sensitivity study on



modeling various boundary conditions in the simplified model in an effort to match the response
of the bushings with the response obtained from the full model.

The report also presents the global amplification effects of the tank construction on the
response of the tank cover at base of bushings, and the effects on the apparent dynamic
properties of bushings. Recommendations for guidelines on modeling transformers and bushings

can be derived from this work.
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SECTION 1

INTRODUCTION

1.1 Background on Power Transmission

The transmission of the electrical current from the generating station to the site of distribution is
a multi phased procedure. From the moment electricity is produced until it is provided to the
consumers, its voltage needs to be modulated many times.

In most cases when the power plant is located a long distance from the load, it is
desirable that electricity is transmitted with minimal losses. In electrical engineering terms, for a
given power level and conductor diameter higher voltage results in lower current transfer. The
power lost is proportional to the square of the current; it is therefore preferable to use a high

voltage electric power transmission system.

Figure 1-1 Typical substation (Photo: David Neale)



The load end is most commonly a dedicated plant which is referred to as the substation
(Figure 1-1). The substation contains an ensemble of technical equipment serving to step the
voltage down and transfer the power to the external distribution system. Among this equipment,
the electrical transformer is probably the most crucial component for the operation of the
substation.

Electrical transformers (Figure 1-2) are devices used to transform voltage from one level
to another. Before the transfer through the high voltage lines is realized, a transformer installed
at the production site is used to amplify the voltage of the current produced at the power plant.
Accordingly, at the load end, a transformer is used as well to step the voltage down to acceptable

levels prior to the distribution through the local transmission lines.

Figure 1-2 Electrical transformer -
(Photo: Electrical Technologies Company)

The basic parts of the transformer are: the tank (filled with oil), the bushings, the
conservator, the radiators, the core and the coils. The core and coil assembly, through which the

transformation of the electrical current is achieved, are located inside the oil filled tank for



insulation purposes and for protection from the elements. The oil serves as a means of cooling
for the core, which is heated appreciably during the process of transformation. The oil also
provides electrical insulation between the internal components. It is necessary that the oil
remains stable at high temperatures for an extended period. To enhance the procedure of cooling
through convection, the heated oil is circulated through external radiators, usually attached to the
side of the tank. The conservator is an external reservoir tank located above the transformer and

connected to the main tank so that the oil in the main tank is free to expand at high temperatures.

- Dome
- Multi-tier spring

UPPER-3
" porcelain unit

T Gasket

/" (typical)
/_UPPER-
/}" porcelain unit

7 Aluminum core

__+ Condenser
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_—— UPPER-1
porcelam umt

- Lifting lug

& ;17 ——- Steel flange plate

o —— Aluminum lower support

=

\h ,J o LOWER porcelam umt

Figure 1-3 A 550 kV high voltage bushing (at SEESL) and its
components (courtesy PEER)

The bushings are cantilever-like insulated conductors, mounted directly to the top plate of

the transformer tank or on a turret welded to the top of the tank. They serve to connect the high



voltage power lines, while at the same time insulating them from the metallic, conductible walls
of the tank. The insulation is typically achieved by placing the conductor inside a case usually
made of porcelain. To prevent a flashover the surrounding porcelain is designed to provide a
relatively long distance between the power cables and the coils. Therefore, the external part of a
bushing is comprised of annular porcelain segments stacked upon one another and held in place
(post-tensioned) by the conductor itself. The remaining space between the conductor and the
porcelain is filled with kraft paper and oil for more adequate insulation. A representation of a

550 kV bushing and its components is depicted in Figure 1-3(b).
1.2 Performance in Past Earthquakes

During past moderate and severe ground shaking events, the performance of electrical equipment
and particularly electrical transformers were shown to be unsatisfactory. Examples of these
events are: the 1989 Loma Prieta earthquake, the 1994 Northridge earthquake, the 1995 Kobe
earthquake, the 1999 Izmit and Chi-Chi earthquakes (Schiff 1995, 1998, Schiff and Tang 2000,
Tang 2000). The immediate estimated cost was in the range of hundreds of millions of dollars for
each of these events. Additional costs include: the clearance and replacement expenses of the
damaged equipment, the expenses for the restoration of the normal network operation and the
daily revenue losses due to the disruption of the network operation because of severe damage to
the equipment. Apart from the direct impact on local economy, the restoration of the network
operation was also significantly impeded by the loss of power itself, in the case of a blackout.

In consideration of the damage observed in electrical transformers so far, the types of
failure could be classified as: global, when the damage inflicted pertains to the stability of the

transformer body, and local, when a component of the transformer fails.



Among the global modes of failure, the most commonly encountered are the anchorage
failure and the failure of unrestrained transformers. The anchorage is generally achieved by
fixing the tank to the foundation with anchor bolts or by welding. There are cases in which the
anchorage failed, causing ripping in the tank and oil leakage. There are even cases where the
foundation was inadequately designed for the seismic overturning moments and failed, causing
the transformer to rock and tilt. Unrestrained transformers, such as rail mounted transformers and
transformers simply mounted on top of a foundation pad, experience the most common failures
suffering permanent displacements and even overturning when the ground shaking is significant

(Figure 1-4).

Figure 1-4 Permanent offset (right) and overturning (left) of rail mounted transformers
(Photos: Anshel Schiff)

Among the components comprising the transformer, bushings have proven to be the most
vulnerable during past earthquakes. Failure in the bushings includes oil leakage due to extrusion
of the gasket located at the transformer-bushing interface and fracture of the porcelain (Figure
1-5). This type of damage is closely associated to the nature of their design. Bushings are
manufactured relatively long and thus tend to accumulate large moments and stresses close to

their base. The problem is aggravated because of the porcelain used externally for insulation,



which is a low strength and inherently brittle material. Therefore, bushings tend to fracture and

slip at their base.

Figure 1-5 Cracked bushing (right) and gasket failure (left) due to slippage
(Photos: Anshel Schiff)
Finally, apart from the bushings in which the damage inflicted is usually the most
catastrophic for the operation of the transformer, failure has also been observed in various other

components such as the radiators, the conservators and the surge arresters.



1.3 Seismic Design Specifications for Electrical Transformers

Past performance has revealed that indispensable components for the functionality of a
substation, such as electrical transformers and bushings, are particularly susceptible to damage
during a significant earthquake. The seismic design of the equipment which followed much
lower seismic standards and adopted prior to the severe events mentioned earlier, is the main
cause for the majority of the failures observed. It is thus desirable that the sensitive substation
equipment is qualified for high ground excitation levels so that the damage inflicted, and most
importantly the disruption of the substation functionality, is minimal.

Towards this end, the Institute of Electrical and Electronic Engineers has developed a
national standard entitled “IEEE Recommended Practice for Seismic Design of Substations”
(IEEE 693-2005). The standard emphasizes the qualification of the electrical equipment for a
range of performance levels and its use is voluntarily.

There are three performance levels (PL) identified in IEEE 693-2005: high, moderate and
low. Each PL is represented by a response spectrum that envelopes response spectra from
anticipated earthquakes at the location of transformer at his base. The response spectrum for the
high-level and the moderate-level qualification corresponds to a peak ground acceleration of 1.0
g and 0.5 g respectively. The low-level performance is permitted when no special consideration

is given to seismic performance.
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Figure 1-6 High seismic PL (up) and high seismic SQL (down) as per IEEE-693-2005

Procedures for equipment qualification include experimental and more specifically, shake
table testing, as well as analytical using engineering computations. IEEE 693-2005 recognizes
that it is often impractical or not cost effective to test to the high or moderate PL. On the one
hand, it is possible that test laboratories may not be able to attain the required high acceleration
levels, and on the other, although yielding of ductile materials is considered acceptable at the PL,

some structural components may be damaged and rendered inefficient for further use. Thus, in



the IEEE standard it is suggested that the equipment be tested at one-half of the respective PL
accelerations. The reduced level of testing motion is seismic qualification level (SQL). A
comparison between the high level PL and the respective SQL spectrum is shown in Figure 1-6.

Equipment tested or analyzed to the SQL is expected to have acceptable performance at
the PL. For this purpose the stresses obtained from the analysis at the SQL are measured and
compared to the stresses at one-half of the ultimate strength of the porcelain or cast aluminum
components. A lower factor of safety against yield is used to account for nonlinear behavior in
steel and other ductile components.

IEEE 693-2005 separates the bushings into two categories for their qualification:
bushings with voltage capacity less than 161 kV and bushings with voltage capacity equal or
greater than 161 kV. Bushings with voltage capacity less than 161 kV can be qualified by a static
pull test. In that case, a quasi static load equal to twice the weight of the bushing is applied
horizontally at the top of the bushing and held for at least 2 seconds. Bushings with capacity
larger than 161 kV need to be qualified through a time history shake table test. The Test
Response Spectrum (TRS) obtained from the time history selected, should envelope the Required
Response Spectrum (RRS) or its fraction. Since it is impractical to test a bushing attached to a
transformer or liquid-filled reactor, the bushing can be mounted on a rigid stand during the test.

IEEE 693-2005 acknowledges that the acceleration which the bushing actually
experiences, during the ground excitation, is amplified due to the response of the transformer
body and the local flexibility of the area around the bushing. Therefore, it is specified that the
bushing, which is mounted in-field on the cover of the transformer, will be tested with an input
motion of twice the relative on-the-ground PL or SQL motions to account for this amplification.

The testing should be carried out with the bushing installed at no less than its in-service slope



(the slope angle measured from vertical). It is recommended though, that the bushing be tested at
20 degrees measured from vertical, so that it is qualified for use on all transformers with angles
varying from vertical to 20 degrees. All bushings at angles greater than 20 degrees will be tested

at their in-service angle.
1.4 Background on Behavior of Transformers and Bushings

Several studies have been conducted in the past 15 years for the seismic performance evaluation
of porcelain bushings. Most of them involve experimental testing for the qualification of
bushings under the recommendations of IEEE 693-2005. Fewer studies were conducted in
investigating the detailed finite element modeling of the transformer-bushing assembly
performance.

Wilcoski (1997) performed shake table fragility testing of a 500 kV bushing. The
fundamental frequency of vibration and the damping ratio were measured in the range of 5.7 to
6.4 Hz and 2.5% to 3% of critical. The bushing experienced oil leakage when the IEEE 693-2005
response spectrum was scaled for a peak ground acceleration (PGA) of 1 g.

Bellorini et al. (1997) performed in situ excitation tests on a 230 kV transformer with the
objective of determining its dynamic characteristics. The fundamental frequencies of the
transformer and the 230 kV bushing attached to it were estimated at 3.5 and 11.0 Hz respectively
and the damping ratio was estimated at 2% of critical. A three dimensional finite element model
of the full transformer was developed for numerical analyses, from which the modal frequencies
obtained approximated the corresponding experimental frequencies. The amplification between
the ground and the bushing flange as well as the ground and the bushing center of gravity found
from time history analyses were 2.16 and 2.80 respectively. The corresponding values calculated

from the IEC 61463 standard (International Electrotechnical Commission “Bushings-Seismic
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qualification” Standard) are 1.5 and 4.5. This is considered inadequate in regard to the
amplification at the flange but very conservative when the amplification at the bushing center of
gravity is concerned.

Seismic shake table testing of 196 kV, 230 kV and 550 kV bushings were carried out by
the University of California at Berkeley (Gilani et al. 1998, 1999). The main objectives of the
studies were to assess the dynamic properties of the bushings and qualify them under the IEEE
693-2005 recommendations. Two 196 kV bushings were mounted on a rigid frame at an angle of
20 degrees and subjected to near-field ground motions that were matched to the IEEE required
spectra. The bushing frequencies and damping ratios measured ranged from 14 to 16 Hz and 2%
to 4% of critical respectively. Neither bushing 1 or 2 presented evident signs of structural
damage or oil leakage and seismically qualified for moderate and high performance level,
respectively. Two identical 230 kV bushings were tested under the same configuration on the
rigid frame and qualified for high performance level. The frequencies obtained were in the range
of 18 to 20 Hz and the damping ratio 2% to 3% of critical. The first bushing was also subjected
to static monotonic and cyclic tests. The second bushing was mounted on a flexible plate and
subjected to fragility testing. The frequencies obtained in that case were in the range of 6.5 to 7.5
Hz and the damping ratio was 2% to 5% of critical. The last two tests were repeated using two
different rings around the gasket as retrofit for the prevention of slip and leakage. Of those, only
the ring installed in the second bushing was effective. Finally, three 550 kV bushings were
tested. The first bushing was a typical example of a bushing used in practice and the remaining
two were modifications of the first with the aim of improving its seismic performance. The
assessed frequency and damping ratio was 8 Hz and 4% of critical respectively for all the

bushings. The first and second bushings were subjected to fragility testing, while the third
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bushing was tested for moderate level qualification. Oil leakage and slip of the upper porcelain
unit over the flange was observed for all bushings, which were therefore disqualified.

Villaverde et al. (1999) investigated the dynamic properties of two 500 kV and two 230
kV transformers by conducting field tests. The fundamental frequencies ranged from 2.4 to 3.4
Hz for the 500 kV and were close to 4 Hz for the 230 kV transformers. The damping ratios
ranged from 1.5% to 3.6% and 1.4% to 4.5% of the critical for the 500 kV and the 230 kV
transformers respectively. Moreover, three analytical models were developed for the two 500 kV
transformers in order to determine the amplification factor between the ground and the bushing
flange. The transformers were represented by flexible beam elements with lumped masses and
the numerical frequencies calculated matched closely to experimental ones. Numerical analysis
under a wide variety of ground motions revealed that the amplification factor could be twice as
large as the factor proposed by IEEE 693-2005.

Ersoy and Saadeghvaziri (2003) developed full finite element models of three different
transformers. The three 196 kV bushings mounted on top of each transformer were modeled
explicitly so that their properties were captured sufficiently. The transformer frequencies were
calculated in the range of 11 to 14 Hz in the weak direction and 18.5 to 22.5 Hz in the strong
direction. The as installed bushing frequencies of the bushings were calculated in the range of 10
to 11 Hz. The results from time history analyses revealed that the amplification factor at the
flange exceeded the value of 2 and the flexibility of the transformer, especially in the weak
direction, affected the seismic response of the bushings.

Filiatrault and Matt (2006) performed time history analyses on finite element models of
four different transformers. The objective of the analyses was to assess the amplification factors

at the base of the bushings for ground motions that were scaled to the high performance level
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spectrum, specified by IEEE 693-2005. The tank fundamental frequencies were in the range of 8
to 14 Hz in the weak direction and 11 to 25 Hz in the strong direction. The as-installed
fundamental bushing frequencies were close to 3 Hz for the 500 kV/525 kV bushings and 9 Hz
for the 230 kV bushing. It was found that the amplification factor of the bushing frequency can
significantly exceed the factor of 2, as proposed by the IEEE 693-2005 standard, especially when
the tank frequency is close to the fundamental as installed bushing frequency.

With the exception of 500 kV bushings, the experimental studies have demonstrated
excellent seismic performance of this type of electrical equipment. For the bushing qualification,
the IEEE 693-2005 standard recommendations were principally followed. The recommendations
specify that during the experiments the bushing is mounted on a rigid frame and the ground
motions used matched the on-the-ground RRS multiplied by a factor of 2 which is deemed to
adequately account for the flexibility of the transformer.

The outcome of the numerical studies carried out on a range of transformer-bushing
systems has indicated that the amplification factor at the base of the bushing can exceed the
value of 2, as specified by the IEEE 693-2005. More specifically, it has been shown that the
cover plate response can be affected by the flexibility of the tank, the flexibility of the cover
plate and the response of the individual components comprising the transformer. This could
justify the discrepancy between the good experimental results and the actual seismic

vulnerability of bushings observed in past earthquakes.
1.5 Objectives of the Research

There are three objectives that constitute the subject of the current research:
(1) The first objective is to appropriately modify and enhance finite element models of actual

transformers which are usually modeled according to current practice for static analyses.
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These models are then used to identify the dynamic characteristics of the transformers
and of the critical components that influence the dynamic response of the high voltage
porcelain bushings.

(2) The second objective is to investigate the dynamic response of the high voltage porcelain
bushings and assess the amplification that occurs between the base and the top of the
tank, at the base of the bushings. From these assessments, a variety of potential structural
modifications to improve the model are constructed.

(3) The third objective is to develop a simplified and reduced model, analog to the response
of the full transformer model, for the evaluation of the dynamics of the transformer’s
cover and of the bushings; The reduced model includes a separate cover plate and
bushings with various alternative boundary conditions intended to determine the degree
of approximation in the dynamic characteristics and the response of the high voltage
porcelain bushings.

(4) Finally the current research is intended to suggest some guidelines for modeling
transformers and bushings

To aid in the completion of the first objective a finite element model of a commercial
transformer model was developed for static analysis and verification of transformers stresses
under equivalent (dynamic) loads. However, elaborate re-modeling had to be conducted in order
to incorporate the necessary features needed for a reliable dynamic analysis, as desired. The
modified model was excited with the random “white-noise” ground motion, from which the
dynamic characteristics of the transformer and its components, were determined. These dynamic
characteristics were identified through transfer functions in the frequency domain. The

interaction between selected transformer components and the high voltage bushings was
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investigated, through cross-spectra and coherences in the frequency domain. These methods
provide information on the correlation of two individual signals but no information on the real
existence of interaction between the components. Therefore, the results were screened also by
conducting visual investigation of the modes obtained from modal analysis of the model, at the
frequencies of the presumed interaction.

For the second objective, the enhanced finite element model is subjected to a number of
modifications that altered the structural properties of the transformer. These modifications dealt
with the removal of equipment and various seismic bracing schemes of crucial transformer
attachments. The modified models were analyzed for three dimensional base acceleration
histories that matched the 2% damped high performance level (HPL) which is 1.0g RRS as
specified by the IEEE 693-2005 standard. For each numerical analysis the response at the base of
the turrets and the response at the corners of the cover plate were obtained in terms of
acceleration. The amplification factors from the ground to the corners of the cover plate and the
base of the turrets were assessed and compared with the respective factor of two (x2) suggested
by the IEEE 693-2005 Standard

For the final objective, the cover plate is modeled separately from the model of the full
transformer’s tank and is supported along its perimeter. The components that are usually
mounted or directly connected to the cover plate in the full model were excluded from the
“separated cover model”, except the bushings. In order to determine the conditions for which the
as-installed frequencies and response of the bushings approached the respective values obtained
when the full transformer model is investigated various boundary conditions are examined. In the
full model of the transformer, there are small rotations along the borders of the cover which are

the result of the tank’s walls flexibilities. Since those are relatively small, those are neglected in
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the excitation of the “separated cover model”. Moreover these rotations are completely
negligible near the corners. Therefore, linear acceleration response at the corners of the cover
plate are used to assess the dynamic behavior of the components connected to the “separated
cover model” Considering the above, an average of the response at the four corners are used as
input motion to the “separated cover model”. This average was obtained from the full

transformer model subjected to the IEEE 693-2005 compatible ground motion.

1.6 Organization of the Report

The report is organized into nine sections. A general presentation of the transformer investigated
and a detailed description of the most significant components of the transformer that are
considered in the sensitivity analyses are made in Section 2. The original finite element model of
the transformer, provided for static analysis in SAP2000, is presented in Section 3. The modeling
variations of critical transformer components in the finite element model and the techniques
employed for the assessment of interactions between the high voltage bushings and the critical
components modified, are dealt with in Section 4. The analysis results from the dynamic
identification of the transformer and the interactions observed are presented in Section 5. The
sensitivity of interactions is carefully investigated through wvarious potential structural
modifications of the enhanced finite element model and are presented in Section 6. The analyses
of the structurally modified models are shown and discussed in Section 7. Special models which
comprise the cover plate separated from the transformer and analyzed for various boundary
conditions are dealt with in Section 8. A simplified approach for approximating the bushing
frequency as installed on the cover in presented in Section 9. Finally, concluding remarks and

recommendation for modeling are summarized in section 10.
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SECTION 2

DESCRIPTION OF SELECTED MODEL

2.1 Overview

This study deals with the modeling of electrical transformers, the seismic performance
identification, and qualification of high voltage bushings. The high voltage bushings are fragile
parts of the transformer (usually mounted on the tank cover) and their failure is closely
associated with the loss of functionality of the transformer. The behavior of these elements needs
to be assessed not only for rigid base conditions, but through interaction with various
components of the transformer. These interactions include when the bushings are supported by
the cover plate and subsequently, incorporate their as-installed properties. For the purposes of
this study, a typical commercial transformer model has been selected. This section deals with the
presentation of the transformer components that are expected to affect the dynamic response of

the bushings significantly. The properties of the specific components are also described in detail.
2.2 Transformer Construction

The transformer selected for the investigations is a 230 kV Ferranti-Packard model which
comprises of three identical 196 kV / 230 kV bushings, mounted on the transformer’s cover
plate. The first and third bushings are inclined and the central bushing is vertical. This is

illustrated in Figure 2-1 where a typical transformer (of a different make) is presented.
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Figure 2-1 Typical three phase high voltage transformer

Each bushing is made of three parts: the upper bushing extending over the turret, the
lower bushing immersed inside the tank and the bushing flange through which the bushing is
connected to the turret cover. The bushing flange has 12 holes for the bushing to be bolted on the
turret cover, arranged in a circular array.

The turret is a cylindrical structure welded on the cover plate and has an annular metal
cover bolted to the top. At a small distance from the hole there are twelve studs where the holes
of the bushing flange are fitted (bolted) and support the bushing. At the bottom of the turret there
is an internal annular disk which serves as the support for the two current transformers located at
the bottom of the turret.

The main body of the transformer is the tank, which incorporates many essential
components for the functionality of the substation, i.e. the core assembly, the conductors and the
oil. In addition, the tank in the current model serves as the supporting structure for all of the

external parts of the transformer. The most crucial external parts for the dynamic response of the
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structure are the bushings, the conservator, the radiators and the high voltage surge arresters. The
bushings are vulnerable to dynamic excitation, while the rest are usually massive components

that can potentially affect the response of the more sensitive equipment.

Figure 2-2 Transformer tank structure

The tank has a length of [, = 190 in, a width of t, = 100 in and a height of h; = 155 in.
Figure 2-2 depicts the tank as seen from the side where the conservator is intended to be
supported. The load tap changer attached to the tank wall and the supporting frame of the
conservator can be discerned. Regarding the load tap changer, it is a relatively heavy component

with weight of wy;. = 5500 lbs, length [;;, = 66 in, width t;;, = 32 in and height h;;, = 54 in.
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Figure 2-3 QOil conservator and connection to the tank

Figure 2-3 is an illustration of the conservator and its connection to the tank wall. It can be seen
that the connection to the tank wall of the beams supporting the conservator are close to the
boundaries of the wall. The conservator is in essence a cylindrical oil reservoir used for the
surplus oil during its expansion (when heated) in the main tank which is allowed to expand freely
without applying pressure to the walls.

The core-coil assembly is a heavy component as specified by the relative drawings. The
main part of the core is a frame consisting of three vertical and two horizontal parts. These
components run along the top and the bottom of the frame (Figure 2-5) and are made up of thin

sheets of magnetic steel. The sheets have different widths that result in an approximate circular
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section for the parts of the frame. Around each vertical member, a winding assembly is fitted
(Figure 2-4), allowing the coils of the core to be formed. The core and coil assembly is clamped

at the top and bottom with two pairs of steel beams running along the longitudinal direction.

Figure 2-4 Core and coil assembly as seen from the high voltage (up) and the low voltage
(down) side
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Also shown in Figure 2-4 are the leads connected to the core located at the low voltage
side.

The connectivity of the core assembly to the tank is illustrated in Figure 2-5. At the
bottom, the core is simply resting on the base plate. More specifically, the notches of the bottom
clamps (Figure 2-4) are fitted over the rectangular shaped bars welded on the base plate. The

bars act as restrainers in the transverse direction but permit the vertical motion of the clamp.

Figure 2-5 Details of c;);eagsembly connection to the end walls (up) and to the transverse
beam (down)
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The top clamps are connected to the end wall on one side and to a transversal beam on
the other side. It can be seen from the figures below that the connections are made in such way
that some rotation is allowed at these locations.

Apart from the core coil assembly, a small transformer is installed inside the tank,
depicted in Figure 2-6 below. This component is bolted on the base plate and also connected to

the tank wall.

Figure 2-6 Small transformer unit before (left) and after (right) installed in the tank

The transformer comprises a total of fourteen radiators used for cooling the heated oil
inside the tank. These radiators are assembled in groups, which are braced by diagonal bars at the

top and bottom of each group. The braces connect an L shaped element, which is bolted to the
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radiators in the longitudinal direction and used for their support on the tank, with the supporting
joints on the tank wall. The connection of each group to the tank is made at distinct locations

shown at the top and bottom of the tank wall in Figure 2-7.

