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Executive Summary

This is the final project report for research on Transformer Overloading and Assessment of Loss-
of-Life for Liquid-Filled Transformers in electric power systems. This subject has been ad-
dressed by many researchers and standards over the years, however, still with no clear consen-
sus. There are several areas where the addition of more advanced sensor and monitoring technol-
ogy can improve the remaining life expectancy estimations. This research developed an optimi-
zation methodology to minimize the cost and select the proper transformer size for new applica-
tions and to optimize the replacement of transformer for an existing system (retrofit applica-
tions). It is anticipated that the method described here will help utilities in making decisions to
minimize revenue requirements of the transformer over the long run to attain overall economic
efficiency.

Although the incentive to loading power transformers beyond their nameplate rating has always
been existed in the past, recently utilities show more inclination to fully utilize them to achieve
greater profit. One of the basic criteria which limit the transformer loading capabilities is the hot-
test-spot temperature of windings. According to the IEEE Std. C57.91-1995, for the thermally
upgraded paper, it is limited to 110°C @ 30°C ambient temperature for a 65 C average winding
temperature rise. Higher winding hottest-spot temperature causes degradation (decrease in me-
chanical strength and increase brittleness) of the winding insulation and increases the potential of
transformer failure. Gas bubbles may also form at elevated operating temperature, which may
also cause the dielectric breakdown.

Under certain operating conditions, a transformer may be safely loaded beyond its nameplate rat-
ing. For every 1°C ambient temperature reduction (from standard 30°C) releases approximately
1% of overloading capability. The cold winter weather allows transformers for some overloading
or saving of the insulation life. While in the summer, transformers run at higher ambient temper-
atures. The insulation degrades rapidly under these high temperatures and transformer life could
be shortened substantially.

Utilities usually size and operate their transformers by matching the rating with the present de-
mand and taking into consideration the future growth. Industry standard suggests transformer life
expectancy to be approx. 30 years under “normal” operating conditions. In order to defer trans-
former replacement cost or cost of adding a second transformer under certain conditions, utilities
may overload the transformer beyond the nameplate rating and accept calculated reduced life.
This research addressed this very issue of economic decision based on the transformer remaining
life-expectancy model. The probability tree structure is utilized to describe the future load
growth pattern and uncertainty. Together with probability tree model, the transformer thermal
model has been employed to calculate service life of the transformer and determine when to re-
place an existing transformer.

Following the concepts of Per-Unit Life, Relative Aging factor, Equivalent Aging, and end-of-
insulation-life criteria, two simple equations have been developed to estimate the transformer
remaining life. A Windows based, object oriented program has been developed to calculate the
hottest-spot temperature, the top- and the bottom-oil temperature for each model. The program
also calculates the loss-of-insulation-life, the remaining life, and energy losses following the me-
thodology developed in this research.
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NOMENCLATURE

Symbols Related to Thermal Models and Loss- of- Life Calculation

C

Cow
ATo
ATs
ATor
AT
AT,
ATwys
ATwswo
AT
AToarg

Transformer thermal capacity, watt - min./°C
Specific heat of winding material, watt - min./Ib.”C
Bottom-oil temperature rise over ambient
Winding hottest-spot temperature rise over top-oil temperature
Winding hottest-spot temperature rise over top-oil temperature at rated load
Initial winding hottest-spot temperature rise over top-oil temperature
Ultimate winding hottest-spot temperature rise over top-oil temperature
Incremental hottest-spot temperature difference between iteration
Winding hottest-spot rise over adjacent duct-oil temp. at hottest-spot location.
Average oil rise (IEC)

Incremental average bulk-oil temperature between iteration

ATmoso Duct-oil temperature rise over bottom-oil temperature

ATrmorsor DUCt-01l temperature rise over bottom-oil temperature at rated load

ATro
AT'ror
ATro,
ATro.
ATromo
ATw
ATyo
ATy
F
Frou
H
HHS
k

K

Top-oil rise over the ambient temperature

Top-oil temperature rise at rated load

Initial top-oil temperature rise

Ultimate top-oil temperature rise

Top- and bottom-oil temperature difference

Incremental winding temperature difference between iteration

Duct-oil temperature rise at winding hottest-spot location over bottom oil
Average winding rise temperature at rated load