Figure 2-7 Side of tank where the radiators are attached. (supporting joints shown)

Finally, the transformer is made of three high voltage surge arresters (not shown in the
figures above) connected to the tank cover on the side where the high voltage bushings are
located. Note that there are many other components attached to the transformer, such is the
reactor. Those parts have relatively small mass to be considered in the dynamic analysis and
have shown sufficient performance in past seismic events. Therefore, for reasons of simplicity

they have not been referenced in the current section.
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SECTION 3

FINITE ELEMENT MODELING OF SELECTED TRANSFORMER

3.1 Overview

A finite element model of the 230kV transformer has been developed with the SAP2000
structural analysis program by W. E. Gundy & Associates, Inc. This model which was prepared

for the static analysis was provided for the current research (Figure 3-1)

Figure 3-1 Original model in SAP2000

Since the current study deals with the sensitivity of dynamic interactions and special
modeling features are needed for some components, proposed modifications on some parts are
necessary. .In the following sections, the re-modeling of the most significant parts of the
transformer are presented. Also, for sake of simplicity from this point and further, the initial

model will be referred as the “original model”.
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Additionally, the materials and cross sections used in SAP2000 for the representation of
the transformer and its components along with a comprehensive description of the most

significant modes of the model are presented in relevant tables.
3.2 Description of Global and Component Modeling
3.2.1 High Voltage Bushings

The high voltage bushings in the current transformer are mounted on the cover plate of the tank
as shown in Figure 3-1 and more clearly in Figure 3-2. The central bushing is orientated
vertically, the first and third are rotated to the left and to the right respectively, at an angle
of 18.5%. The bushings are coplanar, on a vertical plane in the longitudinal direction of the

transformer, as is indicated in the structural drawings provided by the manufacturer.

Figure 3-2 High voltage bushings in the original model
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Each bushing in the model is an assembly of three parts. The first and upper part
represents the actual bushing. It is a beam element with a length of 90 in, distributed mass and
weight. The total weight of the bushing is W}, = 1000 [bs as specified by the manufacturer. The
modulus of elasticity of the material used is E = 6000 ksi and the diameter of the circular cross
section used in the beam element is d = 12 in.

The second part is a radial array of rigid elements connected to the turret, which represent
the bushing flange. The bushing starts at the center of the flange and is extended upwards using a
total of eight elements. Half of the elements have a length of 8 in and the remaining elements
have a length of 7.56 in.

The lower part in the assembly is the turret. It has a height of 12 in (vertical bushing) and
has the shape of a polyhedron with the same number of facets as the number of the radial rigid

elements.

Figure 3-3 Vertical (left) and inclined (right) high voltage bushings in the original model

27



Removing the bushing along with the flange from the finite element model and fixing the

ends of the rigid radial elements, the fixed base frequency obtained is:
f=1750Hz

This presents a small discrepancy from the rigid base frequency range provided by the
manufacturer (14.1-15.8 Hz). Seeing that the main part of the current study deals with the
dynamic identification of the transformer components and the assessment of the interactions
between these components, it is important that the existing bushing is modified so that its
frequency lies in the range of reference.

In consideration of the fact that SAP2000 automatically calculates the total mass of an
element and equally distributes it to the nodes, (using the bushing properties mentioned earlier)

the fixed base frequency of the bushing (excluding the flange) can be calculated as:

, 3E11 3*6000*103*n*124_2217H
f'= 27‘[ M 27t h3 27I (500/386.22) = 64 * 903 o d

After comparing the two frequencies, there is a difference which must be attributed to the

stiffness of the elements making up the flange, which is a fairly stiff component. For the scope of
the current study it is essential that the rigidity of the elements used in the flange is large enough.
The reason for this is so the frequency of the bushing, as installed on the turret, matches the fixed
base frequency. It is also desired that the interaction between the bushing flange and the turret
cover is captured as accurately as possible because this interaction will have an effect on the as
installed bushing frequency. In SAP2000, stiffening can be achieved either by using rigid links,
or by using elements, the stiffness of which is significantly increased with respect to the stiffness
of the remaining elements in the structure. The rigid links should be used carefully because they

may produce erroneous results. For the second case increasing the stiffness, of the members that
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are intended to be rigid, by an order of 10° with respect to the stiffness of the remaining
elements in the structure is sufficient.

It is desirable to model the bushing-turret interface as exactly as possible because that
may have a significant effect on the as installed frequency of the bushing. Therefore, the number
and length of the radial, rigid elements in the flange should be modified appropriately in order to
match the data provided by the manufacturer.

Concerning the inclined bushing, the rotation occurs around a transversal axis passing
from the center of the flange as it was defined above. Along with the bushing, the flange and the
turret cover have been rotated as well. The turret body was not rotated but the wall height was
adjusted in order to adapt to the rotation of the turret cover (Figure 3-3).

Finally, the mass of the current transformers needs to be incorporated in the turret for the
following dynamic analysis. In the static analysis, for which the original model is intended, the
inclusion of these components will not have a significant effect as their weight is relatively
small. However, in the current study, in which the as-installed frequency of the bushing-turret
assembly plays a major role, the current transformers can potentially affect the analysis results.
Following the inclusion of the current transformers, the whole turret body of the vertical bushing
assembly could be included in the inclined bushing assembly. However, turret body will be
rotated about the transversal axis for the inclined bushings, with a portion of the turret immersed

into the tank.
3.2.2 Core-Coil Assembly

The linear and the extruded representation of the core-coil assembly and the base plate in
SAP2000 are shown in Figure 3-4. The main parts of the core can be discerned: the top and the

bottom clamps, the vertical elements representing the coils, the transverse beam and the rigid
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elements at the ends of the top clamps, through which the connection of the core to the side and
the end walls respectively is achieved. Also shown aside the core assembly is the small

transformer consisting of three vertical coils.

Figure 3-4 Core assembly and base plate linear (up) and extruded (down)
representation in the original model
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As far as the modeling of the core clamps is concerned, each part of the clamps is a shell
with thickness of t; = 1.25 in, length of [ = 150 in and height of h = 18.5 in for the clamp
located at the bottom and h = 18 in for the clamp located at the top. The two parts consisting of
each clamp are connected with transversal rigid elements of length equal to 24 in . This
represents the confinement provided to the clamps by the core. The rigid elements are located at
the bottom of the top clamp and at the top of the bottom clamp, which are connected at their ends
with rigid elements in the longitudinal direction (Figure 3-4). The clamps are connected at a
central length, except for an offset of 20 in at their ends, which is not confined by the core and is
free to deform. The distance between the top and bottom clamps is equal to the height of the
vertical elements, h = 87 in.

In this study the core is considered a crucial component of the transformer, in the sense
that it is a massive part (with a total weight of w, = 81100 lbs) that can affect the dynamic
behavior of the whole structure. More importantly the core can affect the dynamic behavior of
the bushings, especially in the case that it is braced to the tank wall. Therefore, when the
transformer is examined dynamically, the correct modeling of the core assembly is of particular
significance. The main part of the core should be modeled as a frame, the vertical parts of which
accommodate the coils. This means that the vertical parts of the core should be connected at their
ends. Also, the confinement should be applied up to the middle of each clamp because the frame
of the core actually extends up to that level. This would have an effect on the deformations of the
clamps. Finally, the clamps should be well discretized, especially at their ends, so that their

deformations during the dynamic excitation are captured accurately.
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3.2.3 Boundary Conditions of the Core-Coil Assembly

On one side the top core clamp is directly connected to the end wall and on the other side it is
connected to a transversal beam, which is supported on the side walls (Figure 3-4 and Figure
3-5). The connection at both ends is fixed, and so is the connection of the transversal beam to the
side walls. However, as indicated by the manufacturer drawings, this type of connection will
allow small displacements and rotations in the clamp. The actual conditions at the ends of the
transverse beam also present the same features. The provision for the appropriate modeling of
these connections may play an important role in the motion of the core Elaborate dynamic
analysis needs to be conducted to determine how the connections play a role in the motion of the

core€.

Figure 3-5 Top core clamp and transverse beam connection in the original model

In regards to the connectivity at the bottom of the core assembly, the bottom clamp is
connected to the base plate along its whole length in the original model (Figure 3-6). This has a

significant impact on the dynamic behavior of the core because in the actual transformer the core
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assembly is usually resting on the base plate. More specifically, in the actual model, the bottom
clamp is provided with rectangular slots at its bottom at a distance of 5 in from their ends. At the
same locations, there are transversal bars welded on the base plate. When the core is placed
inside the tank, the slots of the bottom clamp are fitted around the welded bars. The clamp is
constrained laterally by restrainers situated at these locations, specifically for that purpose, but

not vertically. This should be specifically accounted for in a detailed dynamic analysis.

Figure 3-6 Bottom core clamp and base plate connection in the original model

3.2.4 Radiators

The radiators are modeled as depicted in Figure 3-7 and the surge arresters have been removed
from the representation for illustrative purposes. The radiators are represented in the original
model with vertical elements of rectangular cross section, having a height of h,, = 118 in and
weight of W, = 695 lbs each, and are arranged in six groups. Each group composed of
diagonally oriented braces on a horizontal plane at the top and the bottom, which extends up to
half the length of the group. Also, the radiator groups are directly supported on the tank walls
with fixed connections, except for the first and fifth groups away from the conservator. The first
and fifth groups are supported on two beams at the top and the bottom, which are fixed to the

tank walls. In order to restrain the vertical motion of the first and fifth groups, they are
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diagonally braced to the respective tank wall at their bottom and the fifth group is braced

additionally at its top.
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Figure 3-7 Radiators in the original model

3.2.5 Conservator

The conservator is modeled as a cylindrical tank made up of shell elements. The tank is
supported by two horizontal and two diagonal beams fixed to the tank wall. It is considered to be
full of oil, which has been distributed uniformly on the walls as vertical loading. It is possible
that the tank will be half-full of oil at some point, and therefore the effect of the oil sloshing
inside the tank, on the dynamic response of the conservator, needs to be investigated in a detailed

analysis.
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Figure 3-8 Conservator in the original model

3.2.6 Boundary Conditions of the Tank

Naturally, the tank of the transformer rests on a concrete pad which prevents the base plate from
deforming downwards. However, in the original model the tank is only being supported at six
points on its perimeter (Figure 3-9). That way, not only the base plate can deform, but the
vertical displacements will be aggravated by the response of the core-coil assembly. Besides the
response being unrealistic, the deformations of the base will certainly affect the response of the
walls and subsequently the response of the bushings. It may be desirable that the base plate be

supported under the points at which the core assembly is connected to the base plate.
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Figure 3-9 Tank supporting system in the original model

3.2.7 High Voltage Surge Arresters

The high voltage surge arresters in the original model are shown in Figure 3-10 in which, for
illustrative purposes, the radiators have been removed from the transformer. The arresters are
modeled as vertical beams with circular cross section and a height of h = 90 in. Each of the
three surge arresters has a weight of wy, = 154 lbs and is fixed on a longitudinal beam with a
length of [;;, = 200 in. The longitudinal beam is located at a distance of d = 50 in from the
side wall of the tank. The beam is supported on the tank cover with two transverse beams, which
extends at a length of 18 in across the plate from the side wall. In addition to that, two diagonal
braces connecting the longitudinal beam and the cover are used in order to reduce the rotation of

the assembly.
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Figure 3-10 High voltage surge arresters in the original model (radiators removed from
view)

3.2.8 Modeling of Oil

The tank of the transformer is considered to be full of oil with a total weight of w,, = 89.35 kip.
The oil is distributed uniformly on the walls, in the form of vertical forces at the joints of the
shell elements comprising the walls. Since the original model is intended for static analysis, the
interaction between the oil mass and the core has not been accounted for as the oil mass is
completely independent of the core assembly. However, in the current study, that interaction
could have some significant effect on the vibration of the core and should be taken into
consideration when the dynamic response of the structure is investigated.

The load tap changer tank, supported by the wall located on the conservator side (Figure
3-9), is full of oil with total weight of w,;;. = 2.48 kip. This oil is distributed on the walls of the

load tap changer in the same way as was explained above.
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3.3 Modal Analysis of the Model

An eigenvalue modal analysis was carried out on the original model in a preliminary effort to
identify the dynamic characteristics of the transformer and the natural frequencies of the
components of interest. The results are presented in Table 3-1. Shown are the periods and
frequencies of the first 40 modes of the analysis along with a description of the global as well as

of the internal modes of the transformer (core assembly and small transformer)

38



Table 3-1: Modal analysis results and comments

Period | Frequency
Mode Mode Description Internal Modes
sec Hz
1 0.596 1.68 HV Arrester Close to Conservator None
HV Arrester Furthest from
2 0.595 1.68 None
Conservator
3 0.370 2.70 Radiator None
4 0.368 2.72 Conservator/Radiator None
5 0.345 2.90 HV Arrester Middle Unit None
HV Arrester Support with HV
6 0.243 4.12 None
Bushing Movement
7 0.233 4.30 Central HV Bushing None
Radiator with HV Bushing
8 0.192 5.20 None
Movement
Radiator with HV Bushing )
9 0.186 5.39 Top Core Support Bending Movement
movement
Radiator with HV Bushing
10 0.183 5.46 Insignificant Internal Movement
Movement
11 0.179 5.59 HYV Bushings Outer Units Insignificant Internal Movement
Radiator and Conservator With
12 0.170 5.89 Slight Movement of Small Transformer
HV Bushing Movement
Radiator and Conservator With
13 0.164 6.09 Small Movement of Small Transformer
HV Bushing Movement
14 0.159 6.30 HYV Bushings Outer Units Small Transformer Mode
15 0.158 6.31 HYV Bushings Outer Units Small Movement of Small Transformer
16 0.149 6.72 Larger Radiator Small Movement of Small Transformer
HYV Bushings Large Movement
17 0.142 7.05 With HV Bushing Next to Insignificant Internal Movement
Conservator

39




Table 3-1: Modal analysis results and comments (contd)
18 0.139 7.21 Radiators Insignificant Internal Movement
19 0.131 7.64 Central HV Bushing Insignificant Internal Movement
20 0.128 7.81 Central HV Bushing Insignificant Internal Movement
21 0.124 8.08 Radiators Insignificant Internal Movement
22 0.117 8.56 Radiators Insignificant Internal Movement
HV Arrester Support, Vertical
23 0.115 8.72 Insignificant Internal Movement
Movement
HYV Arrester Support, Vertical
24 0.111 9.01 Insignificant Internal Movement
Movement
Small Transformer Mode and Vertical
25 0.102 9.79 Radiator
Motion of Base Plate
Top Core Support 2nd Bending
26 0.094 10.68 Radiator
Movement
Radiator, Conservator, and LV Top Core Support 3rd Bending
27 0.090 11.07
Arrester Support Movement
In Plane Core Bending Mode and
28 0.087 11.55 Radiator and Conservator
Small Transformer Mode
29 0.077 12.97 Radiator Insignificant Internal Movement
In Plane Bending Mode of the Small
30 0.073 13.63 LV Arrester Support
Transformer
Rocking Mode of Bottom Core
Radiator, Conservator, and LV Supports, In Plane Mode of Small
31 0.069 14.40 )
Arrester Support Transformer, Top Core Support Higher
Mode
LV Bushings and Arrester Similar to 31 but Bottom Core Support
32 0.061 16.35
Support and Small Transformer are out of phase
LV Bushings and Arrester
33 0.056 17.80 Insignificant Internal Movement
Support
Radiator, Conservator, and LV
34 0.049 20.35 Insignificant Internal Movement
Arrester Support
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Table 3-1:

Modal analysis results and comments (contd)

Slight Movement of Internal
35 0.040 25.10 Transformer Tank
Components
Transformer Tank, Top Plate Small Movement of Internal
36 0.035 28.35
Vertical Movement Components, Higher Modes
In Plane Movement of Bottom Core
37 0.033 29.96 Transformer Tank
Leg Supports
Rocking Mode of Bottom Base Plate,
38 0.018 54.51 Transformer Tank Small Transformer and Other
Components
Vertical Motion of Base Plate and
39 0.018 55.74 Transformer Tank
Other Components
Transformer Tank, Vertical Rocking Motion of Base Plate and
40 0.017 60.39
Movement Other Components
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SECTION 4

ADVANCED MODELING, SENSITIVITY AND ASSESSMENT OF
INTERACTIONS

4.1 Overview

This section discusses the advanced modeling of specific electrical components incorporated into
the 230 kV transformer model (developed in SAP2000), with the intention of using the model for
reliable sensitivity analysis. An elaborated description of the modifications on the selected
components along with the assumptions is located in this section. Finally, the techniques used for
the identification of the dynamic properties of the system and for the assessment of interactions

between various components and the bushings are explained in detail.
4.2 Objective of Advanced Modeling

The modeling of the following components of the transformer is considered most essential for
the sensitivity analysis:

e High voltage bushing-turret system. The high voltage bushings are the primary

components of interest in the transformer and need to be modeled as realistic as possible.

They should reflect the same mass distribution, geometric and dynamic properties as the

ones provided by the bushing manufacturer. Furthermore, the turret models should be

assigned the same mass and geometric characteristics as real turrets used in industry. The

current transformers, usually contained inside the turrets, need to be included in the

model because their mass can be significant and affect the dynamic response of the

bushing. Finally, the interface between the bushing and the turret (including the bolts and

the gasket) should be modeled appropriately because it significantly influences the as-

installed dynamic properties of the bushing-turret system.
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Cover plate mesh. The shell elements employed, to represent the cover in the finite
element model, should be arrayed in a way that allows for all possible deformations of
the plate and the bushing-turret assemblies.

Core-coil assembly. The core is a massive component, the dynamic response of which is
likely to have a significant impact on the response of the high voltage bushings. The
reason for the significant impact on the high voltage bushings is because it is braced to
the transformer walls and must be modeled thoroughly. The main frame of the core,
which accommodates the coils, should be considerably stiff. While the mass distribution
of the main frame, the weight of the frame, as well as the weight of the windings (coils)
should be taken into account. The core clamps located at the top and the bottom part of
the core-coil assembly should be confined by the main frame along the length of the
frame. While the unconfined overhangs at the ends of the clamps should be properly
meshed for the torsional deformations to be unimpeded.

Core-coil assembly boundary conditions. Since the core is simply resting on the base
plate of the transformer, it is imperative that the boundary conditions of the core-coil
assembly are modeled accurately so that rocking motion of the core is not prohibited.
Moreover, the clamps’ connections to the walls should conform to the restrains dictated
by the construction drawings. Finally, provisions should be taken for the boundary
conditions between the base plate and the ground in the finite element model. Seeing that
in most cases the transformer is resting on a concrete pad (preventing the base plate from
deforming downwards), a number of supports should be placed between the base plate
and the absolute space in the model. All of the supports are needed in the model so the

motion of the core will not affect the motion of the base plate.
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e Distribution of oil. In the case when the transformer is operating, the tank is full of oil.
The dynamic response of the fluid is expected to affect the behavior of the whole tank
because its mass is considerable. Thus, a scheme should be considered for the distribution
of the oil both on the walls of the tank and the core-coil assembly.

Based on the aforementioned, the original model provided was modified appropriately before the
dynamic analyses were carried out. The relevant modifications are presented in the following

section explicitly.
4.3 Modifications on the Original Model
4.3.1 High Voltage Bushings

It is essential that the bushing-turret system is modeled as accurately as possible so that the true
interactions can be assessed. The bushing included in the original model consists of the turret,
the turret flange at the top of the turret, an array of radial rigid elements representing the bushing
flange and a bar which is perpendicular to the flange, extending from the center of the flange and
above, which represents the high voltage bushing (Figure 4-1). The mass is distributed uniformly
over the height of the vertical bar (myvs = 9.824x107 kip/in®) and the flexibility (E = 6000 ksi) is

such that the fixed base frequency of the bushing is f=17.5 Hz.
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Figure 4-1 Bushing in original model

The bushing used in the transformer examined is the T196WO0800AY model, the
drawings and the detailed data of which are provided. More specifically, the data of interest are
summarized in Table 4-1.

The procedure followed for the modification of the bushing-turret system is described
below. The new bushing model is made of three main parts. The top part is a massless beam
which represents the upper bushing; its mass is concentrated at the upper bushing center of
gravity. The stiffness of the beam is adjusted in such way so that its stiff mounted frequency
matches the one provided by the manufacturer. The bottom part represents the lower bushing and
is modeled as a rigid beam with its mass concentrated at the lower bushing center of gravity. The
lower bushing is composed of a part extending from the bushing flange (mentioned below as

interface) and upwards, to the bottom of the upper bushing and a part extending from the bushing
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flange and downwards, to the bottom of the bushing (internal connector connection). Finally, the
bushing flange is modeled as an assembly of rigid elements in a radial arrangement, the number

of which equals the number of the anchor bolts that holds the bushing on the turret.

Table 4-1 High voltage bushing properties

Total Weight (Wt) lbs 1022.0
Center of Gravity (CG) Location

in 13.66
(measured from the top of the bushing flange)
Upper Bushing Center of Gravity (UBCG) Location

in 40.4
(measured from the top of the bushing flange)
Upper Bushing Weight (UBW?1) Ibs 687.0
Upper Bushing Height (h)

in 90.7
(measured from the top of the bushing flange)
Flange-Interface Distance (FID) in 6.0
Flange to Lower Terminal Distance (FtLT) in 60.0
Stiff Mounted Bushing Frequency Hz | 14.1-15.6
Diameter of bolt circle in 21.0

Using the data provided above, the Lower Bushing Weight (LBWt) can easily be
calculated as:
LBWt = Wt - UBCG = 1022 - 687 = 335 lbs

Also, the Lower Bushing Center of Gravity (LBCG) location is:

Wt + CG — UBWt + UBCG 1022 * 13.66 — 687 * 40.4

TBWe 330 = —-41.18in

LBCG =

Where, the distance calculated is measured from the interface and downwards.
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With these data known, a preliminary model was developed (Figure 4-2). This model
includes only the first part of the model described above, namely, the upper bushing. It consists
of a massless beam fixed at the bottom, with a node at the upper bushing center of gravity where
the mass is lumped. The modulus of elasticity of the material assigned to the beam was adjusted
so that the stiff mounted frequency of the upper bushing was in the range of frequencies that the
manufacturer provided. The modulus of elasticity finally chosen was:

E =350 ksi
And the stiff mounted frequency achieved was:
f=14.84 Hz

a value which is in the range provided (14.1 - 15.8 Hz).

Stiffness assigned in
" order to achieve
fixed-base frequency

Mass assigned to the
upper bushing center
of gravity

o

Figure 4-2 Upper bushing model

Next, a transition model was created (Figure 4-3) which serves for the estimation of the

turret cover thickness as is demonstrated in the following.
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Lateral force

o applied and
Half of rigid deformation
clements extended measured

to turret wall

Figure 4-3 Transition model

For this model, certain attributes of the turret were needed, which were given in the

drawings provided. Those are presented in Table 4-2:

Table 4-2 Turret properties

Turret outer diameter (OD) in 23.75
Turret inner diameter (ID) in 17.25
Turret height in 12.0
Number of anchor bolts holding the bushing to the turret cover - 12
Number of Current Transformers (CTs) - 2
Height of lower CT in 3.50
Height of upper CT in 3.75
Weight of lower CT Ibs 184.0
Weight of upper CT Ibs 196.0
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The CTs are found inside the turret located at its bottom. The turret wall was divided into
four layers, with the heights of the bottom layers being equal to the ones of the CTs. The
remaining two layers were assigned heights equal to half of the remaining height of the turret.
The material and the thickness of the walls were left intact with regard to the original model. The
CTs were accounted for by incorporating their weight into the relative bottom layers. The turret
cover was modeled as an annulus with the dimensions provided by the drawings, that is, with OD
=23.75 in and ID = 17.25 in. The annulus was subdivided into two parts with the internal part
having an outer diameter equal to the diameter of the bolt circle (21 in).

The bushing flange was represented by twelve rigid elements as discussed above. In the
transition model the rigid elements have unequal lengths, more specifically on the left side. Five
of these elements extend from the center of the flange to the top of the turret wall, having a
length of 12 in. The remaining seven rigid elements extend from the center of the flange to the
end of the internal part of the annulus representing the turret cover. Therefore, these elements
have a length equal to the radius of the bolt circle, 10.5 in.

The bushing was modeled as discussed above, with the upper bushing having the
properties assessed from the upper bushing model initially developed.