Relative aging factor

Equivalent aging factor

Hottest-spot factor

Location of hottest temperature on the winding, per unit of winding height
Radiation constant, watt/°C

Transformer loading, per-unit

viii



L Insulation life, per unit

uys — Oil viscosity at hottest-spot location

upsg  Oil viscosity at hottest-spot location at rated load

s Oil viscosity in the duct

yx  Oil viscosity in the duct at rated load

m Winding exponent

M, Winding mass, Ib

n Oil exponent

Pusx  Eddy current loss at rated load and at hottest-spot temperature
Pz Eddy current loss at rated load

P.sx  Winding loss at rated load and at hottest-spot temperature
P,  Total losses, watt

P,.: Initial total losses, watt

P, Ultimate total losses, watt

Pr Total losses in watts at rated load

P Transformer total losses, per-unit

Prr  Total transformer losses at rated load

Py Winding loss, watt

Pwusg Winding loss at hottest-spot temperature

Pyr  Winding loss at rated load

Ocore Heat generated from core loss

Ousass Heat absorbed in winding at hottest-spot location

Ousaen Heat generated in winding at hottest-spot location
Ouszosr Heat lost from winding hottest-spot location to oil
Qocen Heat generated in oil

Qovosr Heat lost from oil to air

Ostray Heat generated from stray loss

Owass Heat absorbed in winding

Owaen Heat generated in winding

Owiosr Heat lost from winding to oil

R Transformer loss ratio (load losses/no-load losses)

iX



2MCp Summation of product of mass and specific heat of tank, core, and oil excluding winding

r,  Winding time constant

r.x  Winding time constant at rated load

Oil time constant

Tr0

o  Oil time constant at rated load

T, Ambient temperature

T,  Bottom-oil temperature

Tsor  Bottom-oil temperature at rated load

Tr.o Average duct-oil temperature

Trior Average duct-oil temperature at rated load
T.s  Hottest-spot temperature

T,  Hottest-spot temperature at rated load

T; Resistance correction factor

Txus  Winding resistance correction factor for hottest-spot temperature
Tww  Winding resistance correction factor

Towrc Average bulk-oil temperature

Toaver Average bulk-oil temperature at rated load
Tmwo  Top duct-oil temperature

Tmwor  Top duct-oil temperature at rated load

Tro  Top-oil temperature

Tror  Top-oil temperature at rated load

Ty Average winding temperature

Twx  Average winding temperature at rated load

X Exponent of duct-oil rise
v Exponent of average oil rise
z Exponent of bulk-oil temperature difference



Symbols Related to Economic Evaluation
a Load growth rate

AEC  Annualized energy cost

ALCR Auxiliary losses cost rate, $/kW
ALL  Auxiliary losses

Cr  Cost of transformer

CC  Carrying charge

CF  Cost of random failure

CLL Cost of load losses

CNLL Cost of no-load losses

COL Cost of losses

CRF Capital recovery factor

CRR Capitalized revenue requirement
Dy Depreciation

Dy Tax depreciation for income tax purposes
DC  Demand charge, $/kW.yr

e Energy cost escalation rate

e Average annual inflation rate

E, Annual equity return

EPR Equivalent peak ratio

ERR Equivalent revenue requirement
ft) Probability distribution function
F@)  Cumulative distribution function
f(S;)  Transformer cost function

f..(Sy) Transformer load losses function
fun(S) Transformer no-load losses function
FCR Fixed charge rate

h(t)  Hazard function

[ Cost of capital rate or discount rate
Borrowed money rate

L

iy Depreciation rate

Xi



Iy

LL
LLCR
MV

NLCR
NLL
P,
Peore
Pu(t)
-
PA
PR
PRF
R,
RR
St

SI

TLF
T70C
Ul

Equity return rate

Tax rate

Debt ratio, failure rate

Load losses

Load losses cost rate, $/kW
Market value of transformer
Transformer life

No-load losses cost rate, $/kW
No-load losses

Annual production expense
Core or no-load losses, kW
Time-varying load losses, kW
Annual maximum load losses, kW
Probability that the auxiliary cooling will be on
Peak ratio or per-unit loading
Peak responsibility factor
Annual revenue

Revenue requirement
Transformer maximum rating
System investment cost, $/kW
Income tax

Transformer loss factor

Total owing cost

Unrecovered investment

Xii



1. Introduction

Sizing of a large new power transformer or replacement of an existing transformer is
done traditionally from simplified analysis and technical considerations. The convention-
al loss evaluation technique, defined by the “Total Owning Cost (TOC)”, is still routinely
utilized by utilities to evaluate the values of transformer losses during procurement. Total
cost of losses during transformer operating life is comparable to its initial purchase price,
and the loss evaluation is always recommended during procurement. The TOC method,
however, has limitations. Regardless of the load cycles, ambient conditions, and future
load growth, transformer’s life (typically 30 yrs.) is assumed to be constant. Load cycles,
ambient conditions, and future load growth and possible overloading including uncertain-
ties are very important factors that affect transformer’s life, hence the total cost. Also, a
decision has to be made, whether to replace the transformer immediately or to delay its
replacement. Utility’s engineers should evaluate the remaining life of the existing trans-
former due to overloading, together with economic evaluation.

This research utilizes a simplified optimization strategy and an improved method for new
transformer sizing, cost evaluation and perhaps delay replacement analysis of existing
transformers. The method is based on the loss-of-life information from the hottest-spot
temperature calculated from transformer thermal model.

Most transformer failures are related to the deterioration of insulation with. For liquid-
filled transformers, the traditional insulation system is thermally upgraded oil-
impregnated paper. The concept of insulation integrity has led to the development of the
thermal insulation aging that has been known to be a function of both time and tempera-
ture (Arrhenius Reaction Rate Theory). However, transformer loss-of-life at various ele-
vated-operating temperatures cannot be accurately estimated and the corresponding re-
maining life expectancy is considered to be conservative.

This final report is comprised of 8 chapters followed by three Appendices. Chapter 2 dis-
cusses the design fundamentals of liquid-filled transformers. Various “On-line/Off-line”
monitoring techniques are also discussed.

In Chapter 3, two (2) thermal models from the IEEE loading guide, C57.91-1995 Y are
discussed. A third model from the IEC loading guide, IEC 354-1991 ! is also used to
compare. A comparison of the IEEE and IEC models is attached in the Appendix C. A
PC based computer program on Windows operating system is written to calculate all
temperature profiles and transformer loss-of-life including the Graphic User Interface
(GUI) helps user to easily access data and perform analysis.

Chapter 4 discusses the probabilistic modeling including the Monte Carlo simulation to
calculate the loss-of-life.

Chapter 5 has been dedicated to the development and discussion of economic evaluation,
Conventional loss evaluation, characterized by the “Total Owning Cost (TOC)”. A more
detailed technique called the Minimum Revenue Requirement method, which is applica-
ble to Investor-Owned Utilities (IOU’s) is also introduced.
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Chapter 6 proposes the optimization scheme that will determine the size of a new trans-
former and provide a strategy for delaying replacement of an existing transformer based
on load cycle, present load, future growth, ambient operating conditions, and economic
consideration. Transformer cost and losses are derived by curve fitting data obtained
from various industry sources. Failure cost is also included in this scheme. The probabili-
ty tree structure is applied to future load growth that takes into account the uncertainty. A
basic computer program is written to estimate the transformer life, energy losses, and fi-
nancial results.

Chapter 7 includes the numerical calculations. Different case studies are discussed in-
cluding new transformer sizing and “delay replacement” strategy.

Chapter 8 includes conclusions and recommendations.

In summary, this research provided an integrated method for transformer sizing and pro-
vides an optimal solution for transformer replacement. Windows based computer pro-
gram is written to provide system planning engineers with fast, convenient, and practical
solutions.



2. Transformer Design and Thermal Loading

2.1 Introduction

Emergency and/or planned overloading of oil-filled power transformers beyond their na-
meplate rating depends on several factors including the design, operation, routine oil test-
ing and maintenance program, daily loading and load cycle, ambient conditions and ap-
plications. For most common applications, transformer overloading capabilities and the
life expectancy are determined by the winding “hottest-spot” temperature and its dura-
tion.

For all liquid-filled transformers, the insulation system is composed of thermally-
upgraded oil-impregnated paper. This cellulose paper insulation used today must main-
tain its mechanical strength and withstand the stresses that occur with surges and must be
able to withstand detrimental chemical transformations.