Following the modeling of the bushing-turret system, a horizontal force was applied at
the top of the lower bushing (bottom of the upper bushing) longitudinally with direction to the
left. The magnitude of the force was:

F =1000 kip
And the horizontal displacement measured at the point of application of the force was:

d=5.14x107in
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The transition model was modified and the final bushing-turret assembly model was
developed (Figure 4-4). The differences from the previous model are minor. First, the length of
the rigid elements representing the bushing flange was modified in order that all of them have the
same length. Their length was defined as the average of the radius of the bolt circle and the turret
cover radius:

L=(11.88+10.5)/2=11.19 in

Figure 4-4 Modified bushing model

Afterwards, the turret cover was modified to include an annulus with an outer diameter of
23.75 inches and an inner diameter of 22.38 inches (the equivalent diameter of the bushing

flange calculated above). The thickness of the shell elements representing the annulus was
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adjusted so that when the same horizontal force is applied at the top of the lower bushing (1000
kip), the same displacement (5.14x10 in) is found at that point. Finally, the thickness of the
cover was determined at:

t=27.25x107 in

Since the transformer under examination has two additional identical inclined bushings,
the modified bushing was inclined first to the right and then to the left and two more models
were created. The angle of inclination was 15° as is indicated by the relative drawings. The
procedure followed is the same for each of the two models and is described for the bushing
inclined to the left only.

In the vertical bushing, a point on the circumference on the left side at the bottom of the
turret was chosen. Then the diametrically opposite point to that was found. For convenience,
these points were selected to lie on a line parallel to the longitudinal global axis. The distance d
of each point at the bottom of the turret from the point chosen on the left side was measured in
the longitudinal direction. Then for each point a second point was created at a vertical distance
given by:

h=d xsinf
Where 6 = 159 is the angle of inclination.

After that, the layers on the turret wall were adjusted in order to incorporate the new
points while at the same time retaining their initial properties. Then, the turret was inclined to the
left.

The inclined turret is to be partially submerged inside the tank and the connection to the

tank cover will be made at the new points created which form an ellipse on the turret wall.
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The approach explained above is deemed to approximate the nonlinear behavior of the
bushing flange-turret cover interface when the bushing rotates. This would avoid the use of
nonlinear elements that would capture the exact response of the bolts and the gasket. To illustrate
the concept, the physical representation of the bushing-turret system is considered, a cross
section of which is shown in Figure 4-5. In that, the turret, a part of the bushing and the bolts

clamping the bushing and turret cover together are shown.

L= =1
LLL] L]

———— 1

Figure 4-5 Bushing-turret system

Based on the above representation and neglecting the part of the turret cover extending
outside the turret walls, a more accurate model for the bushing-turret system is shown in Figure
4-6. The bushing has been simplified to a vertical beam with the same attributes as was done for
the upper bushing model explained above. The flange can be represented by an annulus with the
same characteristics as the bushing flange and the internal disc defined by the bushing diameter

can be modeled as rigid. However, the bushing flange can be considered essentially rigid and has
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been represented in Figure 4-6. When the transformer is under dynamic excitation, the bushing
flange can rotate and move vertically (upwards). The rotation of the flange is restricted in the
sense that when one end of the flange meets the respective end of the turret cover, the flange
instantly stops rotating about its centroidal axis. However, the flange will begin rotating about a
new pivot point which is the contact point of the flange and the turret cover end. During the
dynamic response of the flange, the bolts can be stretched acting as restoring forces for the
flange, but cannot be compressed. Therefore, in this model the bolts have been represented with
springs and gap elements have been placed between the flange and the turret cover at the
locations of contact as shown in Figure 4-6.

The simplified model intended to avoid the use of the gap and spring elements, is shown

in Figure 4-7.

Gap Gap

~

N

~

y

747 7
= _LEL— L s T i /////.////4

 —

Figure 4-6 Accurate model Figure 4-7 Simplified model

When a force is applied on the bushing (a procedure that was followed earlier on the

simplified model) the expected deformation of the turret is depicted in Figure 4-8 and Figure 4-9,

54



for the accurate and the simplified model respectively. It can be deducted that the turret walls

deform differently for the two models for the same type of loading.
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Figure 4-9 Turret deformation in the simplified
model

—

Figure 4-8 Turret deformation in the accurate
model

Furthermore, it should be noted that the simplified model includes a turret cover with an
equivalent inner diameter (half the sum of the turret and bolt circle diameter) and adjusted
thickness so that the behavior of the full turret cover is approximated. This is a rather simplified
assumption since a large part of the cover, which would provide resistance to the flange rotation,
is neglected. In Figure 4-10 the (excessive) deformation of the turret cover for the accurate
model under the loading shown in Figure 4-8 is depicted. It can be seen that the inner part of the

annulus is deforming as well, affecting the overall deformation of the cover and consequently of

the bushing flange connected to it.
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Figure 4-10 Turret cover deformation for lateral loading of the bushing

Bearing all these in mind, it can be considered that the simplified bushing-turret model
may present a dynamic response that deviates from the realistic one. However this simplified
modeling approach was employed, since the large amount of gap elements in the accurate model

would be impractical for the dynamic analysis in SAP2000.
4.3.2 Cover Plate Mesh

The mesh of the cover plate plays a significant role in the assessment of the response of the
bushings. It should be adequately fine so that all the important modes of the bushings, as well as
of the cover plate, can be captured with sufficient accuracy. The discretization of the cover plate
elements in the original model is relatively random and coarse. This results in not all the possible
bushing and cover modes appearing during a dynamic analysis.

For this issue to be resolved, the cover plate was initially isolated from the original model
and divided into three parts each containing one bushing. By dividing the cover plate in this
fashion, three separate models were developed. The border lines for these models are the ends of

the cover plate and the stiffeners between the bushings. It is noted that the total width of the
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cover plate was chosen to be incorporated into each model since the distance between the
stiffeners is larger than half the width of the cover plate.

Initially, for each of the three models the shell elements representing the cover plate were
removed and an annular mesh was created around the bushing. The outer diameter of the annular
mesh area was chosen such that for the vertical bushing, the width of the annular mesh area,
would be 5.5 in. This diameter is equal to the width of the internal ring at the base of the turret,
intended to accommodate the CTs. The inclined bushing (as is the case of the bushing farther
from the conservator) has the distinctiveness that the boundary between the cover plate and the
turret wall is elliptic. In the cover models that incorporate the inclined bushings, the diameter of
the annular mesh was kept the same. Since the interface at the connection of the cover to the
turret wall is elliptic, the width of the annular mesh varied.

At the natural boundaries of the cover plate (close to where the high voltage bushings are
located) a rectangular mesh had to be created with a width of 1 in, while, at the borderlines of the
segmental models, defined by the stiffeners, the width of the mesh was larger, 4.5 in.
Additionally, a smooth transition mesh was created, connecting the mesh at the borderlines and
the edges to the annular mesh located around the turret. The rest of the plate was meshed with
rectangular elements except, at the locations where components are connected to the tank (e.g.
the surge arresters) or mounted on the cover (e.g. low voltage bushings). At these regions the
mesh was made to be as least distorted as possible. Figure 4-11 and Figure 4-12 demonstrate the

cover in the original and modified models in SAP2000 and depict the modifications made.
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Figure 4-11 Cover in the original model Figure 4-12 Cover in the modified model

In order to determine the adequacy of the cover plate discretization, as far as the dynamic
response of the plate and the high voltage bushings is concerned, four additional cases were
investigated. For each case, the mesh was coarser or finer with respect to the model of the
modified cover, developed through the procedure earlier described. More specifically, the mesh
variations considered were:

e Half the mesh of the modified model

e Twice the mesh of the modified model

e Four times the mesh of the modified model

e Four times the mesh of the modified model and the large elements of the cover divided in
half

These variations are presented in the figures that follow:
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Figure 4-13 Cover with half the mesh Figure 4-14 Cover with twice the mesh
Figure 4-15 Cover with four times the mesh Figure 4-16 Cover with four times the mesh and

large elements divided

4.3.3 Core-Coil Assembly Boundary Conditions

In the original model, the bottom clamps of the core were modeled as being fixed to the base
plate along their whole length. Furthermore, the top clamps were fixed to a transversal beam on
one edge and to the end wall on the other edge. The actual boundary conditions are depicted in

Figure 4-17 to Figure 4-19.
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Figure 4-17 Core assembly Figure 4-18 Top clamp-cross beam connection detail

Figure 4-19 Core assembly and connection details

It can be concluded that the core assembly is simply resting on the base plate. At the ends
of the bottom clamps there are notches where the core is restricted horizontally but not vertically.
Also shown, are the connections of the top clamp with the transversal beam and the end wall.
The top clamps are composed of rectangular holes at their ends (Figure 4-17) and the details of
the connections can be seen in Figure 4-18 and Figure 4-19. The rectangular bars used for the

connection are not fixed by the holes, it is expected that the rotations will not be constrained.
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Finally, the transversal beam is shown to be simply supported on the side walls and moment
releases can be considered appropriate at these locations.

Accordingly, the following modifications were suggested and made on the original
model:

e The core assembly (bottom core clamps) was detached from the base plate. At the points
where the notches are actually located, the clamps were pinned to the base plate in the
initial models created. While in the final models, gap elements were placed between the
bottom clamps and the base plate at the same locations. This would ensure that the
vertical motion of the core would be accounted for.

e The original model included supports only in the perimeter of the transformer. Since the
transformer is mounted on a concrete foundation, the base plate is not expected to deform
in the vertical direction. Thus, the base plate was vertically restricted at the points where
the core is supported.

e The top core clamps were released for rotations at their ends. In the final models the

transverse beam has also been released at its ends for rotations.

4.3.4 Core-Coil Assembly

As can be deducted from the figures above, the clamps are confined by the core along their
length except for a 20 in offset at their ends. When the core is displaced laterally, the clamps are
expected to experience torsion at their extremities. This behavior cannot be captured sufficiently
with the original model because the mesh of the clamps is rather coarse.

Regarding the main part of the core, three vertical parts (core legs) are connected with a

horizontal beam at their top and bottom (Figure 4-19). Over each core leg, a winding assembly is
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fitted (Figure 4-17). It is clear from the figures that the core in reality extends up to the middle of
each core clamp while in the original model, this is not the case.
The following modifications were applied:

e The main frame of the core was modeled more appropriately. The core legs were
extended up to the middle of the core clamps. Horizontal frame elements connecting the
core legs at their top and bottom were added in the longitudinal direction. These elements
were not added in the middle of the core clamps, but at the bottom of the top clamp and at
the top of the bottom clamp levels. That way the representation of the core is expected to
be more realistic. Along with these changes, the transverse rigid elements connecting the
core clamps in the original model were moved to the middle of the clamps, so that they
provide the same confinement as the main frame of the core would do in reality.

e In the original model, elements with material of high modulus of elasticity were used as
rigid links for the core. After a series of parametric analyses were carried out, it was
found that these elements were not modeled sufficiently rigid. The rigidity of the
elements composing of the core was increased accordingly by 107 times, since this part of
the transformer is essentially stiff. Therefore, the modulus of elasticity of the material
used was increased by 10" times.

e The mass distribution of the core was modified as well. More specifically, for the main
part of the core, the mass of the steel frame was equally distributed over the horizontal
elements connecting the core legs and the parts of the core legs located between the top

and bottom core clamps (wy = 47150 lbs). Additionally, the mass of each winding coil

was distributed only over part of each core leg located between the top and bottom core

clamps (w,, = 7500 lbs). Since the total weight of the core is w;,; = 82700 lbs the
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remaining weight (Wye,, = 9250 [bs) was uniformly distributed over the core legs and
the horizontal elements connecting them.

e The mesh of the core clamps was refined. More specifically, the overhangs of the clamps
and an additional part of the confined portion of the clamp were meshed more thoroughly
than the remaining length. Between these two different mesh arrays, a transitional area of
triangular shell elements was created.

Figure 4-20 and Figure 4-21 demonstrates the core in the original and modified models in

SAP2000 and summarizes the modifications made.

Coarse mesh Fine Mesh
Fixed connections Pinned Connections

Figure 4-20 Core in the original model Figure 4-21 Core in the modified model

4.3.5 Distribution of Oil Mass

In the original model, the mass of the oil contained in the tank is treated as distributed on the side
walls as nodal masses, acting only in the direction of the gravity. That way, the interaction of the
oil with the core, which is likely to have an impact on the core’s dynamic response, is not taken

into account. This was modified in the latest models as described below.
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Figure 4-22 Qil distribution between the Figure 4-23 Qil distribution between the tank
tank walls walls and the core

A more realistic approach for the modeling of the oil in SAP2000 is to separate the total
mass of the fluid into smaller finite masses, and examine the interaction of these masses with the
walls and the core-coil assembly. For explanatory purposes, a unilateral dynamic excitation can
be considered, for example along the transversal dimension of the transformer. Due to the cyclic
motion of the tank and the behavior of the fluid, a part of the oil mass will affect the core
assembly, while another part will affect one of the two side walls for a specific time interval of
the cycle and so on. Therefore, the desired approach would be to model each mass using gap
elements between the mass and the walls. In addition to these gap elements; there should be gap

elements between the mass and the core wherever it is necessary. To account for the
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compressibility of the fluid, spring elements with certain stiffness should be placed between the
mass and the gap elements. Such a configuration is shown in Figure 4-22 and Figure 4-23.

However, despite the fact that this approach seems quite realistic, its implementation in a
structural analysis program is impractical. A hypothetical model incorporating the total amount
of the gap elements proposed by this method would be highly nonlinear Due to this nonlinearity
there is a possibility that a dynamic time history analysis would have crucial convergence
problems. Additional problems arise from the required selection of the gap opening and the
spring stiffness, if a dynamic time history analysis is desired to be used. Therefore, a much more
simplified approach was used for the modification of the original model. Considering the tank-oil
dynamic interaction described above, the mass of the oil was split and attached on the tank and
the core using the procedure that is described below.

The concentrated nodal weights on the tank walls were removed and substituted by
masses assigned in the longitudinal and the transverse directions. These masses were assumed to
account sufficiently for the interaction of the oil with the tank walls in the horizontal direction.
Furthermore, a part of the oil weight is considered to affect the motion of the core assembly
during the dynamic response of the transformer. Due to this reasoning a part of the total mass
was added on the core at specific locations.

A typical value for the oil density used in the electric transformers is:

p = 0.87 gr/mL = 3.143 x 1075 kip/in3
The dimensions of the tank and the core — coil assembly are shown in Figure 4-24. The

dashed area in the middle is the core assembly.
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Figure 4-24 Dimeilas;ons of tank and core assembly
The tank was considered full and the oil was distributed in two different ways, depending

on the location of the oil mass that was to be distributed. More specifically, the fraction of the oil
mass over the core assembly was equally divided between the two side walls and the two end
walls. Namely, half of the oil mass was assigned to each side wall in the transverse (Y) direction
and half of the oil mass was assigned to each end wall in the longitudinal (X) direction. In every
case, the mass was distributed equally among the nodes of the wall. The weight of the oil over
the core assembly is:

W = 3.143% 107> % 190 * 100 = 32.5 = 14.033 kip
And the mass assigned to each wall was:

= W/(2g) = 14.033/(2 x386.22) = 1.817x1072 kip * sec?/in

The distribution of the oil is shown schematically in Figure 4-25:
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Figure 4-25 Distribution of oil above the top of the core on the side and end walls

The fraction of the oil mass below the top of the core assembly was divided equally

between the walls and the core in each direction, shown schematically in Figure 4-26.

B

Figure 4-26 Distribution of oil below the top of the core on the side and end walls
and the core
The first image refers to the distribution of the oil in the transverse direction and the
second image refers to the distribution in the longitudinal direction. The mass assigned to the
walls and the core was calculated for every segment (designated with a capital letter) as follows.

In the transverse direction the distribution of the oil mass was:
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ma = Wa/(2g) = 3.143x107°x100x123.5x6/(2*386.4) = 3.015x10~ kip*sec’/in
mp = Wg/(2g) = 3.143x107°x100x123.5x34/(2*386.4) = 1.709x10~* kip*sec*/in
me = We/(2g) = 3.143x107°x150x123.5x37/(2*386.4) = 2.789x10~ kip*sec*/in

mp = Wp/(2g) = 3.143x10x150x123.5x39/(2*386.4) = 2.940x107 kip*sec*/in

In the longitudinal direction the distribution of the oil mass was:

me = We/(2g) = 3.143x107°x24x123.5x6/(2%386.4) = 7.236x10™ kip*sec’/in

mr = Wg/(2g) = 3.143x107°x24x123.5x34/(2*386.4) = 4.100x10~ kip*sec*/in

me = Wq/(2g) = 3.143x107°x190x123.5x37/(2*386.4) = 3.533x 10 kip*sec’/in

my = Wi/(2g) = 3.143x107°x190x123.5x39/(2*386.4) = 3.724x 107 kip*sec’/in

These masses were distributed equally among the nodes of the part of the wall that is
located below the top of the core assembly. This wall has a length which is defined by the
projection of the core assembly to the wall in the direction of interest. The distribution of the
masses on the core had the following pattern: in the transverse direction, the masses were
assigned equally to the nodes of the top and bottom core clamp and to the top and bottom nodes
of the (three) core legs but only in the side of interest. For example, for the portion of the mass
designated as C in Figure 4-26, only the right part of the top and bottom clamps were assigned
masses. The top and bottom nodes of the core legs however, were assigned masses for both the C
and D portions of oil mass. In the longitudinal direction, the masses were assigned equally, but
only at the nodes that were at the ends of the top and bottom clamps and the top and bottom
nodes of the core leg in the side of interest. For example, for the portion of mass designated as E,
the nodes at the ends of both parts of the top and bottom clamps (20 nodes) and the top and

bottom nodes of the core leg closer to the end wall were assigned masses.
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An additional model was created in which the distribution of oil followed the same
pattern as described above but the whole mass of the oil was only distributed on one side. The oil
over the top of the core was fully distributed to the right wall and to the front wall. The oil below
the top of the core was distributed as follows: portions H, E and G were fully distributed on the
front wall and portion F was fully distributed on the core in the same direction. Respectively,
portions A, B and C were fully distributed on the right wall and portion D was fully distributed

on the core in the same direction.

Figure 4-27 and Figure 4-28 demonstrate the way the two distributions are represented in

SAP2000.
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Figure 4-27 Oil distributed on both directions  Figure 4-28 Qil distributed on one direction
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4.4 Assessment of Interactions

A number of analyses have been carried out using the advanced dynamic models of the
transformer. The scope of these analyses was to assess the interaction between several
attachments of the transformer and the more vulnerable high voltage bushings.

Since the interactions were initially unknown, a large amount of check points considered
critical were selected on the tank, external components of the substation and core assembly.

These critical check points are shown in the figure that follows:

TOPCLAMP

Figure 4-29 Check points selected on the transformer and the core assembly

The abbreviations for the points presented in the figure above, signify the following:
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Table 4-3 Nomenclature for check points
HVB Top of high voltage bushing

HVBBASE Point on cover at the base of the turret

HVSA Top of high voltage surge arrester

HVSABASE | Point at the base of the high voltage surge arrester
RAD Point at the top of the specified radiator group

LVB Top of low voltage bushing

LVSA Top of low voltage surge arrester

CONS Top of conservator

TRTOP Point at the top of the transformer (core-coil assembly)

TRBOTTOM | Point at the bottom of the transformer (core-coil assembly)

STR Point at the top of the small transformer
BASEPLATE | Point on the base plate

TOPCLAMP | Point at the top clamp of the transformer
CORNER Corner of cover plate

Three groups of points are considered to be most important for the investigation of the
bushings’ response:
e Points at the tops of the high voltage bushings (HVB1, HVB2, HVB3)
e Points on cover, at the base of the turrets (HVBBASE 1, HVBBASE 2, HVBBASE 3)
e Points at corners of the cover plate (CORNER1, CORNER2, CORNER3, CORNER4)
To adequately describe the response of the high voltage bushings there is an expected
correlation of the responses at the top of the bushings, the turrets and at the corners of the plate.
The assessment of the interaction is accomplished through a variety of methods:
e Modal analysis of the model with SAP2000. The analysis shows the frequencies at which
various components of the transformer respond and can reveal immediate interactions

between those and the bushings.
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e Wide band random motion (white noise) excitation at the base and generation of transfer
functions, cross spectra and coherences (process of the results in the frequency domain).

e Random spectrum-compatible motion (IEEE 693-2005) excitation of the base and
process of the results in time domain.

The evaluation of the interactions was performed using several processing techniques; (1)

modal analysis; (2) transfer functions analysis; (3) cross-spectrum analysis; (4) coherence
analysis; (5) response spectrum analysis.
(1) The modal analysis can provide outstanding information on the response of the transformer
and the interactions between various components. It can give a visual representation of the
modes such that the modal characteristics can be associated with the components. That way, not
only the natural frequencies of the transformer parts can easily be determined but also the
interactions. Through the animation of the modes in SAP2000 an engineer can directly observe
which components affect the response of the others. However, given that the animation does not
provide immediate information for the interactions, a magnitude cannot be assessed.

The force associated with a certain node j on the structure for a specific mode in the
modal analysis, can be calculated through the following relationship (Chopra 1995):

fin = [nmj@jnAn
where:
I, = Z]N=1 m;Qin / Z]N=1 m; (pl-zn is the modal mass participation factor
m; is the nodal mass

®jn 1s the jth element of the nth vibration mode

A, is the pseudo acceleration of the nth mode single degree of freedom system
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It is clear that I}, @;, is a dimensionless quantity that describes the modal contribution on
the forces applied on the node. If this quantity is presented graphically for all the modes of the
structure, one can get an impression of which modes mostly affect the response of the node. If
for two separate nodes, i and j, the dimensionless quantities I, @, and I;,@;, are multiplied for
each mode, the graphical spectrum-like representation of the product can provide an indication of
the interaction between those nodes. Especially at the frequencies where the graph presents
peaks, interaction between the points could be expected. This can only constitute an indication,
since a peak in the graph may signify that the response of the points is governed by the same
mode while any interaction between them might not exist. Alternatively, the response of one
point could be so large compared to another that the shape of the “composite” graph would not
differ from the one with the dominant response alone.

Figure 4-30 is an example of this approach for an initial model which has been slightly
modified compared to the original model provided. It shows the composite response for the point
at the top of the high voltage surge arrester farthest from the conservator along with the points at
the top of the high voltage bushings (normalized to the largest amplification). It reveals some
amplification around 6 Hz and 13 Hz, which are close to the frequencies of the bushings,
suggesting that the response of the surge arrester might affect the response of the bushings at the
specific frequencies. Despite the fact that the graph is referred to as spectrum, it is simply the
depiction of discrete points which have been connected with smooth lines, for reasons of

illustration, and should not be misidentified for an actual response spectrum.
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Figure 4-30 Composite response for the top of the third surge arrester and the bushings

(2) The transfer functions give the response at a point with respect to the input at the base and
exhibit the significance of the response at certain frequencies. The reason for this significance of
the response is because the system is excited with a motion that has the same energy content for

all spectral frequencies. The equation:

_ V(@) _Fiy®)
X() " Fix(®)

H(w)

relates the transfer function, H(w), to the ratio of the output, Y (w), (Fourier transform F{y(t)}
of the response acceleration y(t)) to the input X(w), (Fourier transform F{x(t)} of the input
acceleration x(t)) in the frequency domain. This means that the transfer function shows the
amplification (or diminution) of the input motion at the base of the structure compared to the
output at a selected point on the structure for a desirable range of frequencies. That way,
estimation can be made on the frequency at which a component of the transformer responds.
However, it should be noted that the transfer function incorporates the properties of the structure

below the component under examination. The information obtained from the transfer functions
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should be cross checked with the modal analysis results before any conclusions are drawn,
especially for such a complex system as the transformer.

In Figure 4-31, the transfer functions for the response of the central bushing are
presented, after an analysis was carried out on the modified model, which is comprised all of the
modifications presented in the previous sections. It is clear that the response of the bushing is
mainly at 5.5 Hz, 4.5 Hz and 14 Hz in the longitudinal, transversal and the vertical directions
respectively. These are the as-installed frequencies of the bushing and can be verified by the
results of the modal analysis. However, the modal analysis alone does not directly reveal the

significance of each mode for the response of the bushing, as is the case of the transfer functions.
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Figure 4-31 Transfer functions of central bushing in the three directions

(3) The cross spectra show the responses of two different points multiplied in the frequency
domain and the coherences show the relativity between two waves (phase). Using the cross
spectra and coherences in conjunction with the modal analysis results, we can assess the

interactions between the bushings and certain components of the transformer.
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The cross spectrum, F,(f), of two signals f,(t) and f,(t) is the forward Fourier
transform of the cross correlation function, Ry, (t). If the individual Fourier spectra F(f) and

E, (f) of the signals f,(t) and f,,(t) are calculated, the cross spectrum is obtained as:

Ey(f) = E(F) - B(f)
where F/(f) is the complex conjugate of F.(f). It should be noted that in signal processing the
cross correlation function is a measure of similarity of the two waveforms. By computing the
cross spectrum for the responses of the two components on the transformer, one can find an
indication that the responses are correlated or not. This correlation will depend on the
amplifications (or diminutions) at frequencies of interest on the spectrum.
(4) The coherence is a complex function of frequency that expresses the frequency dependence
of correlation. It takes values that vary from zero (waves uncorrelated) to one (waves fully
correlated). For the correlations implied by the cross spectra the coherences give an indication of
the significance of the correlations.

Figure 4-32 depicts the cross spectra and coherences for the top of the central bushing
and the base of the surge arresters. Where magnification, in Figure 4-32, is shown at the as-
installed frequencies of the bushing, the coherence is closely unified for the specific frequency in
the longitudinal direction. The modal analysis verifies that the motion of the surge arresters’
support is affecting the motion of the central bushing. From the modal analyses a conclusion can

be drawn that there is interaction between the two parts.
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Figure 4-32 Cross spectra and coherences of central bushing and high voltage surge arresters’

base in the three linear directions

The transfer functions and the cross spectra can assist in the elimination of some of the
check points initially selected. Figure 4-33 shows the transfer functions for a point at the top

clamp and for a point at the top of the core assembly. It is clear that their response is essentially

the same and therefore one of them can be eliminated.
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Figure 4-33 Transfer functions of a point at the top clamp and a point at the top of the core
assembly in the three linear directions

The acceleration time history of the white noise used in the analyses is plotted and shown

in Figure 4-34.
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Figure 4-34 White noise acceleration time history in the three linear directions
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(5) Response spectrum analysis provides direct information due to random input of
seismic type. The excitation of the transformer with the random IEEE 693-2005 spectrum-
compatible ground motion (Figure 4-35 to Figure 4-37) can be considered more appropriate for
the assessment of the actual dynamic response of the system, than for the interactions between its
components. Useful information can be drawn from the response of the system under this type of
loading. The main response quantities influenced by the interactions are:

e Accelerations at the center of gravity of the upper high voltage bushings where the mass
is concentrated

e Moments at the base of the high voltage bushings

e Displacements at the top of the high voltage bushings

e Displacements at the bottom of the high voltage bushing (part of the bushing immersed
inside the tank)

e Accelerations at the corners of the cover plate

e Accelerations at the base of the turrets (points on cover)

Great interest lies within the assessment of the amplifications at the corners of the cover
plate and at the top of the turrets, with respect to the ground motion input. The boundary
conditions at the corners conduce to considerably large rotational stiffness. Due to this stiffness
the linear response of the cover is expected to be sufficiently approximated by the response at the
corners. On the other hand, the response at the top of the turrets will incorporate the effect of the
attachments of the transformer on the vertical and rotational motion of the cover plate. The
comparison of the above spectra with the ones of the IEEE 693-2005 ground motion can reveal

amplifications that could potentially affect the high voltage bushings’ response. This comparison
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can only be made if the natural frequency of the latter lies in the frequency range of the
amplifications.
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Figure 4-35 IEEE 693 Spectrum-compatible excitation and relative spectrum (longitudinal
direction)
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IEEE 693 spectrum-compatible excitation (transversal direction)
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Figure 4-36 IEEE 693 Spectrum-compatible excitation and relative spectrum (transversal
direction)
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IEEE 693 spectrum-compatible excitation (vertical direction)
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Figure 4-37 IEEE 693 Spectrum-compatible excitation and relative spectrum (vertical
direction)
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SECTION 5

MODELING SENSITIVITY AND RECOMMENDATIONS

5.1 Overview

The transition from the original model to the latest model, incorporating all of the modifications
aforementioned used a series of intermediate models, so that the most realistic dynamic models
could be obtained. In this section, the characteristics of the intermediate models are presented,
along with the modal analysis results (frequencies) for the components of the transformer mainly
modified (the core-coil assembly and the high voltage bushings).

After the identifying of the most adequate (modified) model, the frequency results were
determined and are shown in the following sections. The dynamic characteristics were
determined using transfer functions. Also, the assessment of interactions between the transformer
attachments and the high voltage bushings was done using modal analysis and analysis in the
frequency domain. The most critical components that affect the dynamic response of the
bushings were identified and discussed.

Finally, a parametric analysis for the effect on the bushing dynamic characteristics due to
modeling the cover plate using several mesh variations was carried out by exciting the
transformer with the IEEE 693-2005 spectrum-compatible ground motion. The results of these
analyses are presented in terms of peak accelerations, moments at the base of bushings and peak

displacements.

5.2 Modified Models and Frequencies of Components

The nomenclature used for the modified models is CommercialModif, which signifies that the
original model was modified. This nomenclature is accompanied by a version number indicating

the various alternative modifications.
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For explanatory purposes, it is noted that the longitudinal direction (L) refers to the
direction of the longer side of the transformer, the transversal direction (T) refers to the direction
of the shorter side of the transformer and the vertical direction (V) is perpendicular to the plane

formed by the longitudinal and transverse directions. An illustration is given in Figure 5-1

Figure 5-1 Directional vectors used in the analysis results presentation

Summarized in Table 5-1 are the intermediate models developed, along with their most

significant characteristics.
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Table 5-1 Preliminary modified models for cover and bushing

Bushing
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The frequencies of significance for these models are also summarized below:
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Table 5-2 Significant frequencies of preliminary modified models (Hz)

Core Bushing
=z |58 = 2 = § = Q=
Variation | 5 2 | % -5 " R " 5 2 5 £
name z= |SE2E2F%|S8E 2= x
SE|ETBTELT| FE E 2
SE € £ |Es S & =g
2 - |= —
CommercialModif
ml 3.59 8.05 14.51
m?2 5.02 8.59 16.70
m3 5.43 9.24 16.82
m4 5.26 11.01 20.35
mS5 5.19 11.24 20.50
Sm6 5.43 16.11 -
m7 5.23 9.96 20.14
m8 5.38 12.54 -
m9 5.20 9.52 19.19
bl 16.60 (fixed) | 16.60 (fixed)
b2 3.76 3.64
b3 4.02 3.79
Bushing with flange
v0 17.50 17.50
ml 14.65 14.65
Bushing and turret
v0 11.93 11.93
ml 10.56 10.56

For future analyses, the CommercialModif, m5 model was selected as the most suitable
base model for future modifications. It sufficiently incorporates the realistic boundary conditions
and mass distribution of the core.

Applying the modifications presented in the previous section on the CommercialModif,
m5 model, two models were derived, the CommercialModif, m5 CoverModif+Oil gapelements
model and the CommercialModif, m5 CoverModif+Oil ononedirection model. It is noted that
these latest versions comprise detailed modeling of the bushings, refined cover mesh (variations),

correct modeling of the core, gap elements between the bottom clamps and the base plate and
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two different oil distributions inside the tank respectively. The results from the analysis on those

models are presented in the following section.
5.3 Analysis of Modified Models and Results

The main purpose for the analysis of the modified models lies in the assessment of the
frequencies of the most significant components of the transformer. These components of the
transformer have a dynamic behavior that has an influence on the response of the high voltage
bushings. It is this interaction between components that the modified models explore and assess.
Additionally, it is desirable to use the modified models with the different oil distributions as well
as the versions of the models with the various cover meshes.

In particular, the CommercialModif, m5 CoverModif+Oil_gapelements model and the
CommercialModif, m5 CoverModif+Oil ononedirection model were investigated applying wide
band ground motion excitation at the base of the transformer (white noise). In this case, the
modal analysis is not an effective approach for the identification of the system’s characteristics.
Modal analysis is not an effective approach because it is a linear method, while the modified
models incorporate nonlinear elements (gap elements). Therefore, the desired information was

obtained through processing the output in the frequency domain.
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Figure 5-2 Bushing response in the three directions for the model with evenly distributed oil
(up) and the model where the oil is distributed on one side (down)

The outcome of the analysis in the frequency domain shows that the response is very
similar for the two models. Small differences in the magnitude of the response can be found in
the frequency range of 1-20 Hz. This frequency range is where the natural as-installed
frequencies of the high voltage bushings are expected, while for higher frequencies, the
differences are generally larger. Figure 5-2 and Figure 5-3 show the response of two selected
components, namely the bushing closer to the conservator and the core, for the two modified

models.
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Figure 5-3 Core-assembly response in the three directions for the model with evenly
distributed oil (up) and the model where the oil is distributed on one side (down)
From the figures above, it can be understood that some of the components have
essentially the same response, even when the same oil mass is differently distributed. Naturally,
the response of heavy external components attached to the transformer such as the oil
conservator, are not expected to be greatly affected by the variation in the oil distribution (Figure

5-4).
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Figure 5-4 Oil conservator response in the three linear directions for the model with evenly
distributed oil (up) and the model where the oil is distributed on one side (down)

Despite the differences in the magnitude, it is important that the components of the
transformer respond at the same natural frequencies for both models. Therefore, the oil
distribution variations applied do not significantly affect the dynamic characteristics of the
components. Yet, the dynamic response of the model in which the oil mass is distributed on one
side (for both directions) is realistic only for a portion of the cycle of motion. The time for which
the model is realistic is when the oil is in contact with one of the two side walls in each direction.
Thus, the CommercialModif, m5 CoverModif+Oil gapelements model was selected as more

appropriate for the future analysis of the structure.
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Table 5-3 Transformer components’ frequencies

Fundamental Frequencies

Longitudinal Transversal Vertical
Check point
(Hz) (Hz) (Hz)
@ 2 3
hvbl 7.0, 26.5 7.0, 19.0 22.5
hvb2 5.5,26.5 4.5,14.0 14.0
hvb3 8.0,27.0 8.0 8.0, 30.0
hvbbasel 17.5,27.0 10.5,23.0 19.0,27.0
hvbbase2 17.5,27.0 10.5,23.0 14.0,22.0
hvbbase3 17.5,27.0 10.5,23.0 15.0,22.0
hvsal 8.0, 12.5,18.0 2.0 4.0,7.0,17.0
hvsa2 12.5,18.0 2.5 4.0, 8.5,23.0
hvsa3 8.0, 12.5,18.0 2.0 4.0,7.0,17.0
radl 2.5,6.0,13.0 3.0,12.5,18.0 10.0, 13.5
rad2 3.5,16.0 12.5 5.0, 13.0,22.0
rad3 5.0,9.0,19.0 14.0,29.0 5.0, 14.0,22.0
rad4 3.5,13.0, 16.5 10.5,23.0 5.0,11.0,23.5
rad5 2.5,12.0,27.0 2.5,10.5,27.5 8.0
rad6 13.0 5.0, 13.0, 20.0 9.5,14.0
hvsabase 16.5, 30.0 10.5,23.0, 29.5 4.0,7.0,17.0
cons 6.5,11.0 2.0,6.0,11.0 12.0,17.0, 27.5
base plate - - 17.5
lvb 27.5 11.0, 12.5, 18.0, 23.5, 25.5 9.0, 13.0, 15.5
lvsa 9.0, 18.0,27.0 10.0, 17.5, 21.0 11.0, 18.0
str 10.5 15.5 24.0, 32.0
topclamp 15.0, 18.5 3.5 13.5,19.0
trtop 15.0, 18.5 3.5 13.5,19.0
trbottom 17.5 3.5 13.5,19.0
cornerl 11.0,17.0, 27.0 10.5,22.5,26.5 -
corner2 11.0,17.0, 27.0 10.5,22.5, 26.5 17.0
corner3 11.0,17.0, 27.0 10.5,22.5, 26.5 17.0
corner4 11.0,17.0,27.0 10.5,22.5, 26.5 -

93




Table 5-3 summarizes the most significant frequencies in the three directions, determined
from the transfer functions, for the control points selected on the transformer.

From the table above and the comparison between the Transfer Function plots, it is
possible to eliminate some of the control points. More specifically, the hvsal and hvsa3 points
have very similar responses (Figure 5-5) and therefore, point hvsa3 can be eliminated from the

set initially selected.
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Figure 5-5 Response of high voltage surge arresters 1 and 3 in the three directions
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From the points selected to examine the response of the core, the trtop and trbottom
points can also be eliminated. The control point at the top clamp (topclamp) has identical
response to the point at the top of the middle core leg (trtop). The trbottom point has identical
response to the previous two in the vertical and the transverse direction, while in the longitudinal

direction the response is almost equal to the ground motion (Figure 5-6).
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Figure 5-6 Response of top and bottom of the core in the three directions

Finally, the points at the corner of the cover plate have identical responses in the

longitudinal and the transverse direction but different responses in the vertical direction. Of
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those, the corner2 and corner3 points have very similar transfer functions in the vertical direction
and therefore, corner3 can be eliminated (Figure 5-7). For the cornerl and corner4 points the

transfer functions in the vertical direction are also very similar and therefore, corner4 can be

eliminated.
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Figure 5-7 Response of corner 3 and 4 of the cover plate in the three directions
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5.4 Assessment of Interactions

For the interaction between the control points to be evaluated, the cross spectra and coherences
for various pairs of points were determined (three groups of pairs). The control points located
below the cover plate were paired with the corners of the cover plate. The points at the base of
the high voltage bushings were paired with the corners of the cover plate and the control points
located above the cover plate except for the tops of the bushings. Finally, the tops of the
bushings were paired with the corners of the cover plate, the points at the base of the bushings
and the rest of the points located above the cover plate. This approach helps to identify the
interaction between the various elements of the transformer and the bushings, but also associates
the response of the bushings to the corner points, the points at the base of the bushings and
possibly eliminates some of the control points.

The following tables summarize the interactions as they were assessed after careful
inspection of the cross spectra and the coherences obtained from the analysis in the frequency

domain.
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Table 5-4 presents the interaction for the first group of pairs (corner points and control

points below the cover). The control points accounted for were reduced with the technique

explained earlier.

Table 5-4 Interaction between control points located below the cover plate and the corners

Longitudinal | Transverse | Vertical
Check
Description of interaction (Hz) (Hz) (Hz)
point
1) (2) 3)
radl Interaction mainly at radiator frequencies as | 2.5, 6.0, 13.0 13.0 10.0, 13.5
rad2 determined from the transfer functions. The | 3.5, 6.0, 13.5 13.0
rad3 interactions for the cornerl and corner2 are 5.0 13.0 5.0
rad4 essentially the same for the three principal 3.8,16.5 11.0 5,11
rad5 directions but there are some differences 2.5, 11.5 11.0 8.0
radé6 for the rotations about the vertical axis. 12.5 5.0,11.0 9.0,12.5
Interaction mainly at top clamp
topclamp | frequencies. Interactions approximately the 14.0,17.0 3.5 18.5
same for both corner points.
Interaction  mainly at  conservator
cons frequencies, approximately the same for 6.5,12.5 2.5,12.5 12.5
both corner points
Interaction at small transformer frequencies
str ‘ 10.5,12.5 13.0, 15.5 -
the same for both corner points
Insignificant interaction in the longitudinal
base plate | and the transverse direction and interaction - - 17.0

at the vertical frequency of the base plate

Table 5-5 presents the interaction for the second group of pairs (high voltage bushings’

base with control points above the cover and corners of cover). The control points accounted for

are reduced compared to the initial ones selected.
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Table 5-5 Interaction between the high voltage bushings’ base points, the corners and the

points above the cover

Longitudinal | Transverse | Vertical
Check

Description of interaction (Hz) (Hz) (Hz)
@ (2) 3)

point

Interaction mainly at hvsal
frequencies in longitudinal and
hvsal ‘ o o 12.5,17.5 1.5 4.0,17.5
vertical direction and insignificant

interaction in transverse direction.

Interaction mainly at the hvsa2
frequencies in the longitudinal
hvsa2 | direction and insignificant 12.5,17.5 2.0 19.0
interaction in the transverse and

vertical directions.

Insignificant interaction in the
longitudinal and the transverse
hvsabase | o ‘ ‘ - - 17.5
direction. Significant interaction

in the vertical direction.

Interaction mainly at the lvsa
o 10.0, 12.5,
lvsa frequencies in the transverse and - 180 18.5
vertical directions. '

Interaction mainly in the vertical
cornerl - - 19.0

direction in the frequencies where

the base points of the bushings
corner2 - - 17.5, 18.0

respond.

Table 5-6 presents the interaction for the third group of pairs (tops of high voltage
bushings base with the corners of the cover plate, the points at the base of the bushings and the

rest of the points located/connected above the cover plate).
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Table 5-6 Interaction between the tops high voltage bushings, the corners, the points at the

base of the bushings and the points above the cover

Longitudinal Transverse Vertical
Check
Description of interaction (Hz) (Hz) (Hz)
point
(1) (0)) 3)
4.5,5.5,7.0,8.0, | 4.5,6.5,8.0,
hvbbasel | Interaction at both the hvb and 18.5
11.0 11.0,12.5
hvbbase frequencies as determined
4.5,5.5,7.0,8.0, | 4.5,65,8.0, | 13.5,17.5,
hvbbase2 | by the transfer functions. Most
11.0 11.0, 12.5 18.5
significant interaction in the
4.5,5.5,7.0,8.0, | 4.5,6.5,8.0, | 12.5, 14.0,
hvbbase3 | vertical direction.
11.0 11.0, 12.5 18.5
Interaction  at  the  bushing
4.0, 7.0,
hvsal frequencies mainly n the | 5.5,7.5,11.0,17.5 2.0,4.0 175
longitudinal and vertical directions. '
Interaction  at  the  bushing
frequencies  mainly in  the
hvsa2 5.5,8.0,17.5 2.0,4.5 8.0, 17.5,
longitudinal and transverse
directions.
Interaction with bushings similar to 4.5,6.0, 8.0, 7.0, 7.5,
hvsabase ' 5.5,7.5,8.0,11.0
the one of the hvbbase points. 11.0, 18.5 17.5
Interaction at  the  bushing 9.0, 17.5, 8.5,11.0,
lvsa o o 5.5,9.0, 18.0, 22.5
frequencies in all directions. 18.0 14.0, 17.5
Interaction at  the  response 4.5, 6.0, 8.0,
cornerl 5.5,7.5,8.0,11.0 -
frequencies of the bushings mainly 11.0, 18.0
in the longitudinal and transverse 4.5,6.0, 8.0,
corner2 55,7.5,8.0,11.0 -
directions. 11.0, 18.0

The tables above suggest that practically all of the components interact with each other.

The significance of the interactions can be assessed by selecting the points for which the most

critical interactions (as they were determined from the cross spectra and presented in the tables)
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are implied and verifying this assumption with the modal analysis results. As was previously
mentioned, the modal analysis is not expected to give accurate results because the model
incorporates gap elements between the core and the base plate. However, the animation of the
modes may provide very useful information because it will determine if a component is affecting
the response of another part through its response.

For example, the low voltage bushing seems to interact with the high voltage bushings
especially at its as-installed frequencies (Table 5-6 and Figure 5-8). However, the modal
animations do not show interaction for the frequencies of interest, or for the modes related to the
motion of the low voltage bushings. It is rather unlikely that there is any interaction between the

low voltage bushings and the high voltage bushings.
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Figure 5-8 Cross spectra and coherences for the low voltage and close to the
transformer high voltage bushing response in the three directions
The high voltage surge arresters are also shown to interact with the high voltage bushings
especially in the vertical direction (Figure 5-9). In this case, the animation of the surge arresters’
modes verifies this assumption. The surge arresters’ assembly is connected to the transformer

through two horizontal beams which are supported on the cover plate. When the assembly is
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rotating or moving in the vertical direction, the horizontal supports force the cover plate to

deform out of plane, affecting the response of the high voltage bushings.
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Figure 5-9 Cross spectra and coherences for the surge arresters’ base and central
high voltage bushing response in the three directions
The analyses results suggest that significant interaction occurs between the high voltage
bushings and:
e The high voltage surge arresters assembly
e The radiators
A smaller interaction is observed with:
e The conservator
e The core
It can be inferred that the components having the most considerable effect on the
response of the high voltage bushings, are the ones that mostly affect the cover plate motion. For
instance, the radiators and especially the groups 2-4 directly supported by the side wall can
induce appreciable out of plane deformations on the wall. This in turn can influence the cover

plate motion and the high voltage bushings.
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On that premise, it is expected that the oil conservator will not significantly alter the high
voltage bushings’ response because its supports are connected very close to the boundaries of the
end wall for this particular transformer (Figure 5-10). At these locations the stiffness of the walls
is increased and they are hard to deform out of their plane. Therefore, the deformations of the

cover will not be affected considerably by the motion of the transformer.

Figure 5-10 Connection of the oil conservator to the end wall

5.5 Cover Plate Mesh Influence

Several variations on the discretization density of the cover elements were examined in order to
assess the mesh effect to the bushings’ response. The model modified was model MII, a variation

of CommercialModif, m5 CoverModif+Oil gapelements model where the small transformer
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Table 5-7 Peak accelerations and moments of the bushing close to the conservator (modified mesh)

Peak Acceleration (g) Moment (kip*in)
No | Model Corner 1 Bushing 1 Turret Base Bushing 1 Bushing 1 Base
L T V| L T v RL RT RV P T P T

Modeling Variations

MII 1.1 |14 | 09 | 1.1 | 1.3 | 1.7 | 0.057 | 0.028 | 0.0023 | 43 | 2.4 120.5 66.3

MI-ml | 1.1 | 14 | 09 | 1.1 | 1.3 | 1.6 | 0.059 | 0.029 | 0.0022 | 44 | 2.4 121.9 65.9

MI-m3 | 1.1 | 1.4 | 09 | 1.1 | 1.3 | 1.7 | 0.059 | 0.028 | 0.0022 | 4.5 | 2.4 124.1 66.3

1
2
3 | MII-m2 | 1.1 | 1.4 109 | 1.1 | 1.3 | 1.7 | 0.058 | 0.027 | 0.0022 | 4.4 | 2.4 123.0 65.8
4
5

MII-m4 | 1.1 | 14 | 09 | 1.1 | 1.3 | 1.7 | 0.058 | 0.028 | 0.0022 | 45 | 2.4 124.1 66.3

No | Model Corner 1 Bushing 2 Turret Base Bushing 2* | Bushing 2 Base*
1 MII 1.1 |14 | 09 | 1.1 | 1.4 | 2.1 | 0.039 | 0.066 | 0.0019 3.6 99.3
2 | MIl-ml | 1.1 | 1.4 | 09 | 1.1 | 1.4 | 2.1 | 0.039 | 0.066 | 0.0020 3.6 98.8
3 |MII-m2 | 1.1 | 14]109 ] 1.1 | 14 ] 2.1 0.040 | 0.066 | 0.0019 3.6 99.5
4 | MII-m3 | 1.1 | 1.4 | 09 | 1.1 | 1.4 | 2.1 | 0.040 | 0.067 | 0.0019 3.6 99.5
5 | MIl-m4 | 1.1 | 1.4 | 09 | 1.1 | 1.4 | 2.1 | 0.040 | 0.069 | 0.0019 3.6 100.0
No | Model Corner 1 Bushing 3 Turret Base Bushing 3 Bushing 3 Base

MII 1.1 | 14 | 09 | 1.1 | 1.3 | 2.1 | 0.047 | 0.044 | 0.0027 | 2.8 | 3.6 77.2 99.7

MII-ml | 1.1 | 14 | 09 | 1.1 | 1.3 | 2.1 | 0.045 | 0.046 | 0.0025 | 2.8 | 3.6 78.2 100.6

MII-m3 | 1.1 | 14 | 09 | 1.1 | 1.3 | 2.1 | 0.045 | 0.047 | 0.0028 | 2.8 | 3.7 77.6 102.1

1
2
3 | MII-m2 | 1.1 | 14 |09 | 1.1 | 1.3 | 2.1 | 0.045 | 0.049 | 0.0029 | 2.8 | 3.6 78.4 101.2
4
5

MII-m4 | 1.1 | 14 | 09 | 1.1 | 1.3 | 2.1 | 0.045 | 0.047 | 0.0028 | 2.8 | 3.7 717.7 101.9

* The results for Bushing 2 center of gravity and Bushing 2 base are presented in terms of peak
instant vector sum of the response measured in the two horizontal directions

Notation Legend

L Lateral v v -

T Transversal ZrL

\Y Vertical I ke

P | Perpendicular to bushing axis (CG) Tap
RL Rotation in the vertical plane L RT L

(lateral direction) —» 1 >
Rotation in the vertical plane /
RT .
(transversal direction)
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contained in the tank was braced to the end wall. The modified models were subjected to the
IEEE693-2005 spectrum compatible ground motion. The response of the bushings, in terms of
accelerations and displacements, was obtained at the gravitational center and the top of each
bushing respectively.