2.2 Basic Design Considerations

Over time, oil-impregnated paper insulation used in liquid-filled transformer winding
loses mechanical and electrical strength and becomes brittle when exposed to elevated
operating temperatures. These results are obtained from aging tests of transformers or are
obtained from laboratory tests on isolated pieces of insulation material.

A typical simplified transformer heating and cooling model used for the analysis is
illustrated in Figure 2.1. The winding I°R and eddy-current losses, the core losses, and the
stray losses in the tank and metal support structures are the principal sources of heat.
There exists a significant difference between the top- and bottom-oil temperature rises,
and this will vary depending on the type of cooling systems and winding construction.
The difference between the top and bottom oil rises with forced oil-cooling is in the order
of only a few degrees, whereas this difference is several times larger for forced air-cooled
transformers.
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Figure 2.1 Transformer fluid flow
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Four modes of cooling most commonly employed in liquid filled transformers are: (1)
Natural convection of oil and natural convection of cooling air over the radiator (OA); (2)
Natural convection of oil with forced convection of air over the radiator — either single
stage (OA/FA) or multiple (most common, two) stages (OA/FA/FA); (3) Directed forced
oil flow and forced airflow (DFOA); and (4) Non-directed forced oil flow; and forced
airflow (NDFOA).

OA cooled transformers are used in the distribution system and the ratings are typically
limited to less than 2.5 MVA. Transformers rated between 2.5-100 MVA are designed for
“Fan Cooling” (OA/FA/FA). A single-stage “OA/FA cooling” is used for the lower rat-
ings (2.5-10MVA range). Larger distribution transformers (10-100MVA) are normally
designed to have two stages of fan cooling (OA/FA/FA). Transformers rated above 100
MVA ranges are generally “FOA type” (or forced oil and forced air cooled design).

Another fact to be remembered is that the expected transformer life (common practice) is
estimated between 25-30 years, depending on the utility’s accounting preference. How-
ever, transformer operating for 40 years (or more) of service life is not uncommon in the
industry. This “normal life period” assumes some overloads but also includes long pe-
riods of light loads and lower ambient temperatures.

2.2.1 Transformer Construction and Its Thermal Performance

Heat can flow from the core to the oil. However from the winding, heat must go through
the insulation. Large transformers are designed so that at least one side of each insulated
coil can transfer heat directly to the oil. The heat transfer rate is proportional to the insu-
lation thermal conductivity and exposed surface area and inversely proportional to the
insulation thickness .

The core and windings define the basic dimensions of the transformer tank'’s length and
width, with the tank height determined by the level of oil necessary to cover the core (in-
cluding tap changer). Additional space for oil circulation is added on to the basic dimen-
sions. Tank design affects the ability of the transformer to dissipate heat to the surround-
ings. Vertical location of the core and winding within the tank also will influence the rate
of heat transfer to the oil. At elevated temperature, the transformer oil is oxidized and
forms sludge that reduces the heat flow from the winding, thereby, elevating its tempera-
ture. The use of inert gas to minimize sludge formation, combined with oil filtration, con-
trols the effects of oil oxidation.

Core - Magnetic cores for large power transformers are made of thin laminations of
grain-oriented-silicon-steel. Currently five main grades of silicon steel are widely used in
the transformer industry: M2, M3, M4, M5, and M6 in increasing order of gauge (from 7
to 14 mil thickness) and core losses. Besides the type of material and lamination thick-
ness, the operating flux density in the core determines core losses. Typically the design
value of the flux density in silicon steel core ranges from 1.6-1.8T (Tesla = Wh/m?). The
core flux density, core cross-sectional area, voltage, frequency and number of turns are
related by the basic equation:



E=4.44NB 4 (2.1)

Where, E is the exciting [rms] voltage (V) (assumed sinusoidal voltage), f'is the frequen-
cy (Hz), Nis the number of turns, B,, is the maximum flux density in (T), and 4 is the
cross-sectional area of steel core (m?). When the frequency and the area of the core are
constant, the maximum flux density is proportional to ratio of exciting voltage and turns
(or volts per turn ratio, E/N).