Table 5-7 shows the comparison for the response acceleration at the gravitational center,
the resulting moment at the base of each bushing and the response at the base of each turret for
the models examined. The modified models’ names are shown in ascending order from the
model with the coarser mesh to the model with the finest mesh.

The comparison of the results shows that the bushings present almost identical responses
for all of the mesh configurations examined. The same applies for the displacements measured at
the top of the bushings. Table 5-8 demonstrates the results in terms of displacements relative to
the ground for all bushings:

Table 5-8 Peak displacements of the bushings relative to the ground (modified mesh)

Peak Displacement relative to ground (in)

Peak Displacement

relative to core (in)

No | Model
Bushing 1 Top Bushing 2 Top Bushing 3 Top | Bushing 2 Bottom | Bushing 2 Bottom
L T A\ L T \% L T \% L T A\ L T A\
Modeling Variations
1 MII 1.66 | 1.17 | 0.42 | 1.96 | 2.80 | 0.29 | 1.27 | 1.33 | 0.29 | 0.70 | 0.97 | 0.29 | 0.69 | 2.80 | 0.28
2 | MII-m1 | 1.67 | 1.17 042|196 |2.77]0.29 | 1.26 | 1.35]| 030 { 0.70 | 0.96 | 0.29 | 0.69 | 2.79 | 0.28
3 | MII-m2 | 1.69 | 1.17 ] 0.43 | 1.96 | 2.80 | 0.29 | 1.25 | 1.36 | 0.29 | 0.70 | 0.97 | 0.29 | 0.69 | 2.80 | 0.28
4 | MII-m3 | 1.70 | 1.18 | 0.43 | 1.96 | 2.79 | 0.29 | 1.27 | 1.37 | 0.30 | 0.70 | 0.97 | 0.29 | 0.69 | 2.80 | 0.28
5 | MII-m4 | 1.70 | 1.18 | 0.43 | 1.96 | 2.84 | 0.30 | 1.27 | 1.38 | 0.30 | 0.70 | 0.99 | 0.30 | 0.69 | 2.81 | 0.29

It can thus be inferred that the regular rectangular mesh of the portion of the cover plate
located at some distance from the turret, is not particularly significant for the response of the

bushings.
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SECTION 6

SENSITIVITY TO STRUCTURAL MODIFICATIONS

6.1 Overview

The modifications presented herein constitute an effort to investigate the dynamic response of
the high voltage bushings for a variety of potential structural variations. The procedure is
considered necessary, because a generalization of the conclusions is desirable and the
transformer used in the current research is only one case of the various types of transformers
used in industry.

In the case that a variation is found to appreciably enhance or deteriorate the bushings’
response, then the findings could be useful for the development of prospective design
recommendations. These findings could be utilized to upgrade the current standards that pertain
to the analysis and design of the electrical transformer.

It should be particularly noted that the term “modeling” used in Section 3 signifies the
approach followed for the enhancement of the original transformer model and is not related to
the term ““structural.” For the purpose of this section “structural” states that the modifications on

the model refer to the design alternatives on the model obtained from the “modeling” procedure.

6.2 Structural Modifications

The base model for a number of structural modifications was the CommercialModif,
m5_CoverModif+Oil gapelements model which is composed of all the corrections defined in the
previous sections. For reasons of simplicity, this model is referred to as MI from this point on.
The base model for the rest of the modifications was model MII, which was derived from

appropriately bracing the core, the radiators and the small transformer in model MI. Therefore
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the base models considered in the current analyses were the MI and MII models. The

modifications of the components investigated are presented below.
6.2.1 Oil Conservator

In the transformer examined, the conservator is a massive component that lacks seismic bracing.
However, there are many transformers that incorporate that feature. In order to assess the
response of the high voltage bushings under that condition, the MI model was modified so that
the conservator was seismically braced both horizontally and vertically with rigid rods.

On the horizontal plane there are two braces with diagonal orientation forming an X
shape, connecting the ends of the horizontal supporting beams of the conservator with the
supports. In the vertical direction, there are two braces that again form an X shape and connect
the supporting beams with the lower and back part of the conservator tank. The bracing

configuration is depicted in Figure 6-1.

Figure 6-1 Horizontal and vertical bracing of the core in model MI

An additional model was developed from modifying model MII, in which the conservator

was completely removed from the transformer (Figure 6-2). This modification is expected to
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account for the case in which the conservator is not directly attached to the tank, or is relatively
small. If the conservator is considered relatively small, then its influence on the dynamic

response of the high voltage bushings is expected to be negligible.

Figure 6-2 Removal of the oil onservator in model MII

6.2.2 Radiators

As deduced from previous analyses of the modified transformer model, the individual response
of the radiators significantly affects the high voltage bushings’ response. In order to eliminate the
individual motion of the radiators and assess the response of the bushings under the new

conditions, a modified bracing scheme was considered for the radiator units in model MI.
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Figur 6-4 Bracing of the radiators on the end walls in
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model MI

In the finite element model of the transformer initially provided, the radiator groups is
composed of diagonal braces in a horizontal plane at their top and bottom supporting beams.
These braces, which initially reached up to the middle of the beams, were extended up to the
total length. The radiator groups were braced along their ends with L-shaped members, in the

longitudinal direction. That way, the individual response of each radiator is expected to be
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restrained. Finally, the first and last radiator groups, from the ensemble supported by the
longitudinal side wall, were braced along the tank with diagonal elements at their top and
bottom. This additional bracing was done so that the radiator group’s vertical motion would be
further restrained. The modifications are illustrated in Figure 6-3 and Figure 6-4.

It is worth noting that the MII model was developed by bracing both component groups
in the MI model with the techniques described above and by bracing the small transformer to the

wall of the tank using rigid elements.
6.2.3 High Voltage Surge Arresters

The surge arresters are crucial components of the transformer in terms of interaction with the
high voltage bushings. The analyses carried out earlier show that the high voltage surge arresters
affect the response of the cover plate directly, through the vertical motion of their supports.

In an effort to resolve this issue, several variations of the supporting conditions for the
surge arresters were examined. As a first approach, the MII model was modified so that the surge
arresters were supported on the extended cover plate stiffeners. This is depicted in Figure 6-5 in
which, for illustrative purposes, only the cover plate of the transformer and the high voltage

bushings are shown.
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Figure 6-5 High voltage surge arresters supported on cover plate stiffeners in MII model

The model above was further modified by changing the section of the surge arresters’
base from channel to a tube with the same dimensions. That way, the torsional stiffness of the
surge arresters’ base is expected to be increased.

It is desirable to assess the high voltage bushings’ response when the surge arresters are
made of porcelain instead of a composite material. To achieve this, model MII was slightly
modified to incorporate the porcelain bushings. The weight of each composite surge arrester unit
in model MII was 154 Ibs. In order to incorporate the significantly heavier porcelain surge
arresters in the model, the weight of the currently existing surge arresters was simply changed to
672 Ibs. This larger weight is the total weight of the porcelain surge arrester unit. No additional
changes were applied on the remaining surge arresters’ properties, as the frequencies of the units
were sufficiently high, which is expected in practice. However, the stiffness of the beams
supporting the surge arresters was increased, in a similar fashion as the increase in the weight of

the units, so that the units could be efficiently carried.
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Figure 6-6 Porcelain high voltage surge arresters and short bracing in model MII

In order to eliminate the vertical motion and the rotation of the surge arresters’ assembly,
the last model was further modified. In particular, diagonal rigid braces were added between the
bottom of each porcelain surge arrester and the side wall of the tank. Two braces were used for
the middle surge arrester and one brace for the remaining surge arresters. The configuration is
shown in Figure 6-6, in which only part of the transformer is depicted for illustrative purposes.

The model was further modified in order to incorporate a more sufficient seismic bracing
scheme. On one hand, the angle of the braces in the last model was very small to adequately
resist the vertical motion. On the other hand, the braces were connected at a location on the wall
where no stiffeners were present. Therefore, the bracing angle and length were increased so that
the bracing members were connected to the upper of the two stiffeners on the wall, which were
included in the original model. The number of the braces was increased to two for each member

(Figure 6-7). Again, only part of the transformer is shown for illustrative purposes.

113



Long Diagonal
Bracing Elements

Figure 6-7 Porcelain high voltage surge arresters and long bracing in model MII

Figure 6-8 Removal of the high voltage surge arresters in model MII

There are transformers in which the surge arresters’ assembly is detached from the main

tank. In order to be functional in this case, the surge arresters are located close to the transformer,
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but stand as an autonomous structure. To account for this scenario, the surge arresters were

completely removed from the MII model. The new model created is illustrated in Figure 6-8.
6.2.4 Core-Coil Assembly

As a first design alternative, the core assembly was connected to the corners of the cover plate in
model MII. To accomplish this, four of the vertical rigid elements were used as stiffeners for the
core assembly; two on each side of the top clamp, were first extended upwards and over the
clamp, at a distance half of the clamp’s height. After that, rigid bars were employed to connect
the top of each extended element to the respective corner (Figure 6-9). The connection at the

corners was modeled as pinned.

Figure 6-9 Connection of the core to the corners of the cover plate in model MII

The last model was modified so that the connections of the core to the transversal beam

and the end wall were eliminated. Figure 6-10 depicts the new model produced and a comparison
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to Figure 6-9 can reveal that the transversal beam and the short rigid elements between the core

clamps and the end wall have been removed.

Figure 6-10 Connection of the core to the corners of the cover plate in model MII and
detachment from the end wall and the transversal beam

Another potential design variation for the boundary conditions of the core is the direct
attachment of the top clamps to the cover plate. This is actually the case for some transformers
where the distance between the top of the core and the cover is small enough for the core to be
directly connected to the cover. The connection is done through cylindrical pins with one end
lying at the top of the core level and the other right above the cover. Here the cylindrical pins are
vertically restrained inside cylindrical blocks welded on the cover.

In view of the practical application described above, an appropriate approach was
followed in order to achieve the modification. Six of the vertical rigid elements were used as
stiffeners for the core assembly; two on each side of the top clamp and two at its center, were
extended upwards and over the clamp, at a distance half of the clamp’s height. For each pair of

the extended elements two rigid diagonal bars were added to the model, starting from the top of
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each element and ending at the same node right below the closest node on the cover plate.
Finally, for each pair of diagonal elements, the point of their intersection was connected to the
node of the cover plate located right above it with a vertical rigid bar. The connection of the rigid
bar to the cover plate was modeled as pinned. The result is better depicted in Figure 6-11, in
which only the cover, the high voltage bushings and the core have been included for illustrative

purposes.

Figure 6-11 Connection of the core directly to the cover plate in model MII

Furthermore, a new model was developed by modifying the last one so that the
connections of the core to the transversal beam and the end wall were eliminated. Figure 6-12
shows that the transversal beam and the short rigid elements between the core clamps and the

end wall have been removed.
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Figure 6-12 Connection of the core directly to the cover plate in model MII and detachment
from the end wall and the transversal beam

The last model was further modified with the connections of the vertical rigid elements to

the cover plate being changed from pins to clamps.

Figure 6-13 Removal of the core in model MII
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The transformer model MII was also investigated after the core assembly was completely
removed (Figure 6-13). For that model, the oil distribution in model MII was left intact. The
approach is representative of a transformer model in which the core assembly is loosely
connected to the tank walls. In consideration of the fact that the core is a massive component
which is simply resting on the base plate and is not expected to rock significantly during a
seismic event. In this type of transformer, the core will not appreciably affect the response of the

tank.
6.2.5 High Voltage Bushings

In an effort to investigate the interaction of the bushings due to the individual bushing response,
each bushing was in turn removed from the model MII, and three models were developed. That
way, by removing a single bushing, the effect on the response of the remaining bushings could

be determined.

Figure 6-14 Removal of the cental bushing in model MII
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Finally, a model was developed to determine the response of the bushings for the
hypothetical case that the transformer is composed of 230 kV instead of 196 kV bushings. To
investigate this case, the material properties and dimensions of the bushings in the MII model
were modified appropriately so that they match the attributes provided by the manufacturer. The
weight was changed from 1022 lbs (for the 196 kV) to 773 lbs (for the 230 kV) and the
properties of the material and the element section for the bushings were assigned in such way so

that the fixed base frequency was 20 Hz instead of 15 Hz (for the 196 kV bushings).

6.3 Assessment of the High Voltage Bushings’ Response

All of the models, produced from the structural variations presented above, were subjected to the
IEEE693-2005 random spectrum compatible ground motion. The most significant components
of the response were measured at the base of each bushing and the corners of the cover plate as
has already been discussed in Section 3.
The response components of interest are summarized below:
e Accelerations at the gravitational center of the upper high voltage bushings where the
mass is concentrated
e Moments at the base of the high voltage bushings
e Displacements at the top of the high voltage bushings
e Displacements at the bottom of the high voltage bushing (part of the bushing immersed
inside the tank)
e Accelerations at the corners of the cover plate
e Accelerations at the base of the turrets (points on cover)
The accelerations at the bushings and the moments at the base of the bushings will

specify the capacity demand due to the ground motion excitation. The cables connected at the top
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as well as at the bottom of each bushing must have a certain amount of slackness for electrical
purposes. The displacements at the top of the bushing are measured with respect to the ground
and the displacements at the bottom of the bushing are measured with respect to the ground and
the top of the core. These data are useful not only for the assessment of the cable’s response, but
can also provide bounding values in the case when it is desirable that the transformer or the

bushing itself is base isolated.

6.4 Effect of Motion Amplifications at Top of Tank

The acceleration spectra at the corners of the cover plate in the three linear directions
(longitudinal, transversal and vertical) were produced. In particular, the response history in these
directions was obtained from the dynamic analysis of each model and the elastic pseudo
acceleration spectra were produced with the use of MATLAB. The response of the transformer is
expected to be essentially linear and therefore a small value in the order of 2% was selected for
the damping while calculating the spectra.

The pseudo acceleration spectra in the three linear directions were also developed with
the use of MATLAB, for the respective response histories obtained at top of each turret. Again a
small value of 2% was selected for the critical damping ratio.

When the response spectra at the corners of the cover plate are compared to the
respective response spectra computed by the finite element model for the ground motion, the
amplifications (or the attenuation) of the response on the cover at certain frequencies are
expected. The corners are regions where little or negligible rotational response is expected
because the plate and the walls prevent such rotational stiffness. Thus, the horizontal components
of the response at the corners are expected to give a very good description of the horizontal

motion of the cover plate. The additional in-plane deformations of the cover are expected to be
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small due to the high in-plane stiffness of the plate itself. However, the vertical components of
the cover response will be much different than the ones measured at the corners. This is due to
many other contributions to the vertical motion are not accounted for when one tries to associate
the corner response to the cover motion. For example, the rotational input from the side wall
response and the vertical motion on the cover due to the high voltage surge arresters’ response is
not present in the vertical component of the corners.

The IEEE 693-2005 standard recommends that for the dynamic qualification of the
bushing in the laboratory, the latter will be mounted on a rigid frame and the input motion will
match a required response spectrum (amplified) multiplied by a factor of two. This factor is used
to account for the flexibility of the transformer and the cover plate. The corner spectra, obtained
from the analysis of the structurally modified models, incorporate the amplifications due to the
flexibility of the transformer tank. The response spectra obtained in the finite element analysis at
the top of the turrets, incorporate the amplifications due to the combined effect of the transformer
flexibility, the plate flexibility and the response of the components attached to the tank. These
spectra are important for the expected response of the bushings because they are directly
generated from the motion at their base.

The corner spectra are useful when trying to qualify the response of the high voltage
bushings as mounted (or as-installed) on the transformer. They are also useful for future design
of possible retrofit scheme to remedy undesirable behavior during the high voltage bushings
dynamic response: (i) First, if the capacity of the bushing is known from physical testing in
laboratory, it can be compared to the expected response from the required response spectra
(RRS). From this comparison, it is possible to determine whether the bushing is expected to

survive the presumed ground motion or not. This concept is illustrated in Figure 6-15.
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Figure 6-15: Ranges of usability of the bushing (Demand vs Capacity)
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Shown in the graph are the amplified required response spectra at top of the tank (cover)
for three ground motion intensities (low, medium and high). The dashed line represents the
capacity of the bushing provided that it has been specified from experimental testing (ac,max). The
combination of the required spectra (demand) with the capacity of the bushing, will determine
the range of frequencies where the bushing will survive the dynamic excitation. The underlying
assumption is that the transformer is represented by a single degree of freedom system with the
vertical and rotational effects on the cover neglected.

The required response spectrum for the lowest ground motion intensity in Figure 6-15
shows that the bushing is usable for the whole possible range of as-installed bushing frequencies.
The spectrum for the medium ground motion intensity defines a range of frequencies between f;
and f, in which the bushing is expected to suffer damages during the excitation. Finally, for the
highest intensity of the ground motion, the bushing is expected to be functional after an

earthquake only if its as-installed frequency is greater than f;. Thus, the shaded area in Figure
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6-15 signifies the unusable range of the installed bushing for all the ground motion intensities. It
should be noted that the magnitude of bushing capacity and the required spectra in the figure

above are hypothetical and presented for explanatory purposes only.
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Figure 6-16 Transformer amplifications and as-installed frequencies of bushings

Considering all the amplifications on the cover plate, the required response spectra that
represent the cover plate motion will not have the simplified form presented in the Figure 6-15.
Instead, they will exhibit peaks at certain frequencies (or ranges of frequencies) that characterize
the amplifications on the cover. This is illustrated in Figure 6-16. The dashed line shows the
required response spectrum for the transformer, neglecting the amplifications. The continuous
line shows the required response spectrum including the amplifications on the cover. It is noted
that the presented form, the magnitude and the frequencies at which the amplifications occur are
hypothetical, for illustrative purposes only. The bold dashed line shows the capacity of the

bushing (with arbitrary magnitude).
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It can be inferred that the as-installed frequency of the bushing could be such, that the
demand might exceed the capacity of the bushing for the specific frequency due to the influence
of the transformer amplification. Such might be the case, if the cover is essentially rigid so that
the bushing will respond with its fixed-base frequency.

In order to modify the behavior of the as-installed bushing under these circumstances,
without modifying the bushing properties, a solution could be to seismically isolate the
transformer, or provide additional damping to the bushings, or a combination of those. Both
approaches would lead to a reduction in the acceleration demand for the bushings. Another
approach could be to modify the bushing-cover connection either by softening or stiffening
techniques depending on the frequency ranges of the amplifications. That way, the as-installed
frequency of the bushing could be modified so that the demand would be lower than the actual
capacity. For example, Figure 6-16 shows that if the connection is softened properly, for the
amplifications shown, the demand is lower than the capacity. An analogous reduction applies if
the connection is stiffened appropriately. However, if the connection is stiffened excessively, the
as-installed frequency will approach the fixed-base frequency of the bushing. For the current

graph, the cover response is amplified and the response will be even more severe than before.
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SECTION 7

EFFECTS OF STRUCTURAL MODIFICATIONS ON THE RESPONSE OF
BUSHINGS

7.1 Overview

In this section, the results obtained from the analysis of the structurally modified models are
reported. First, the nomenclature of the models is summarized for an easier comprehension of the
tables presented. Thereafter, the acceleration and displacement responses of the bushings are
summarized in relevant tables for the models examined. The section concludes, with the
demonstration of the amplification factors obtained for the corners of the cover and the top of the

turrets.
7.2 Modified Models Nomenclature

Prior to the presentation of the dynamic analysis results, the modified models discussed earlier
are summarized below in Table 7-1. This summarization is done for easy reference of the
nomenclature when studying the tables with the results.

Highlighted are the models MI and MII that served as the basis for the structural
modifications. For each model developed, the name assigned to it consists of the name of the
basis and of a lowercase letter that signifies the type of modification.

For modifications on model MI:
e a denotes modification of both the conservator and the radiators
e b denotes modification of the conservator
e ¢ denotes modification of the radiators

For modifications on model MII:

e a denotes modification of the core
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e b denotes modification of the bushings
e ¢ denotes modification of the surge arresters
e d denotes that the 230 kV bushings are incorporated in the model
e e denotes modification of the conservator
For the same component, a different number in the model name signifies a different

modification. Variations on the same type of modification are denoted with Latin numbering.
7.3 Analysis Results for IEEE-693-2005 Spectrum Compatible Excitation

The response quantities obtained from the dynamic analyses of the modified models for the
components of interest are explicitly presented in the following tables. It should be noted that the
results in terms of acceleration and moment response are presented differently for each of the
bushings. The reasons for the different presentation for each result will be explained shortly.

It can be inferred from the tables that the results for the inclined bushings and the vertical
bushing are treated differently. They are treated differently in the sense that for each inclined
bushing two accelerations are presented for each analyzed model, while for the vertical bushing
only one is shown. For the vertical bushing, both horizontal components are of interest because
they are perpendicular to the bushing as by default in SAP2000. Since the vertical bushing is
approximately symmetric, the instant vector sum of the horizontal accelerations will describe the
resultant acceleration at the center of gravity. The peak value of the instant vector sum is

included in the tables prepared for the central bushing.
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For the inclined bushing, the longitudinal component of the response at the center of
gravity, as by default in SAP2000, is not perpendicular to the bushing. The same reasoning
applies for the vertical component of the response. Rotating these two responses about the
transversal axis at the center of gravity of the bushing, one gets a component perpendicular and
an axial to the bushing. The axial component is not of particular interest in the current research
because the bushing is considered axially rigid. Therefore, only the peak value of the
perpendicular component of the inclined bushing component is presented in the tables (in
column P).

[lustrated in Figure 7-1, the global axes of the total system are shown at the center of
gravity of each bushing and separately. The plane of transformation for the inclined bushing is
the one defined by the vertical and longitudinal global axes; as they are presented at the center of
gravity of the specific bushing. This is also the plane on which all of the bushings lie, as is
indicated in the drawings provided by the manufacturer.

The transverse component of the bushings’ response is presented as is, always being
perpendicular to the bushing with the vertical component being neglected. However, in the case
where large deformation effects are accounted for, the vertical component should be considered.

As far as the response at the base of the bushing is concerned, care should be taken when
examining the rotations about the longitudinal and the transversal axes. Mathematically, the
rotation of a rigid body about an axis is defined as the motion of a body around the axis of
reference. In the current representation, the longitudinal rotation RL is set to signify the rotation
about the transversal global axis and the transversal rotation RT, the rotation about the
longitudinal local axis. If the bushing-turret system is considered as a rigid body, the peak values

of the response components are assumed to coincide temporally and the distance from the center
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of gravity to the cover is known. One can directly get an estimate of the expected response at the
gravitational center of the bushing, from the maximum response quantities at the turret base, in

the desired direction.
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Figure 7-1 Significant components for the bushings’ response

Shown in Table 7-2 through Table 7-4 are the peak accelerations at the gravitational
center, the moments at the base of each bushing and the accelerations at the turret base and

Corner 1 of the corner plate. The models with the most adverse response are highlighted.
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Table 7-2 Peak accelerations and moments of the bushing close to the conservator

Peak Acceleration (g) Moment (kip*in)
No Model Corner 1 Bushing 1 Turret Base Bushing 1 Bushing 1 Base
L T \% L | T|V RL RT RV P T P T
ORNOREORIORNORNONENG) ® ® 10) | an (12) 13)
1 | MI (Basis) 1.1 | 1.3 | 09 |11 |14 |1.6 | 0.052 | 0.035 | 0.0015 4.2 2.5 115.8 68.8
2 | Ml-a 1.1 | 1.3 ] 09 |1.1]14 |17 0.057 | 0.028 | 0.0021 4.4 24 122.0 66.1
3 | MI-b 1.1 )14 |08 |1.1]1.4]18| 0.049 | 0.032 | 0.0019 4.4 2.8 123.3 78.8
4 | Ml-c 1.1 | 1.5 ] 09 |1.1]15| 17| 0.038 | 0.026 | 0.0022 32 2.7 89.1 74.8
5 | MII (Basis 1.1 | 14 | 09 (1.1 |13 | 1.7 | 0.057 | 0.028 | 0.0023 4.3 24 120.5 66.3
6 | Mll-al 1.1 | 1.8 | 09 | 10| 17| 18] 0.058 | 0.032 | 0.0033 4.8 3.0 1323 82.3
7 | Mll-ali 1.1 | 1.8 | 09 |1.1]1.7| 18| 0.062 | 0.033 | 0.0031 5.1 3.1 141.0 87.2
8 | MII-a2 1.0 |16 | 09 |1.1]|15]24 | 0.063 | 0.079 | 0.0040 4.6 3.9 127.0 109.1
9 | Mll-a2i 1.6 | 1.6 | 09 | 13| 17|34 ]| 0.096 | 0.201 | 0.0082 5.4 43 149.8 120.5
10 | MlII-a2ii 1.6 | 16 | 09 |13 | 1.7]28 | 0.104 | 0.209 | 0.0067 5.7 4.2 157.5 115.9
11 | MlI-a2iii 20 | 19 | 1.0 | 1.7 |28 |39 | 0.127 | 0.328 | 0.0155 7.6 5.0 210.5 137.7
12 | MII-a3 1.1 | 1.3 ] 09 | 11|14 |17 0.061 | 0.031 | 0.0022 4.7 2.8 131.7 79.0
13 | MII-bl 1.1 | 14|09 1113|117 0.017 | 0.030 | 0.0023 - -
14 | MII-b2 1.1 | 1.3 ] 09 | 1.1]13 |17 0.056 | 0.028 | 0.0022 4.3 23 119.6 63.1
15 | MII-b3 1.1 | 1.4 | 09 |11|13|19] 0.047 | 0.027 | 0.0023 3.9 3.5 107.9 98.3
16 | Mll-cl 1.1 | 14 | 09 | 1.1 |13 | 17| 0.043 | 0.029 | 0.0023 3.6 3.0 101.0 82.5
17 | MlI-cli 1.1 | 14 | 09 | 11|13 |17 0.031 | 0.022 | 0.0023 2.5 3.2 70.3 87.8
18 | MlI-c2 1.1 | 14 | 09 | 11|13 |16 0.059 | 0.028 | 0.0023 4.6 2.5 126.6 69.0
19 | MlII-c2i 12 115709 |1.1]15]19| 0.046 | 0.031 | 0.0020 3.6 3.9 101.0 107.2
20 | MlI-c2ii 1.1 | 14 | 09 | 11|14 |17 0.046 | 0.029 | 0.0021 34 3.3 94.7 90.7
21 | MII-c3 1.1 11409 |11]13]17| 0.045 | 0.033 | 0.0022 33 33 923 922
22 | MII-d 1.1 | 14 | 09 |1.1]13|19 ]| 0.052 | 0.030 | 0.0024 39 3.7 75.3 71.2
23 | Mll-e I.1 | 1.5 ] 09 |1.1]15| 17| 0.045 | 0.028 | 0.0020 3.8 24 106.1 66.8
IEEE Ground Motion (g)
L T v
1.0 1.0 0.9
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Table 7-3 Peak accelerations and moments of the central bushing

Peak Acceleration (g)

Moment (kip*in)

No Model Corner 1 Bushing 2 Turret Base Bushing 2 Bushing 2 Base
L| T|V|L|T]|V RL RT RV Vector Sum Vector Sum
MDA D OGO D ®) ® (10) (1)
1 | MI(Basis) |1.1|13/09 11|14 |24 0.038 | 0.057 | 0.0009 4.0 112.0
2 | Ml-a 1.1113709]1.1|1.4]2.0] 0.039 | 0.067 | 0.0021 3.6 99.5
3 | MI-b 1114108 ]1.1]14]25] 0.039 | 0.053 | 0.0013 4.1 114.5
4 | Ml-c 1.1115109|1.1 15|23} 0.035 | 0.067 | 0.0014 33 923
5 | MII (Basis) | 1.1 | 1.4 |09 | 1.1 | 1.4 | 2.1 | 0.039 | 0.066 | 0.0019 3.6 99.3
6 | Mll-al 1.1 1.8{09]1.0]1.8]3.3] 0.039 | 0.067 | 0.0029 3.8 105.2
7 | Mll-ali 1.1{18(09]1.1]18|33] 0.039 | 0.072 | 0.0029 3.8 105.3
8 | Mll-a2 1.0[{16(09]1.1]1.6|28]| 0.035 | 0.128 | 0.0037 4.8 134.3
9 | Mll-a2i 1.6 1609131743 0.041 | 0.443 | 0.0086 7.7 214.5
10 | MlI-a2ii 1.616(09]|13]1.7|4.6| 0.042 | 0.382 | 0.0076 8.4 233.6
11 | MlI-a2iii 20(19]1.0]14|24|54]| 0.051 | 0.837 | 0.0154 10.5 291.1
12 | MlI-a3 1.1 [13](09|1.1|14]23] 0.040 | 0.070 | 0.0019 3.5 96.5
13 | MII-bl 1.1 [14]09|1.1|14]21]| 0.040 | 0.064 | 0.0019 3.7 103.3
14 | MII-b2 1.1 13]09|1.1]1.4]38] 0.032 | 0.056 | 0.0019 - -
15 | MII-b3 1.1{14109|1.1]1.4 |21 0.040 | 0.067 | 0.0019 3.9 107.5
16 | Mll-cl 1.1{14(09]1.1]14|20] 0.047 | 0.060 | 0.0019 4.3 119.8
17 | Mll-cli 1.1{14(09]1.1]14 |21 0.044 | 0.065 | 0.0019 4.2 115.6
18 | Mll-c2 1.1 14]09|1.1|14]|23]| 0.040 | 0.068 | 0.0020 4.1 114.8
19 | Mll-c2i 12115709 |1.1|1.6]2.1] 0.042 | 0.058 | 0.0021 4.0 110.4
20 | MlI-c2ii 1.114]09|1.1|14]21] 0.038 | 0.076 | 0.0018 3.8 105.6
21 | Mll-c3 1.1 14]09|1.1|14]2.0] 0.041 | 0.067 | 0.0019 3.7 103.1
22 | MII-d 1.1{14109]1.1]13|24)| 0.042 | 0.072 | 0.0019 4.2 81.2
23 | Mll-e 1.1[15(09]1.1]15|24)| 0.038 | 0.068 | 0.0014 3.6 99.2
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Table 7-4 Peak accelerations and moments of the bushing far from the conservator

Peak Acceleration (g) Moment (kip*in)
No Model Corner 1 Bushing 3 Turret Base Bushing 3 Bushing 3 Base
L T V|L|T|V RL RT RV P T P T
M2 A @D |6 D ®) ® 1o | an | a2 a3
1 | MI(Basis) | 1.1 | 1.3 | 09 | 1.1 | 13| 1.7 | 0.046 | 0.051 | 0.0023 1.9 3.5 53.8 96.5
2 | Ml-a 1.1 | 1.3 109 | 1.1 14|20/ 0.048 | 0.057 | 0.0029 2.7 3.7 74.0 102.3
3 | Ml-b 1.1 | 1.4 08 |1.1|1.3]1.7| 0.039 | 0.052 | 0.0021 2.2 4.4 61.1 120.8
4 | Ml-c I.1 | 1.5 109 | 1.1 |15]|1.6] 0.044 | 0.041 | 0.0022 2.3 33 64.3 91.1
S |MII(Basis) | 1.1 | 1.4 | 0.9 | 1.1 | 1.3 | 2.1 | 0.047 | 0.044 | 0.0027 2.8 3.6 77.2 99.7
6 | Mll-al 1.1 | 1.8 109 (10| 1.7]21] 0.047 | 0.045 | 0.0035 2.8 4.4 76.9 120.9
7 | Mll-ali 1.1 | 1.8 | 09 | 1.1 | 1.8 ]2.1| 0.048 | 0.047 | 0.0034 2.3 5.1 63.9 141.0
8 | Mll-a2 1.0 | 1.6 | 09 | 1.1 | 1.6 |23 | 0.065 | 0.091 | 0.0051 2.7 4.1 76.0 114.6
9 | Mll-a2i 1.6 | 1.6 | 09 |15 |1.6|3.1| 0.109 | 0.275 | 0.0086 3.5 5.1 96.5 142.3
10 | MlI-a2ii 1.6 | 1.6 | 09 |14 |1.7|28| 0.105 | 0.227 | 0.0105 2.9 4.9 79.2 134.9
11 | MlI-a2iii 20|19 | 1.0 [ 1.9]25]3.6| 0.141 | 0.436 | 0.0157 5.0 6.4 137.7 176.4
12 | MlI-a3 1.1 | 13109 [1.1|13]19] 0.044 | 0.036 | 0.0025 2.7 3.9 74.8 107.4
13 | MII-bl 1.1 | 14 |09 | 1.1 |13]19] 0.055 | 0.040 | 0.0031 2.9 3.5 79.7 97.8
14 | MII-b2 1.1 | 1.3 109 |1.1]14]21] 0.050 | 0.051 | 0.0029 2.8 3.5 77.1 97.7
15 | MII-b3 1.1 [ 1.4 | 09 |1.1|13]|14] 0.041 | 0.040 | 0.0028
16 | Mll-cl 1.1 | 14 109 | 1.1 13|19 0.056 | 0.047 | 0.0029 3.0 3.9 83.8 109.2
17 | Mll-cli 1.1 | 1.4 109 | 1.1 |1.3]2.0/| 0.049 | 0.040 | 0.0032 2.8 3.8 78.2 106.3
18 | MIl-c2 1.1 | 14|09 |1.1]13]21] 0.061 | 0.043 | 0.0034 2.8 4.4 77.9 123.1
19 | MlI-c2i 12115709 |1.1|15]1.8] 0.054 | 0.054 | 0.0033 23 4.0 65.1 112.3
20 | MlI-c2ii 1.1 | 1409 |1.1]|13]2.0] 0.067 | 0.048 | 0.0028 3.0 4.6 82.1 127.5
21 | Mll-c3 1.1 | 1409 |1.1]|13]2.0] 0.050 | 0.053 | 0.0037 3.0 3.8 83.8 104.7
22 | MII-d 1.1 | 14|09 |1.1]13]2.7] 0.072 | 0.047 | 0.0026 2.9 6.2 57.0 120.1
23 | Mll-e 1.1 | 1.5 109 |1.1]15]|1.7] 0.040 | 0.038 | 0.0038 2.2 3.7 61.6 102.8
IEEE Ground Motion (g)
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models investigated.

Table 7-5 shows the peak accelerations measured at all corners of the cover plate, for the

Table 7-5 Peak accelerations of cover plate corners

Peak Acceleration (g)

Corner 1 Corner 2 Corner 3 Corner 4

No Model
L T A\ L T \% L T \% L T \%
@ | @ A @D 6| D GG Q0 an 12)
1 | MI (Basis) 1.1 1.3 1.0 11 (13|10 |11 |13 | 1.0 1.1 1.3 1.1
2 | Ml-a 1.1 1.3 1.0 1.1 |13 (1111 |13]1.0 1.1 1.3 1.2
3 | MI-b 1.1 1.4 0.9 1013 |10 | 11|13 | 1.1 1.0 1.4 1.1
4 | Ml-c 1.1 1.5 1.0 1.1 |14 | 11| 11|14 |11 1.1 1.5 1.1
5 | MII (Basis) 1.1 14 1.0 1.1 (13|12 11|13 1.0 1.1 14 1.1
6 | Mll-al 1.1 1.8 1.0 1.0 | 1.7 | 1.1 | 1.1 | 1.7 | 1.1 1.1 1.8 1.2
7 | Mll-ali 1.1 1.8 1.0 .1 |18 | 11| 11| 18| 1.1 1.1 1.8 1.2
8 | Mll-a2 1.0 1.6 1.0 1.1 1.6 | 1.1 | 1.1 | 1.6 | 1.1 1.1 1.5 1.1
9 | Mll-a2i 1.6 1.6 1.0 1.6 | 1.6 | 1.1 | 1.6 | 1.6 | 1.2 1.8 1.6 1.1
10 | MlI-a2ii 1.6 1.6 0.9 15117 10|19 |16 | 1.1 1.6 1.5 1.0
11 | MlI-a2iii 2.0 1.9 1.0 |20 25| 1121|2310 2.1 1.9 1.1
12 | MllI-a3 1.1 1.3 0.9 11|13 }(10]11|13]09 1.2 1.3 1.0
13 | MII-bl 1.1 1.4 1.0 .1 {13 |12|11|13 |10 1.1 1.4 1.1
14 | MII-b2 1.1 1.3 1.0 11|13 (11 )11 |13]1.0 1.1 1.3 1.1
15 | MII-b3 1.1 1.4 1.0 .1 {13 |12|11]|13]10 1.1 1.3 1.1
16 | Mll-cl 1.1 1.4 1.0 11|13 (12)11|13]1.0 1.1 1.3 1.1
17 | Mll-cli 1.1 1.4 1.0 1.1 (131211 |13]|1.0 1.1 1.4 1.1
18 | Mll-c2 1.1 1.4 1.0 .1 {13 |12|11]|13]10 1.1 1.4 1.1
19 | MII-c2i 1.2 1.5 1.0 1211510111511 1.0 1.5 1.0
20 | MII-c2ii 1.1 1.4 1.0 .1 |13 | 11| 11|13 |11 1.1 1.4 1.1
21 | MII-c3 1.1 1.4 0.9 1.1 {13 |11 ]11]13 |09 1.1 1.3 1.0
22 | MIId 1.1 1.4 1.0 .1 {13 |12|11 |13 |10 1.1 1.4 1.1
23 | MlI-e 1.1 1.5 0.9 11|14 (11.0]11|14] 1.0 1.1 1.5 0.9
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Finally, Table 7-6 and Table 7-7 show respectively the peak displacements and vector

displacements at the top and bottom of the central bushing relative to the ground.

Table 7-6 Peak displacements of bushings relative to the ground and the core

Peak Displacement relative to ground (in)

Peak

Displacement
relative to core

No | Model (in)
Bushing 1 Top Bushing 2 Top Bushing 3 Top | Bushing 2 Bottom | Bushing 2 Bottom
L T v L T A" L T v L T v L T \Y%
MO | @®D | |G [O][G O | ay|ay| a2 33 | a4 | as
1 | MI(Basis) |1.76 | 1.59 | 0.43 | 1.72 | 3.20 | 0.33 | 1.39 | 1.76 | 0.37 | 0.61 | 1.15 | 0.33 | 0.62 | 2.91 | 0.32
2 | Ml-a 1.68 | 1.17 | 0.42 | 1.96 | 2.80 | 0.29 | 1.27 | 1.34 | 0.29 | 0.70 | 0.98 | 0.29 | 0.69 | 2.80 | 0.29
3 | MI-b 1.85|1.76 | 045 | 1.75 | 3.28 | 0.34 | 1.51 | 2.07 | 0.37 | 0.63 | 1.13 | 0.34 | 0.61 | 2.96 | 0.32
4 | Ml-c 1.27 1129|1035 | 1.67 | 297 | 0.31 | 1.38 | 1.07 | 0.28 | 0.62 | 1.10 | 0.30 | 0.59 | 2.78 | 0.32
5 | MII (Basis) | 1.66 | 1.17 | 0.42 | 1.96 | 2.80 | 0.29 | 1.27 | 1.33 | 0.29 | 0.70 | 0.97 | 0.29 | 0.69 | 2.80 | 0.28
6 | Mll-al 1.86 | 1.40 | 048 | 1.97 | 2.75 | 0.32 | 1.46 | 1.63 | 0.33 | 0.71 | 1.07 | 0.32 | 0.71 | 1.05 | 0.31
7 | Mll-ali 196 | 146 1 050 | 1.97 | 2.75 [ 0.32 | 1.43 | 1.67 | 0.34 | 0.71 | 1.07 | 0.32 | 0.71 | 1.05 | 0.31
8 | Mll-a2 1.97 | 2.07 1043 | 1.54 | 3.16 [ 0.32 | 1.79 | 1.74 | 0.37 | 0.55 | 1.26 | 0.31 | 0.55 | 1.14 | 0.31
9 | MllI-a2i 245251053 |1.46|3.81|035|220|194|0.47|0.51|143| 035 |0.52]|139| 0.56
10 | MlI-a2ii 246 | 237054 | 1.41 | 456 | 0.40 | 2.24 | 2.28 | 0.42 | 0.48 | 1.68 | 0.39 | 0.49 | 1.56 | 0.62
11 | Mll-a2iii 239251063 |1.50 578|052 |283]|257]|0.61 053|204 052 |053]|220]| 0.74
12 | MllI-a3 1.82 | 1.37 1045|193 | 2.61 | 0.28 | 1.30 | 1.41 | 0.30 | 0.69 | 0.94 | 0.28 | 0.69 | 0.94 | 0.28
13 | MII-bl - 1.97 | 295|031 | 1.56 | 1.23 | 0.36 | 0.70 | 1.04 | 0.31 | 0.70 | 2.85 | 0.30
14 | MII-b2 1.64 | 1.22 | 0.41 - 1.22 | 1.32 | 0.29 - -
15 | MII-b3 1.39 | 1.65 | 0.44 | 2.03 | 2.90 | 0.31 - 0.72 | 1.03 | 031 | 0.72 | 2.87 | 0.30
16 | Mll-cl 1.27 | 1.55 038 | 2.42 | 2.52 | 0.28 | 1.37 | 1.64 | 0.32 | 0.86 | 0.95 | 0.27 | 0.87 | 2.93 | 0.26
17 | Mll-cli 1.03 11791020 | 2.15 335|031 |131]1.19|0.30]0.76 | 1.19 | 031 | 0.77 | 3.10 | 0.33
18 | Mll-c2 2.02 | 188|048 |2.04(329033]|232(2.09]|0410.73|1.13] 033 |0.73|297| 0.32
19 | Mll-c2i 1.32 11731034 | 2.18 | 3.04 | 0.30 | 1.40 | 1.51 | 0.35 | 0.76 | 1.11 | 0.30 | 0.76 | 2.95 | 0.31
20 | Mll-c2ii 1.20 | 1.55 1038 | 1.93 | 3.03 | 0.30 | 1.55 | 1.54 | 0.37 | 0.68 | 1.07 | 0.30 | 0.68 | 2.85 | 0.30
21 | Mll-c3 1.26 | 1.80 | 0.37 | 2.07 | 2.76 | 0.29 | 1.26 | 1.38 | 0.32 | 0.74 | 0.97 | 0.29 | 0.73 | 2.85 | 0.28
22 | MII-d 1.21 1104032 |125(224|030|1.64|136]0.37|052|1.04]| 030 |0.54|228 | 0.28
23 | Mll-e 148 | 1.18 | 037 | 1.93 | 2.72 | 0.29 | 1.32 | 1.22 | 0.31 | 0.70 | 1.00 | 0.29 | 0.69 | 2.73 | 0.30
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Table 7-7 Peak vector displacements of bushings relative to the ground and the core

Peak Vector Displacement relative to ground (in)

Peak Vector
Displacement

relative to core

No Model (in)
Bushing 1 Bushing 2 Bushing 3 Bushing 2 Bushing 2
Top Top Top Bottom Bottom
ey 2 €)) (C)) (©))
1 | MI (Basis) 1.90 3.27 1.97 1.21 2.93
2 | Ml-a 1.84 2.90 1.72 1.04 2.83
3 | MI-b 1.99 3.35 2.13 1.23 3.02
4 | Ml-c 1.45 3.03 1.74 1.16 2.80
5 | MII (Basis) 1.81 2.90 1.73 1.03 2.82
6 | Mll-al 2.03 2.82 1.84 1.12 1.09
7 | Mll-ali 2.12 2.81 1.86 1.12 1.09
8 | MlI-a2 2.38 3.24 2.31 1.32 1.17
9 | Mll-a2i 2.97 3.82 2.62 1.47 1.42
10 | MIl-a2ii 3.04 4.64 2.73 1.75 1.67
11 | Mll-a2iii 2.97 5.87 3.24 2.15 2.23
12 | MlI-a3 1.96 2.68 1.80 0.99 -
13 | MII-bl - 3.04 1.70 1.12 2.87
14 | MII-b2 1.79 - 1.70 - -
15 | MII-b3 1.80 3.01 - 1.11 2.89
16 | Mll-cl 1.66 2.88 1.71 1.05 2.99
17 | Mll-cli 1.90 3.38 1.51 1.23 3.14
18 | MlI-c2 2.37 3.37 2.54 1.20 2.99
19 | MII-c2i 1.78 3.13 1.63 1.16 2.98
20 | MII-c2ii 1.59 3.09 1.63 1.11 2.88
21 | Mll-c3 1.89 2.84 1.49 1.02 2.88
22 | MII-d 1.31 2.46 1.68 1.15 2.29
23 | Mll-e 1.65 2.81 1.73 1.07 2.75
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7.4 Amplifications at Corners and Top of Turrets

The differences in the bushings’ response, presented above for the various models examined, are

expected to be well described by the corner spectra, as indicated in the previous section.

In order to illustrate the concept, the spectra for the transversal component of the

response have been selected at the most adversely responding corner of the transformer, models

MI and MI-a (conservator and radiators braced). For each model, the graph on the right depicts

the response spectrum normalized to the ground motion, where the amplifications can easily be

assessed (Figure 7-2).
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Figure 7-2 Corner response spectra for MI (top) and MI-a (bottom) models (transversal)

It can be recognized that the response spectrum for the MI model already presents some

significant amplifications in the range of 11 Hz-16 Hz, with respect to the applied ground motion

(1g). In the MI-a model, the maximum amplifications appear in the range of 9 Hz-14 Hz. The
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magnitude of the amplification is noticeably large, exceeding the IEEE-693-2005 high
performance level spectrum, even when the latter is multiplied by a factor of two. The
amplifications occur in a range of frequencies where the as-installed frequency of a bushing
could be expected to lie.

It is noted that the response of the bushings is the result of many factors and cannot be
described by the corner output alone. The corner spectra reflect the effect of the tank flexibility
on the amplification of the ground motion at the cover. They may also give a very good estimate
of the expected response of the bushings, given that the cover plate is relatively stiff against out
of plane deformation. In consideration of the comparison above, the amplifications are in
agreement with the actual response measured at the bushings. As can be inferred from the figure
above, in the range of 5SHz to 8 Hz, where the as-installed frequency of the bushings was
estimated, the amplifications for the two models are relatively close. These results are similar to
ones obtained in past studies (Matt and Filiatrault 2006).
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Figure 7-3 Corner response spectra for MII (top) and MII-a2i (bottom) models (transversal)
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A more descriptive example is the comparison of the response spectra for the MII and the
MII-a2i (core braced to the corners) models. For the MII-a2i it has already been found that the
response of the bushings is worsened with respect to the MII model. Figure 7-3 shows that the
amplifications are significantly magnified and translated to the left, closer to the as-installed
bushing frequencies. In this case, the amplifications for the two models differ noticeably in the
range of the as-installed frequencies of the bushings.

The usefulness of the corner spectra lies in the fact that it is a very good method for the
identification of the transformer system. If an improvement of the bushing’s performance is
desired, depending on the structural characteristics of the system, the appropriate structural
modifications can be applied. The structural modifications are used on the bushing to avoid the
frequency range of amplifications. Moreover, the corner spectra reveal that in the range of 14 to
16 Hz, where the fixed base frequency of the 196 kV bushing usually lies, the maximum
amplification observed is close to 2.50. This could be particularly useful if a stiffening technique
aiming at increasing the as-installed frequency of the bushing can be implemented. Another
technique would be modifying the design features of the transformer so the bushing can be
mounted on alternative locations on the cover, where the plate is stiffer.

The acceleration spectra and the amplification factors derived from the normalization of
the acceleration spectra, with respect to the IEEE-693-2005 1g PGA and 2g PGA ground motion
spectra, were derived at the top of the turrets. The spectra were calculated in the three linear
directions from the responses obtained at these points from the analyses of the modified models,
excluding the rotational components of the response.

For comparison with Figure 7-3, the response spectra and the amplifications at the top of

the turrets in the transversal direction for the MII and the MII-a2i (core braced to the corners)
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models are presented below. At first, it can be inferred that the spectra in both figures present
amplifications at the same frequencies, in the range of 10 to 15 Hz. However, the spectra at the
top of the turrets incorporate peaks at much lower frequencies, close to the as-installed
frequencies of the bushings. Considering that the turret is essentially rigid, this indicates that the
flexibility of the plate around the turret is affecting the response of the turret-bushing system. On
the other hand the amplifications observed at the frequency range of 10 to 15 Hz, express the
effect of the tank flexibility which is reflected on the response at the top of the turret. Similar

results were obtained in past studies (Matt and Filiatrault 2006).
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Figure 7-4 HVB base response spectra for MII (top) and MII-a2i (bottom) models (transversal)

When the two approaches are compared for the same frequencies, it can be realized that
the spectral accelerations are much larger at the corners of the cover plate than at the top of the
turrets. It must be noted that the rotational input on the cover due to the motion of the various

components attached to the tank and its contribution to the response of the plate is not accounted
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for when examining the motion at the corners of the cover. For instance, it could be possible that
the vertical motion of the radiators attached to the side wall may introduce rotational input at the
base of the turrets. This would drive the bushings to respond out of phase with respect to their
motion due to the horizontal input at the corners of the cover. In any case, observing the
remarkable differences in the vertical amplifications between the two approaches, one has to
consider that in the current models the bushings are mounted close to the boundary of the cover.
This boundary is a region where the vertical and the rotational motion are closely associated. It
can be stated that the rotational input from the transformer components and the flexibility of the
cover plate are significant for the response of the bushings. Therefore, the rotational input and
flexibility cannot be neglected as is done in the case of the corner spectra.