Typically, under no-load condition and at rated voltage, transformers draw very little ex-
citing current (rms value of 2-4% of the full load current). Because of the nonlinear mag-
netization characteristic of the steel core, and since the flux-density in a typical design is
above the “knee point”, the exciting current contains harmonics. A typical exciting cur-
rent consists of (45%) 3", (15%) 5™ and (3%) 7" and smaller percentages of higher fre-
guency harmonics M In current design practices, the limit on the value of flux density is
imposed by the amount of distortion in the exciting current and the corresponding genera-
tion of audio noise. It is considered a good practice to keep the flux density at a lower
value of approximately 1.7T.

Coil and Winding - Transformer coils are designed to get the required number of
turns into a minimal space. At the same time, the conductor cross-section must be large
enough to be able to carry the current without overheating. These coils may be made of
copper or aluminum. Aluminum winding is generally cheaper and has lighter weight
(30% of copper’s weight). However, the aluminum winding has higher losses (62% high-
er resistance). At present, the typical payback period for Cu is estimated between 5 to 8
years.

The transformer size and the overall design are basically dictated by two main factors
called “Specific Magnetic Loading” (flux density “B” in the core) and “Specific Electric
Loading” (current density in the winding). Transformer size is related to load losses
(winding), maximum magnetic flux density and current density through an empirical eg-
uation of the form !

J:Kme(ﬁ)[%i] (2.2)

s K eddy

Where, J is the current density in conductor (A/mm?) , B,, is the maximum flux density
(T), 4 is the cross-section area of core (m?), s is the mean turn length (m), % P., is in the
core loss expressed as a percent of transformer rating, and K.z, = 1.05-1.2. The constant
K depends upon the unit and conductor material. Other constraints such as lowest unit
cost, minimum total owning cost, guaranteed load loss, etc., are also utilized to optimize
the design.



Typical current densities in a design may vary by a factor of 2:1. It depends primarily on
the winding material (copper vs. aluminum) and the cooling method. In “Class B” insu-
lated transformers (most common design with 65°C avg. winding rise), the maximum
value of current density varies from about 3.5 A/mm? smaller to 6.0 A/mm? for large
transformers with forced cooling. Table 2.1 [5] shows the range and the average value of
current and flux densities.

Table 2.1: Range and average value of current density and flux density in various types
of oil-filled transformer with copper winding

Current density (A/mm?) | Flux density
Class of transformer | Range Average M
Generator Step-up 2.6-4.0 2.9 1.70
Transmission 3.7-6.0 4.3 1.55
Distribution 2.0-2.5 2.3 1.55

Cooling Equipment - The radiator cooling now used have a fairly constant heat dis-
sipation rate per unit length. Cooling tubes that are farther spaced and the larger the tube
surface area, the greater is the cooling capability. Some manufacturers use a flat plate de-
sign for cooling tubes, allowing more surface area per tube and reducing manufacturing
costs. Pumps, when utilized, are used to increase the flow of oil, thereby increasing the
efficiency of the radiators and minimizing the temperature difference between the top-oil
and at the bottom-oil in the tank.

Cooling Mode - Natural draft (air) cooling (AA) is utilized for small transformers.
However, as the transformer size increases, the cooling surface area is insufficient. Addi-
tional cooling must be provided. Oil immersion increases the heat transfer rate and the
addition of external radiators attached to the tank increases the cooling surface area (OA).

Forcing air can substantially increase the rate of cooling above the self-cooled rating.
Larger MV A transformers may be designed for either one or two stages of forced air-
cooling (OA/FA or OA/FA/FA). Forced-Oil-Air cooling (FOA) employs pumps to draw
the oil out of the transformer tank to the external heat exchanger. Increasing of oil veloci-
ty also increases cooling efficiency and it reduces the top-oil temperature rise over bot-
tom oil. There are two types of forced oil cooling, non-directed flow (NDFOA) and di-
rected flow (DFOA). In non-directed flow transformers, the pumped oil from heat ex-
changers or radiators flows freely inside the tank. Directed flow transformers are de-
signed so that the principal part of the pumped oil from the heat exchangers or radiators is



forced to flow through the windings. Water-cooling can be used for large transformers
when economically justified.