Table 7-8 Amplifications at the cover plate corners

Longitudinal Transverse Vertical
Model Maximum Maximum Maximum
@ 2 A
MI (Basis) 2.32 3.00 1.85
MlI-a 2.54 432 2.04
MI-b 2.03 4.17 2.10
MI-c 242 3.70 1.99
MII (Basis) 2.71 4.22 2.01
Mll-al 2.19 7.01 2.42
MlII-ali 2.19 7.00 2.52
MII-a2 2.44 4.37 2.14
MII-a2i 2.36 4.52 2.14
MII-a2ii 2.35 4.67 2.24
MII-a2iii 3.54 8.48 3.68
MII-a3 2.00 4.62 2.18
MII-bl 2.70 4.22 2.00
MII-b2 2.69 4.19 1.96
MII-b3 2.69 4.27 2.03
MIl-cl 2.61 4.17 2.00
MIl-cli 2.51 4.25 2.02
MII-c2 2.69 4.26 2.03
MII-c2i 2.55 3.71 1.94
MII-c2ii 2.46 3.23 1.89
MII-c3 2.70 4.22 1.99
MII-d 2.67 4.11 1.92
MIl-e 2.17 3.69 2.14
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Table 7-8 summarizes the maximum amplifications measured at the corners of the cover
plate for all the models investigated. While, Table 7-9 summarizes the maximum amplifications
measured at the top of the turrets for all the models investigated:

Table 7-9 Amplifications at the top of the turret

Longitudinal Transverse Vertical
Model Local Maximum Local Maximum | Maximum

) (2) 3 2) 3
MI (Basis) 2.15 2.15 2.83 2.37 10.94
Ml-a 2.31 2.31 2.71 3.53 8.53
MI-b 2.11 2.11 2.95 2.95 9.80
Ml-c 2.21 2.21 2.79 2.95 8.52
MII (Basis) 2.31 2.31 2.68 3.51 9.26
Mll-al 2.32 2.32 2.34 5.05 8.49
MIl-ali 2.47 2.47 2.33 5.05 8.77
MII-a2 2.11 2.11 2.40 3.68 12.22
MII-a2i 2.67 2.67 3.19 4.58 23.19
MIlI-a2ii 2.58 2.58 4.24 5.09 23.99
MII-a2iii 3.02 3.80 5.97 9.66 39.66
MII-a3 2.37 2.37 2.19 3.82 7.84
MII-bl 2.36 2.36 2.78 3.53 9.29
MII-b2 2.21 2.21 1.47 3.47 3.98
MII-b3 2.37 2.37 2.77 3.54 9.17
MlIl-cl 2.79 2.79 2.69 3.47 7.81
MIl-cli 2.40 2.40 2.97 3.50 7.94
MII-c2 2.33 2.33 3.17 3.47 9.29
MII-c2i 2.37 2.37 2.77 2.77 6.65
MII-c2ii 2.60 2.60 2.76 2.76 7.70
MII-c3 2.46 2.46 2.68 3.50 9.07
MII-d 3.42 3.42 3.05 341 7.34
Mil-e 2.30 2.30 2.65 3.09 7.68

The maximum amplifications are presented in two columns for each of the longitudinal and
transversal directions. The first column pertains to the maximum amplification in the frequency

range close to the as-installed frequencies of the bushings and the second column pertains to the
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overall maximum amplification observed. The vertical maximum amplification is usually of no
particular interest for the bushings and therefore is reported in a single column.

It is noted that when studying the tables above, the values presented were chosen to
indicate the most adverse corners of the cover or turret top amplification observed in each

analysis and therefore, the location of reference may differ from model to model.
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SECTION 8

SEPARATED COVER MODELS

8.1 Overview

While the detailed modeling of the transformer produce rich information on all components of
the transformer, the dynamic analysis could be too demanding and cost ineffective for practical
purposes. In the current section, the feasibility of use of alternative simplified modeling
approaches is examined by separating the cover from the tank. For this reason, a series of
models have been developed in which the cover plate was separated from the full transformer
model. By separating the cover from the transformer careful consideration was given to
simulating the boundary support conditions. Two sets of cover models were created in total, one
with attachments and one without attachments. The objective of the study is to investigate a
variety of supporting conditions for the plate in order to obtain similar response of the cover with
the bushings when it is excited with a tri-directional motion, as though if it was installed and the

whole transformer subjected to base excitations.
8.2 Separated Cover Models

The cover, along with the high voltage bushings, was removed from the original (MII)
model and examined as a separate, autonomous system. The boundary conditions of the
separated plate model were comprised of supports assigned to the peripheral nodes of the cover
plate. One of the pinned boundary conditions is examined and shown in Figure 8-1, with the pins
along the periphery.

Two sets of models were developed and both were comprised of the various boundary
conditions, as mentioned above. Concerning the first set, the separated cover models were made

as simple as possible, apart from the high voltage bushings, none of the components originally
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attached to the cover (such as the high voltage surge arresters) have been included in the

modified models.

Figure 8-2 Pinned supports on the perihery and inclusion of the high voltage surge
arresters in the separated cover model
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In the second set, the dynamic effect of some of the attachments was accounted for in the
models. More specifically, the models from the first set were appropriately modified so that they
incorporated the high voltage surge arresters (Figure 8-2). Other attachments such as the low
voltage bushings and the low voltage surge arresters were not included, since their effect was
negligible in comparison to the high voltage surge arresters.
The following boundary conditions have been investigated so the actual response could

be approached satisfactorily:

e Pinned supports on the periphery (Figure 8-1, Figure 8-2)

e Fixed supports on the periphery

e Combination of pinned and fixed supports on the periphery (four variations)

Table 8-1 Separated cover model nomenclature

Cover Bushing
Model
Mesh Modeling Connectivity on Boundaries Model

Original Coarse Full MII
Coverl Finer Pinned MII modified
Cover2 Finer Fixed MII modified
Cover3 Finer Pinned & Fixed (variation 1) MII modified
Cover4 Finer Pinned & Fixed (variation 2) MII modified
Cover5 Finer Pinned & Fixed (variation 3) MII modified
Cover6 Finer Pinned & Fixed (variation 4) MII modified

The nomenclature for the boundary conditions considered in each set is summarized in
Table 8-1. Figure 8-3 also provides an illustration of the boundary conditions considered in the
analyses. It is noted that the order of the models corresponds to the order followed in Table 8-1.

It has been earlier discussed that the corners are regions where the cover plate and the
side walls are joined. This joining of components contributes to the rotational stiffness in that

location and as a result, little rotational response is expected there. It is reasonable to assume that
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the response at the corners is mostly influenced by the dynamic motion of the tank. The tank is
stiff towards the in-plane deformations of its components and is expected to respond in the
horizontal direction and in torsion around the vertical axis.

In view of the above, the full transformer model (MII) was subjected to the spectrum
compatible ground motion (IEEE 693-2005). From this ground motion the linear accelerations at
the corners of the cover plate were obtained. In order to eliminate the torsional component, the

average of the four responses in each direction was calculated.

Cover 1 Cover 2

(2) (b)
Cover 3 Cover 4

(c) (d)
Cover 5 Cover 6

(e) (D

Pins on the boundary
Fixity on the boundary

High voltage bushing (turret) base

Figure 8-3 Pinned (a), fixed (b) and combination of pinned and fixed boundary conditions
(c to f) on the periphery of the cover plate
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Figure 8-4 Average acceleration response at corners in the three directions, used for the
separated cover models excitation
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These combined accelerations were employed as the input motion for the analysis of the

separated cover models (Figure 8-4).

8.3 Separated Cover Models without Attachments

The results in terms of accelerations for the upper bushing’s center of gravity and the
accelerations at each bushing’s turret base are presented in Table 8-2 through Table 8-4. The MII
model results are also presented, in Table 8-2 through Table 8-4, for comparison. Highlighted in
the tables are the cover models that are considered to more closely match the behavior obtained
from the MII model. The illustration of the nomenclature used in the tables and the differences in
the results presentation for each bushing, were discussed in Section 7.

It can be inferred from the tables that the results for the inclined and the vertical bushing
are treated differently. For each inclined bushing two accelerations are presented for each
analyzed model and for the vertical bushing only one is shown. For the vertical bushing, both
horizontal components are of interest because they are perpendicular to the bushing as exported
from SAP2000. Since the vertical bushing is approximately symmetric, the instant vector sum of
the horizontal accelerations will describe the resultant acceleration at the center of gravity. The
peak value of the instant vector sum is included in the tables prepared for the central bushing.

For the inclined bushing, the longitudinal component of the response at the center of
gravity, exported from SAP2000, is not perpendicular to the bushing. The same reasoning
applies for the vertical component of the response. Rotating these two responses about the
transverse axis at the center of gravity of the bushing, one gets a perpendicular and an axial
component of the bushing. The peak value of the perpendicular to the inclined bushing

component is presented in the tables, in the column P.
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The transversal component of the bushings’ response is presented as always being
perpendicular to the bushing (T) and the axial component is neglected. However, in the case
where large deformation effects are accounted for, the axial component should be considered.

Table 8-2 Comparison of response accelerations in separated cover and full
transformer models (first bushing)

Peak Acceleration (g)
No Model Bushing 1 CG Bushing 1 Turret Base
P T L T \Y RL RT
1 MII (Basis) 4.3 2.4 1.1 1.3 1.7 0.057 0.028
2 Coverl 3.1 3.5 1.1 1.3 1.9 0.047 0.037
3 Cover2 34 3.5 1.1 1.3 1.7 0.045 0.038
4 Cover3 3.5 3.7 1.1 1.3 1.9 0.051 0.032
5 Cover4 34 3.5 1.1 1.3 1.8 0.045 0.030
6 Cover5 3.7 3.7 1.1 1.3 1.8 0.047 0.030
7 Cover6 3.7 3.7 1.1 1.3 1.9 0.047 0.035
Relative Difference (ay;; — Acover)/ Amir
1 Coverl 28% | -46% 0% 0% -12% 18% -32%
2 Cover2 21% | -46% 0% 0% 0% 21% -36%
3 Cover3 19% | -54% 0% 0% -12% 11% -14%
4 Cover4 21% | -46% 0% 0% -6% 21% -7%
5 Cover5 14% | -54% 0% 0% -6% 18% -7%
6 Cover6 14% | -54% 0% 0% -12% 18% -25%
Notation Legend
L Lateral v v -
T Transversal ZrL
\Y Vertical I .
P | Perpendicular to bushing axis (CG) Tap
RL Rotation in the.Vert'ical plane L RT L
(lateral direction) —» 1 >
RT Rotation in the Vc?rtica}l plane /
(transversal direction)
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As far as the response at the base of the bushing is concerned, care should be taken when
examining the rotations about the longitudinal and the transverse axes. Mathematically, the
rotation of a rigid body about an axis is defined as the motion of a body around the axis of
reference. To the contrary, in the current representation, the longitudinal rotation RL is set to
signify the rotation about the transversal global axis and the transversal rotation RT, the rotation
about the longitudinal local axis.

Despite the fact that Cover2 and Cover4 models are shown to approach the response of
the original more closely than the rest of the models, some large discrepancies are observed.
These discrepancies in Cover2 and Cover4 are especially true for the peak accelerations in the
transversal direction at the bushing’s CG. It should be noted that many of the components
attached to the cover plate in the full transformer model, as well as the rotational input from the
transformer walls, have been discarded in the current approach. It is suggested that the results of
Table 8-2 for the first bushing (as well as the results in the rest of the tables for the other
bushings) should be compared to the respective results of Table 8-7. The results in Table 8-7 are
obtained from the analyses of the separated cover models, in which the surge arresters have been
included. The inclusion of the surge arresters will be shown below to provide a closer match to

the full model especially, in terms of the response at the bushing’s center of gravity.
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Table 8-3 Comparison of response accelerations in separated cover and full
transformer models (central bushing)

Peak Acceleration (g)
No Model Bushing 2 CG Bushing 2 Turret Base
Vector Sum L T A% RL RT
1 MII (Basis) 3.6 1.1 1.4 2.1 0.039 0.066
2 Coverl 4.5 1.1 1.3 2.9 0.039 0.028
3 Cover2 3.7 1.1 1.3 1.6 0.039 0.049
4 Cover3 4.8 1.1 1.3 3.0 0.038 0.051
5 Cover4 3.8 1.1 1.3 1.6 0.039 0.059
6 Cover5 4.9 1.1 1.3 2.9 0.039 0.043
7 Cover6 4.4 1.1 1.3 2.6 0.037 0.042
Relative Difference (ay;; — Acover)/Amir
1 Coverl -25% 0% 7% | -38% 0% 58%
2 Cover2 -3% 0% 7% | 24% 0% 26%
3 Cover3 -33% 0% 7% | -43% 3% 23%
4 Cover4 -6% 0% 7% | 24% 0% 11%
5 Cover5 -36% 0% 7% | -38% 0% 35%
6 Cover6 -22% 0% 7% | -24% 5% 36%
Notation Legend
L Lateral v -
T Transversal AR
\Y Vertical I -
P | Perpendicular to bushing axis (CG) TP
RL Rotation in theivert.ical plane L BT
(lateral direction) —» 1
RT Rotation in the vertical plane /

(transversal direction)
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Table 8-4 Comparison of response accelerations in separated cover and full
transformer models (third bushing)

Peak Acceleration (g)
No Model Bushing 3 CG Bushing 3 Turret Base
P T L T A% RL RT
1 MII (Basis) 2.8 3.6 1.1 1.3 2.1 0.047 | 0.044
2 Coverl 3.4 4.0 1.1 1.3 2.1 0.051 | 0.024
3 Cover2 3.0 3.1 1.1 1.3 1.2 0.036 | 0.029
4 Cover3 3.0 3.2 1.1 1.3 1.1 0.039 | 0.024
5 Cover4 3.1 3.1 1.1 1.3 1.2 0.039 | 0.027
6 Cover5 3.0 3.1 1.1 1.3 1.2 0.040 | 0.027
7 Cover6 3.0 3.1 1.1 1.3 1.2 0.038 | 0.028
Relative Difference (ay;; — Acover)/Amir
1 Coverl -21% -11% 0% 0% 0% -9% 45%
2 Cover2 -7% 14% 0% 0% 43% 23% 34%
3 Cover3 -7% 11% 0% 0% 48% 17% 45%
4 Cover4 -11% 14% 0% 0% 43% 17% 39%
5 Cover5 -7% 14% 0% 0% 43% 15% 39%
6 Cover6 -7% 14% 0% 0% 43% 19% 36%
Notation Legend
L Lateral v v -
T Transversal AR
\Y Vertical I -
P | Perpendicular to bushing axis (CG) TP
RL Rotation in theivert.ical plane L BT L
(lateral direction) —» 1 >
RT Rotation in the Ve.rtice.ll plane /
(transversal direction)

Table 8-3 and Table 8-4 show that Cover2 and Cover4 models are very efficient at
approximating the acceleration response at the bushing’s CG for the central and third bushings,

with the largest deviation from the full model’s response being 14%.
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Finally, Table 8-5 shows the peak displacements at the top of the bushings, relative to the

ground.

Table 8-5 Comparison of response displacements in separated cover and full
transformer models

Peak Displacement relative to ground (in)
No Model Bushing 1 Top Bushing 2 Top Bushing 3 Top
L T v L T A% L T A%
1 | MII (Basis) | 1.66 | 1.17 | 0.42 | 1.96 | 2.80 | 0.29 | 1.27 | 1.33 | 0.29
2 Coverl 1.82 | 1.88 | 0.36 | 2.51 | 346 | 036 | 2.06 | 2.27 | 043
3 Cover2 147 | 1.87 | 0.30 | 1.86 | 243 | 0.21 | 1.09 | 091 | 0.24
4 Cover3 202 | 222 | 0.38 | 240 | 3.80 | 038 | 1.12 | 092 | 0.24
5 Cover4 1.50 | 1.89 | 030 | 1.86 | 2.62 | 0.22 | 1.09 | 091 | 0.24
6 Cover5 1.68 | 2.06 | 033 | 242 | 3.84 | 037 | 1.06 | 0.93 | 0.24
7 Cover6 1.73 | 2.03 | 034 | 244 | 351 | 035 | 1.08 | 091 | 0.24
Relative Difference (dy;; — deover)/ Amir
1 Coverl -10% | -61% | 14% | -28% | -24% | -24% | -62% | -71% | -48%
2 Cover2 11% | -60% | 29% | 5% 13% | 28% | 14% | 32% | 17%
3 Cover3 -22% | -90% | 10% | -22% | -36% | -31% | 12% | 31% | 17%
4 Cover4 10% | -62% | 29% | 5% 6% | 24% | 14% | 32% | 17%
5 Cover5 -1% | -76% | 21% | -23% | -37% | -28% | 17% | 30% | 17%
6 Cover6 4% | -74% | 19% | -24% | -25% | -21% | 15% | 32% | 17%
Notation Legend
L Lateral v v -
T Transversal AR
\% Vertical I -
P | Perpendicular to bushing axis (CG) TP
RL Rotation in theivert.ical plane L BT L
(lateral direction) —» 1 >
RT Rotation in the Ve.rtice.ll plane /
(transversal direction)
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It can be inferred from the tables above that the models simulating the bushings’ response
more appropriately in the full model are Cover2 and Cover4. Both models Cover2 and Cover4
provide approximately the same boundary conditions for the three bushings (fixity of the plate).
The response acceleration of the second and third bushings is in the range of 15%, compared to
the response obtained from the full transformer (model MII). The response of the first bushing is
in the range of 20% in the longitudinal direction but in the transversal direction, it deviates from
the exact response by approximately 45%.

Regarding the response at the base of the turret, the Cover2 and Cover4 models
efficiently approximate the vertical response for the first bushing. For the third and second
bushings, no model was successful in achieving a sufficiently good response since discrepancies
in the order of 45% were observed.

For the rotations in the longitudinal and the transversal directions, all the models in
general deviate appreciably from the exact response for the base of the three turrets. In this case,
model Cover4 is the one that matches most closely the rotational response obtained at these
points from the analysis of model MII.

In addition to the above, the peak displacements obtained from the analysis of the
separated cover models present significant deviations from the exact quantities. Yet overall, the
Cover2 and Cover4 models yield much better results than the other models investigated.

These differences are contributed to the neglect of the rotational input from the end and
side walls, the cover plate (from the dynamic response of the components directly attached to it)
and possibly the insufficiently modeled boundary conditions on the separated cover models. This
is supported by the results obtained from the analysis of the models presented in the following

section, in which the surge arresters attached to the cover are included.
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The time history acceleration responses at the bushing’s CG, in Cover 2 and Cover 4
models, have been plotted against the respective responses obtained from full model (MII).
Figure 8-5 to Figure 8-10 present the responses in the horizontal directions for the Cover2 and
Cover4 models. The differences are in accordance with the tables discussed above. Also
compared in each plot is the root mean square (RMS) for the acceleration at the bushing’s CG
for the full model (MII) and the cover model, which gives a clearer view of the mean

acceleration magnitude.
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Figure 8-5 Acceleration time history for the Cover2 and MII models (HVB1)
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Figure 8-6 Acceleration time history for the Cover2 and MII models (HVB?2)
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Figure 8-7 Acceleration time history for the Cover2 and MII models (HVB3)
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Figure 8-8 Acceleration time history for the Cover4 and MII models (HVB1)
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Figure 8-9 Acceleration time history for the Cover4 and MII models (HVB?2)
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Figure 8-10 Acceleration time history for the Cover4 and MII models (HVB3)

It can be inferred from the comparative plots above, that the acceleration response at the

bushings’ CG, presents significant differences for the full and the separated cover models. This is

naturally expected since the boundary conditions of the plate are modified with respect to the
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original model. It should be kept in mind that the input motion for the separated cover models
has been taken as the average of the linear responses at the plate corners. These averages were
obtained from the full model, while the rotational input as well as the variation of the linear input
along the plate boundary has not been accounted for. Inevitably, the excitation at the base of the
bushing will be different for the full and for the separated cover models.

The RMS for the bushing’s CG acceleration in the full and the separated cover models
reveal small differences for the second and third bushings. At the same time the RMS reveals
more significant differences for the first bushing’s CG acceleration in the transversal direction.
Shown in Table 8-6 is the RMS of acceleration at the bushings’ CG for all of the separated cover
models examined, in comparison with the full model. The results are in agreement with the peak
accelerations discussed earlier and shown in the tables above.

Table 8-6 Comparison of RMS of accelerations in separated cover and
full transformer models

RMS of Acceleration at CG
No Model Bushing 1 Bushing 2 Bushing 3
P T Vector Sum P T
1 MII (Basis) 1.0 0.6 1.2 0.9 1.0
2 Coverl 0.8 0.9 1.7 0.9 1.0
3 Cover2 1.0 1.1 1.4 0.7 0.8
4 Cover3 1.0 1.0 1.7 0.8 0.8
5 Cover4 1.0 1.2 1.4 0.8 0.8
6 Cover5 1.0 1.3 1.7 0.8 0.8
7 Cover6 1.0 1.3 1.6 0.8 0.8
Relative Difference (ay;; — Acover)/Amir
1 Coverl 19% -43% -42% -10% 4%
2 Cover2 2% -80% -17% 13% 23%
3 Cover3 2% -64% -47% 11% 20%
4 Cover4 1% -85% -19% 13% 23%
5 Cover5 -2% -102% -46% 13% 22%
6 Cover6 -4% -108% -33% 13% 23%
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8.4 Separated Cover Models Incorporating the High Voltage Surge Arresters

The results for the second set of models are presented in Table 8-7 through Table 8-9 and
compared to the MII model results. The results are presented in terms of accelerations at the

upper bushing’s center of gravity for each bushing and accelerations at each bushing’s turret

base.

Table 8-7 Comparison of response accelerations in separated cover with SAs and full
transformer models (first bushing)

Peak Acceleration (g)
No Model Bushing 1 CG Bushing 1 Turret Base
P T L T A% RL RT
1 MII (Basis) 4.3 2.4 1.1 1.3 1.7 0.057 0.028
2 Coverl 3.6 3.9 1.1 1.3 2.4 0.039 0.035
3 Cover2 3.8 2.5 1.1 1.3 1.4 0.038 0.045
4 Cover3 3.6 3.0 1.1 1.3 1.7 0.039 0.036
5 Cover4 3.7 2.5 1.1 1.3 1.4 0.038 0.040
6 Cover5 3.0 2.6 1.1 1.3 1.6 0.033 0.039
7 Cover6 3.0 2.6 1.1 1.3 1.5 0.033 0.040
Relative Difference (ay;; — Acover)/Amir
1 Coverl 16% -63% 0% 0% -41% 32% -25%
2 Cover2 12% -4% 0% 0% 18% 33% -61%
3 Cover3 16% -25% 0% 0% 0% 32% -29%
4 Cover4 14% -4% 0% 0% 18% 33% -43%
5 Cover5 30% -8% 0% 0% 6% 42% -39%
6 Cover6 30% -8% 0% 0% 12% 42% -43%
Notation Legend
L Lateral v —
T Transversal AR
\Y Vertical -
P | Perpendicular to bushing axis (CG) Tup
RL Rotation in theivert.ical plane L BT L
(lateral direction) —» 1 >
RT Rotation in the Ve.rtice.ll plane /
(transversal direction)
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A comparison with the results of Table 8-2 reveals that the response at the CG for the
first bushing is better approximated when the components attached to the cover plate in the full
model are included in the separated cover models. In particular, the maximum deviation from the
exact response is 14% for the separated models with the attachments, while for the models
without the attachments the maximum deviation is 46%.

Table 8-8 Comparison of response accelerations in separated cover with SAs and full
transformer models (central bushing)

Peak Acceleration (g)
No Model Bushing 2 CG Bushing 2 Turret Base
Vector Sum L T A" RL RT
1 MII (Basis) 3.6 1.1 14 2.1 0.039 | 0.066
2 Coverl 53 1.1 1.3 3.1 0.036 | 0.034
3 Cover2 3.6 1.1 1.3 1.6 0.035 | 0.045
4 Cover3 4.9 1.1 1.3 3.0 0.038 | 0.044
5 Cover4 3.6 1.1 1.3 1.5 0.035 | 0.061
6 Cover5 4.9 1.1 1.3 2.9 0.038 | 0.040
7 Cover6 4.5 1.1 1.3 2.6 0.036 | 0.036
Relative Difference (ay; — Acover)/Amir
1 Coverl -47% 0% 7% -48% 8% 48%
2 Cover2 0% 0% 7% 24% 10% 32%
3 Cover3 -36% 0% 7% -43% 3% 33%
4 Cover4 0% 0% 7% 29% 10% 8%
5 Cover5 -36% 0% 7% -38% 3% 39%
6 Cover6 -25% 0% 7% -24% 8% 45%
Notation Legend
L Lateral v v -
T Transversal AR
\Y Vertical I -
P | Perpendicular to bushing axis (CG) Tup
RL Rotation in theivert.ical plane L BT L
(lateral direction) —» 1 >
RT Rotation in the Ve.rtice.ll plane /
(transversal direction)
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Table 8-9 Comparison of response accelerations in separated cover with SAs and full
transformer models (third bushing)

Peak Acceleration (g)
No Model Bushing 3 CG Bushing 3 Turret Base
P T L T A\ RL RT
1 MII (Basis) 2.8 3.6 1.1 1.3 2.1 0.047 0.044
2 Coverl 3.0 3.2 1.1 1.3 1.7 0.045 0.032
3 Cover2 29 3.7 1.1 1.3 1.3 0.034 0.024
4 Cover3 3.1 3.2 1.1 1.3 1.3 0.037 0.025
5 Cover4 2.9 3.7 1.1 1.3 1.3 0.035 0.024
6 Cover5 3.0 2.9 1.1 1.3 1.3 0.038 0.029
7 Cover6 3.1 2.8 1.1 1.3 1.3 0.039 0.027
Relative Difference (@ — Arover)/Aunn
1 Coverl 7% 11% 0% 0% 19% 4% 27%
2 Cover2 -4% -3% 0% 0% 38% | 28% | 45%
3 Cover3 -11% 11% 0% 0% 38% | 21% | 43%
4 Cover4 -4% -3% 0% 0% 38% | 26% | 45%
5 Cover5 7% 19% 0% 0% 38% | 19% | 34%
6 Cover6 11% | 22% 0% 0% 38% | 17% | 39%
Notation Legend

L Lateral v 1 st

T Transversal AR

A% Vertical I b

P | Perpendicular to bushing axis (CG) T p

RL Rotation in theivert.ical plane L RT L

(lateral direction) —» T >
RT Rotation in the Vgﬂica}l plane /
(transversal direction)

After including the attachments in the separated cover models, Cover2 and Cover4
models are still the most efficient at approximating the acceleration response at the bushings’ CG
for the central and third bushings. The largest deviation from the full model response was 4%,

compared to the 14% of the models without the attachments.

167



Table 8-10 presents the peak displacements at the top of the bushings and at the bottom
of the central bushing, relative to the ground.

Table 8-10 Comparison of response displacements in separated cover with SAs and full
transformer models

Peak Displacement relative to ground (in)

No Model Bushing 1 Top Bushing 2 Top Bushing 3 Top
L T \Y L T A% L T A%
1 | MII (Basis) | 1.66 1.17 | 042 | 196 | 2.80 | 0.29 | 1.27 | 1.33 | 0.29
2 Coverl 2.75 259 | 052 | 237 | 415 | 045 | 2.08 | 224 | 035
3 Cover2 1.46 148 | 031 | 1.69 | 2.67 | 023 | 1.13 | 1.25 | 0.24
4 Cover3 1.79 1.73 | 036 | 239 | 3.74 | 037 | 140 | 1.17 | 0.28
5 Cover4 1.40 146 | 030 | 1.73 | 277 | 024 | 1.12 | 1.28 | 0.24
6 Cover5 1.16 135 | 029 | 233 | 3.70 | 037 | 1.18 | 0.95 | 0.24
7 Cover6 1.17 141 | 028 | 233 | 3.46 | 035 | 1.17 | 097 | 0.24

Relative Difference (dMII - dCover)/dMII

1 Coverl -66% | -121% | -24% | -21% | -48% | -55% | -64% | -68% | -21%
2 Cover2 12% | -26% | 26% | 14% | 5% | 21% | 11% 6% 17%
3 Cover3 -8% | -48% | 14% | -22% | -34% | -28% | -10% | 12% 3%
4 Cover4 16% | -25% | 29% | 12% 1% 17% | 12% | 4% 17%
5 Cover5 30% | -15% | 31% | -19% | -32% | -28% | 7% 29% | 17%
6 Cover6 30% | -21% | 33% | -19% | -24% | -21% | 8% 27% | 17%
Notation Legend

L Lateral v v -

T Transversal AR

\% Vertical I -

P | Perpendicular to bushing axis (CG) TP
RL Rotation in the vertical plane L BT L

(lateral direction) —» 1 >
Rotation in the vertical plane /
RT .
(transversal direction)
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Similar conclusions can be drawn for the models including the surge arresters respective
to the models with no attachments. It can be inferred that the models more appropriately
simulating the bushings’ response in the full model are Cover2 and Cover4. These two models
provide approximately the same boundary conditions for the three bushings (fixity of the plate).
The response acceleration of the first bushing is in the range of 14% and the response of the third
bushing is in the range of 4%, when compared to the full transformer model (model MII). The
response of the second bushing for Cover2 and Cover4 is exact.

Concerning the vertical response at the base of the turret, the Cover2 and Cover4 models
deviate from the exact response by approximately 38%. Other cover models more closely
simulate this response component such as model Cover3 which, for the turret base of the first
bushing yields the exact result. For these models, the matching of the acceleration response at the
bushing CG is not as high-quality.

For the rotations in the longitudinal and the transverse directions, all the models in
general deviated appreciably from the exact response at the base of the turrets.

The peak displacements obtained from the analysis of the separated cover models present
some discrepancy from the exact solution. Yet, the Cover2 and Cover4 models overall yielded
much better results in comparison to the other models investigated. The largest deviation using
the Cover2 and Cover4 models were in the order of 29%. It is noted that for the models without
the attachments, the maximum relative difference was in the order of 60%.

The time history acceleration responses of the bushings, in models Cover 2 and Cover 4,
have been plotted against the time histories obtained from the dynamic analysis of model MII.
Figures 8-11 through Figure 8-16 present the dynamic analysis of model MII in the horizontal

directions. Also compared in each plot is the root mean square (RMS) for the acceleration at the
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bushings’ CG for the full model (MII) and the cover model, which gives a more clear view of the

mean acceleration magnitude.
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Figure 8-11 Acceleration time history for the Cover2 with SAs and MII models (HVB1)
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Figure 8-12 Acceleration time history for the Cover2 with SAs and MII models (HVB2)
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Figure 8-13 Acceleration time history for the Cover2 with SAs and MII models (HVB3)

172




Acceleration response at HVB1 CG (longitudinal)

5
—
--------- Coverd with attachments
47 RIS 1IN
----- RIS Coverd with attachments
3 -
2
I
=
2
-
il
[T
W
g Bl
<
-1
-3
-4
rime(sec)
Acceleration response at HVB1 CG (transversal)
3 — 1l
———————— Coverd with atachments
RIS 1IN
7 R Bt ety ol e S R e RIS Coverd wth attachments
' i IE :Iilg !.: I:ié
= K ” 5I;'t£§ [F”a'HI ﬁlg'ni' S
= : 1 i 2 & |
g, 4 Wl
= St “[ il
@ LB R RIER I L 11 K 3 5
[T} g It TR R N i
g Sl SR E i‘:
< G TR I e e
EEAN HHi i : i
i ifi : il
i ! i ! i
a I
2 ' l
-3

rime(sec)

Figure 8-14 Acceleration time history for the Cover4 with SAs and MII models (HVB1)
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Figure 8-15 Acceleration time history for the Cover4 with SAs and MII models (HVB2)
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Figure 8-16 Acceleration time history for the Cover4 with SAs and MII models (HVB3)

It can be inferred, from the comparative plots above, that the acceleration response at the
bushings’ CG present significant differences for the full and the separated cover models. This is

naturally expected since the boundary conditions of the plate are modified with respect to the
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original model. It should be kept in mind that the input motion for the separated cover models
has been taken as the average of the linear responses at the plate corners obtained from the full
model. While, the rotational input as well as the variation of the linear input along the plate
boundary has not been accounted for. Inevitably, the excitation at the base of the bushing will be
different for the full model and separated cover model.

The RMS for the bushing’s CG acceleration in the full and the separated cover models,
presented in Table 8-11, reveals that the discrepancies from the exact response for the Cover2
and Cover4 models are relatively small, with the maximum relative difference being 16%. For
comparison, the maximum relative difference for the respective models without the attachments
presented in Table 8-6 was 80%.

Table 8-11 Comparison of RMS of accelerations in separated cover with
SAs and full transformer models

RMS of Acceleration at CG
No Model Bushing 1 Bushing 2 Bushing 3
P T Vector Sum P T
1 MII (Basis) 1.0 1.1 1.8 0.9 0.9
2 Coverl 0.9 0.7 1.3 0.8 0.9
3 Cover2 0.9 0.8 1.7 0.8 0.9
4 Cover3 1.0 0.7 1.4 0.8 0.9
5 Cover4 0.9 0.7 1.7 0.8 0.9
6 Cover5 0.9 0.7 1.6 0.8 0.9
7 Cover6 1.0 1.1 1.8 0.9 0.9
Relative Difference (ay;; — Acover)/Amir
1 Coverl -7% -80% -51% 2% 17%
2 Cover2 2% -7% -12% 7% 10%
3 Cover3 4% -27% -48% 9% 9%
4 Cover4 1% -6% -16% 8% 10%
5 Cover5 4% -10% -46% 7% 15%
6 Cover6 4% -10% -33% 6% 15%
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8.5 Remarks on Simplified Modeling

Based on the results obtained from the analyses performed, it is suggested that the Cover2 and
Cover4 models are the ones that match most closely the full transformer model response. In
terms of boundary conditions, these are the cover models which are fully fixed across the side of

the cover where the bushings are mounted.

(a) (b)
Pins on the boundary
Fixity on the boundary

High voltage bushing (turret) base

Figure 8-17 Boundary conditions of Cover2 (a) and Cover4 (b) models (repeated from
Figure 8-3)
Comparing the Cover2 and Cover4 models, for the case where no attachments were used and the
case where the high voltage surge arresters were incorporated in the models, one can infer that
the response obtained from the second case was essentially closer to the full model response.
This inference can be made as far as the accelerations at the bushing’s CG are concerned. The
comparison between the best models for the two cases investigated, in terms of accelerations and

displacements are presented in Table 8-12 through Table 8-14.
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Table 8-12 Comparison of response accelerations between the Cover2 and Cover4 with
and without SAs and full transformer models (first bushing)

Peak Acceleration (g)
Model Bushing 1 CG Bushing 1 Turret Base
P T L T A% RL RT
MII (Basis) 4.3 24 1.1 1.3 1.7 0.057 0.028
Cover2 (no SAs) 34 3.5 1.1 1.3 1.7 0.045 0.038
Cover4 (no SAs) 34 3.5 1.1 1.3 1.8 0.045 0.030
Cover2 (with SAs) 3.8 2.5 1.1 1.3 1.4 0.038 0.045
Cover4 (with SAs) 3.7 2.5 1.1 1.3 1.4 0.038 0.040
Relative Difference (aM” - acover)/aM”

Cover2 (no SAs) 21% -46% 0% 0% 0% 21% -36%
Cover4 (no SAs) 21% -46% 0% 0% -6% 21% -7%
Cover2 (with SAs) 12% -4% 0% 0% 18% 33% -61%
Cover4 (with SAs) 14% -4% 0% 0% 18% 33% -43%
Notation Legend

L Lateral v v Bushing

T Transxfersal Aar

\Y Vertical : G

P | Perpendicular to bushing axis (CG) / e
RL Rotation in thelvert.ical plane / L m L

(lateral direction) / » —»
Rotation in the vertical plane p
RT o
(transversal direction)
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Table 8-13 Comparison of response accelerations between the Cover2 and Cover4 with
and without SAs and full transformer models (central bushing)

Peak Acceleration (g)
Model Bushing 2 CG Bushing 2 Turret Base
Vector Sum L T A" RL RT
MII (Basis) 3.6 1.1 1.4 2.1 0.039 | 0.066
Cover2 (no SAs) 3.7 1.1 1.3 1.6 0.039 | 0.049
Cover4 (no SAs) 3.8 1.1 1.3 1.6 0.039 | 0.059
Cover2 (with SAs) 3.6 1.1 1.3 1.6 0.035 | 0.045
Cover4 (with SAs) 3.6 1.1 1.3 1.5 0.035 | 0.061
Relative Difference (ay;; — Acover)/Amir
Cover2 (no SAs) -3% 0% 7% 24% 0% 26%
Cover4 (no SAs) -6% 0% 7% 24% 0% 11%
Cover2 (with SAs) 0% 0% 7% 24% 10% 32%
Cover4 (with SAs) 0% 0% 7% 29% 10% 8%
Notation Legend
L Lateral v v .
T Transversal AaL
\Y Vertical I o
P | Perpendicular to bushing axis (CG) Tup
RL Rotation in the.vert‘ical plane L RT L
(lateral direction) —» 7 >
RT Rotation in the Vc?rtica}l plane /
(transversal direction)
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Table 8-14 Comparison of response accelerations between the Cover2 and Cover4 with
and without SAs and full transformer models (third bushing)

Peak Acceleration (g)
Model Bushing 3 CG Bushing 3 Turret Base

P T L T A% RL RT

MII (Basis) 2.8 3.6 1.1 1.3 2.1 0.047 | 0.044
Cover2 (no SAs) 3.0 3.1 1.1 1.3 1.2 0.036 | 0.029
Cover4 (no SAs) 3.1 3.1 1.1 1.3 1.2 0.039 | 0.027
Cover2 (with SAs) 2.9 3.7 1.1 1.3 1.3 0.034 0.024
Cover4 (with SAs) 2.9 3.7 1.1 1.3 1.3 0.035 0.024

Relative Difference (ay;; — Acover)/Amir
Cover2 (no SAs) -7% 14% 0% 0% 43% 23% 34%
Cover4 (no SAs) -11% 14% 0% 0% 43% 17% 39%
Cover2 (with SAs) -4% -3% 0% 0% 38% 28% 45%
Cover4 (with SAs) -4% -3% 0% 0% 38% 26% 45%
Notation Legend
L Lateral v v .
T Transversal AaL
\Y Vertical I o
P | Perpendicular to bushing axis (CG) Tup
RL Rotation in the.vert‘ical plane L RT L
(lateral direction) —» 7 >
RT Rotation in the Vc?rtica}l plane /
(transversal direction)
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Furthermore, Table 8-15 shows the peak displacements at the top of the bushings and at

the bottom of the central bushing, relative to the ground.

Table 8-15 Comparison of response displacements between the Cover2 and Cover4 with
and without SAs and full transformer models

Peak Displacement relative to ground (in)

Model Bushing 1 Top Bushing 2 Top Bushing 3 Top
L T \Y L T \Y% L T A%
MII (Basis) 1.66 | 1.17 | 042 | 196 | 2.80 | 0.29 | 1.27 | 1.33 | 0.29

Cover2 (no SAs) 1.47 | 1.87 | 030 | 1.86 | 243 | 0.21 1.09 | 091 | 0.24

Cover4 (no SAs) 1.50 | 1.89 | 030 | 1.86 | 2.62 | 022 | 1.09 | 091 | 0.24

Cover2 (with SAs) 1.46 1.48 | 0.31 1.69 2.67 0.23 1.13 1.25 0.24

Cover4 (with SAs) 1.40 | 1.46 | 0.30 1.73 2.77 0.24 1.12 1.28 0.24

Relative Difference (dMII - dCOUET)/dM”

Cover2 (no SAs) 11% | -60% | 29% 5% 13% | 28% | 14% | 32% | 17%

Cover4 (no SAs) 10% | -62% | 29% 5% 6% 24% | 14% | 32% | 17%

Cover2 (with SAs) | 12% | -26% | 26% | 14% 5% 21% | 11% 6% 17%

Cover4 (with SAs) | 16% | -25% | 29% | 12% 1% 17% | 12% 4% 17%

Notation Legend

L Lateral v v -

T Transversal ZrL

\Y Vertical I o

P | Perpendicular to bushing axis (CG) Tup
RL Rotation in the vertical plane L RT L

(lateral direction) —» 7 >
Rotation in the vertical plane /
RT .
(transversal direction)

181







SECTION 9

CONCLUDING REMARKS

This study deals with the modeling of existing transformers exploring modeling variations and
structural modifications that affect the response of bushings mounted on the transformer covers.
A model was developed to identify the transformer’s dynamic characteristics and the significant
interactions between various components and the high voltage bushings. A finite element model
originally modeled for static stress analyses was modified to allow dynamic analyses and it was
subjected to detailed analyses using dynamic excitations in order to study to the effects of
detailed modeling and the interactions of components using time and frequency domain
techniques A number of structural modifications were introduced to the transformer model, with
the intention of observing the sensitivity of bushing responses and when mounted on different
transformer models. Each model was investigated using modal and spectral analyses, using
random and spectrum compatible (IEEE 693-2005) ground motion. The response was measured
at the bushings, the corners of the cover plate and the base of the turrets for the structurally
modified models. Furthermore, the spectra at the corners of the cover plate and at the base of the
turrets were obtained and associated with the bushings’ response. The transformer was also
analyzed for vacuum pressure, to determine the most adverse displacement condition for the
interconnected cables. Finally, simplified models were explored in which the cover plate, along
with its stiffeners and the bushings, was separated from the transformer. Various boundary
conditions were examined in an effort to determine the degrees of approximation of bushings’
response in respect to the response obtained from the full transformer model.

Some comments and remarks related to this study are summarized as follows:
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(a) Modeling of transformer for dynamic analysis:

The modeling of the bushing connection to the turret and to the transformer cover seems to
have dominant influence. The fine annular mesh around the turret base and the provision for
the transition mesh were found to represent adequately the bushing. This was visible through
the modal analysis of the modified model, contrary to the original model in which the coarse
mesh did not allow for the turret to move in all possible directions.

The mesh size of the cover plate portion, located at a distance from the bushings, showed that
the bushings’ response was not sensitive to the variations.

The as installed frequency of the bushing is strongly influenced by the tank cover and the
modeling of the connections. Each high voltage bushing was assigned the properties which
yield a fixed base frequency of 15 Hz as provided by the manufacturers so that. When the
bushings were incorporated in the numerical model of the whole transformer, their
fundamental “as-installed” frequencies were found to be in the range of 5-8 Hz. These “as-
installed frequencies are responsible for the actual dynamic response under ground
excitations. This shift may explain some of the good experimental behavior of bushings
tested in rigid fixtures (such as fixed base) and the problematic seismic response in the field
with flexible mountings in “as-installed” conditions..

Use of transfer functions allows screening irrelevant interactions. The transfer functions,
apart from being used for the identification of the components’ dynamic properties, were
utilized as the means to eliminate the control points selected in the model for the assessment
of interactions with the bushings.

Cross spectra and visual animation of modes of vibration can be used in tandem for

assessment of interactions. The cross spectra shows the magnitude and the frequencies of
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amplifications for the multiplication of two distinct waves, indicating that the relative parts
might interact. However, they do not provide any visual proof that the interactions occur.
However, the finite element program SAP2000 provides a visual representation of the modes
but does not give information about the magnitude of interactions. Therefore, these methods
were used in conjunction for the assessment of the interactions.

The radiators and the surge arresters, included in the transformer model, were shown to affect
significantly the response of the bushings because their dynamic response essentially controls
the cover plate and somewhat the out of plane deformation of the side walls. These
deformations create rotational and vertical input at the base of the bushings. On the other
hand, other large parts that do not add to the motion of the walls or the cover plate, such as

the conservator and the core-coil assembly, have little contribution to the bushing’s response.

(b) Effect of structural modifications:

Bracing of the conservator and the radiators (MI-a model) can alleviate the response of the
central bushing but significantly deteriorate the response of the third bushing. Moreover
bracing of the conservator only (MI-c model), provides the most favorable modification on
the MI model comparatively to the others.

If the core is connected directly to the roof cover of the transformer tank (MII model series)
influence adversely the behavior of the bushings of all the models examined - specifically,
the models MII-a2i, MIla2ii and MIla2iii. The response of the first and third bushing was
approximately twice the response measured in the MII model and the response of the second

bushing is almost three times the respective response.
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10.

11

There are many factors that could lead to this adverse response. First of all, the dynamic
properties of the cover plate change due to the significant mass of the core directly attached
to it. The vertical motion of the core can directly affect the motion of the cover plate,
contrary to the case of the MII model, where the core affects the motion of the cover
indirectly by exciting the side walls. However, the results of the dynamic analysis and the
animation of the core response, with SAP2000, reveal that the vertical motion of the cover
plate is not very significant, on the order of 0.4 in. What is clear though is that the connection
of the core to the cover plate changes the boundary conditions of the latter. These changes
are done because not only many of the cover plate modes that appeared in the unmodified
models are absent in the current model, but the bushing frequencies are increased. The
central bushing in particular, which seems to be the most problematic of all three, exhibits
modes in the diagonal direction, a case that is typical of a bushing located at the corner of the
cover plate. It is possible, that depending on the core-cover connection, corner-like effects
may be induced on the bushings.

Removing components may attenuate somewhat the bushing response. Among the modified
models that involve removal of their components, the MII-c and MII-e models are the ones
that alleviate the bushings’ response, slightly.

The bracing of the internal small transformer to the tank wall in model MII significantly
affected the response of the third bushing with respect to model MI, where the small

transformer is not connected to the wall due to local effects.

. The response in terms of displacements, in general, seems to follow the same trend as the

accelerations. However, the displacements at the bottom of the central bushing with respect

to the core and the ground are reduced for the models in which the core is braced.
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12.

13.

14.

15.

(c) Transformer amplifications of tank’s roof — cover:

In the models investigated, each corner spectrum shows a significant amplification with
respect to the base motion when using IEEE 693-2005 spectrum. The spectra at the top of the
turrets show an amplification factor of two or more. The corners are essentially stiff regions
and therefore the amplification in the corner spectra reflects the effect of the tank flexibility.
The top of turret spectra have an amplification associated with the flexibility of the tank and
one or more associated with the flexibility of the plate around the bushing-turret assembly.
The difference in the magnitude of the amplification factor between the corner and the turret
spectra is attributed to neglecting the rotational motion when calculating the first. The largest
difference between the two types of spectra is found in the vertical direction. The bushings
are located close to the wall, which indicates that the vertical response there is interdependent
with the rotation. The fact that the vertical response spectrum at these locations is
significantly amplified, suggests that there is rotational input through the boundary of the
plate. This rotation input is possibly due to the motion of the surge arresters and the radiators.
For most of the variations of the transformer examined, the dynamic amplification factor is
much larger than two, a result that corroborates with similar past studies conducted.

Therefore, the factor proposed by IEEE693 may not be conservative.

(d) Simplified modeling of bushings and roof cover
The analysis of the separated cover plate models show a good approximation to the full
transformer model response in certain configuration of simulated boundary conditions, i.e.

models with fixed boundaries, especially on the side where the bushings are mounted.

187



16.

17.

18.

19.

The inclusion of the attachments enhances the results both in terms of accelerations at the
bushing’s CGs and displacements at the top of the bushings, which is the objective of the
simplification suggested. Concerning the acceleration at the bushings’ CG, which is one of
the crucial quantities for the bushing performance, the maximum relative difference from the
exact solution, observed after the inclusion of the attachments, is 14%.

The differences in the acceleration output at the bushings’ CG, between the separated cover
and the full transformer models, are attributed to the boundary conditions and the
approximated input motion assumed for the modified models. That is, the rotational input
due to the flexibility of the side walls, as well as the variation of the linear input along the
plate boundary are not accounted for in the analysis of the separated cover models. However
in spite of this approximation, the simplified modeling yields reasonable results compared to
the response of the full model of transformer.

The input motion considered, for the study of the simplified separated cover models, is the
average response at the corners of the plate obtained from the full model. For future
implementation of the separated cover model approach, reasonable assumptions have to be
made in order to obtain the input motion for the simplified model. This input motion will be
obtained from the amplification of the ground motion that would be used in case the full
transformer was to be modeled.

Previous research, as well as the present study, has repeatedly indicated that the response at
the cover plate should be magnified by a factor greater than two with respect to the ground
motion, (as required by the IEEE 693-2005 specifications). It is essential that the
amplification factor from the ground to the cover plate be further studied and associated with

various transformer types.

188



(e) General comments
20. While this study is very detailed, it is not comprehensive and should be viewed in the context
of transformers analyzed. However it is clear that the effects determined in this study are

general and will appear in most transformers, with different degrees of intensity.
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