There exist some relationships between the air-cooled rating (OA) and the corresponding
increase in rating due to the added cooling systems. For 3-phase transformers, assuming

the average ambient temperature of 30°C, the multipliers are given below . A 10 MVA

(OA) transformer will have a rating of 10 x 1.25 = 12.5 MVA (OA/FA) rating at 55 C.

Transformer Size:
*< 2.5 MVA, (FA) =1.15 (OA), one stage @ 55°C
* < 12 MVA, (FA) = 1.25 (OA), one stage @ 55°C
* > 12 MVA, (FA) = 1.33 (OA), one stage @ 55°C
* > 12 MVA, (FOA) = 1.67 (OA), one stage @ 55°C
*>12 MVA, (FOA) = 1.87 (OA), one stage @ 65°C

Oil Preservation Systems - During operation under heavy load, the transformer oil
level will rise above the initial fill level. All oil-filled power transformer designs have
some means of providing space for oil expansion. The most common designs employ the
conservator tank or provide gas space (filled with inert gas) in the main transformer tank
above the oil.

Auxiliary Cooling Equipment - A thermally operated control device or a manually
operable switch can be used for control of auxiliary cooling equipment. The thermally
operated control device, measuring the top-liquid temperature, is used in an automatic
control system.

Auxiliary Devices - Transformers are also provided, in general, with the following
auxiliary devices (common for L0MVA and larger), when requested during the procure-
ment. Most of these devices are wired-up to the control cabinet for metering, monitoring,
protection, and/or SCADA system application.

Load Tap Changer [LTC] (+ 16 x 5/8%)

No-Load (or Off-load) Tap Changer [NLTC] (+ 2 x 2%:%)
Bushing, CT’s (1,2,3 per bushing)

Top-Oil Thermometer

Hottest-Spot Thermometer

Oil-Level Indicator

Oil-Flow Indicator

Pressure-Vacuum Gauges

Pressure Relay and Pressure-Relief Devices



2.2.2 Transformer Heating

Transformer heating is caused primarily by the core losses (no-load losses), winding
(load) losses, and stray-load losses.

No-load Losses (Hysteresis and Eddy Current) - The no-load (or core) losses are
comprised of primarily two components: Hysteresis and Eddy Current.

e Hysteresis Loss: The hysteresis loss happens due to the hysteretic nature of ma-
terial. The hysteresis loss is given by the empirical formulae (Steinmetz),

P, =k, /B, (Volume) (2.3)

where: k, = Material constant
f=Frequency (Hz)
B,, = Maximum flux density (T =Wh/m?)
x = Exponent varies between 1.6 — 2.8 (or sometimes higher), and
(Volume) = Volume of the magnetic material

e Eddy Current Loss: The alternating magnetic field in a transformer core causes
current to flow in the core [eddy currents] and produce heat loss. This component of the
core loss can be reduced by laminating. The eddy-current loss is proportional to the (la-
mination thickness)? and the loss can be expressed by the simplified equation:

P, =k,f’t’B% (Volume) (24)

where: k, = Material constant
f= Frequency (Hz)
B,, = Maximum flux density (T =Wh/m?)
¢t = Lamination thickness (mm), and
(Volume) = Volume of the magnetic material

If the transformer is over-excited, core loss increases because of the increased maximum
flux density (B,,) and the non-linearities of the magnetization characteristic. However, for
most common applications, the core loss is assumed to be constant.

Load (Winding) Losses - Load losses in transformers consist of two primary com-
ponents: (1) winding loss, due to the copper (or aluminum) winding resistance, and (2)
stray load loss due to the eddy currents induced in other structural parts of the transfor-
mer. The winding loss has two components: resistance loss, and winding eddy-current
loss. In all cases the predominant component of the losses is proportional to the (current)?
or (loading)>.

The guaranteed load loss from manufacturers is specified at 85°C [\, Unlike the
IEEE/ANSI loading guide that uses 30°C average ambient temperature, all transformer
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losses are tested at 20°C ambient temperature. With 65°C winding rise, this will yield the
85°C test temperature. To evaluate this loss at any other temperature, the following cor-
rections are required:

T +T
Poor =P owc| 2—= (2.5)
cu@m cu@ssc{Tk +85}
T +85
Pez’ r :Pe N : (2.6)
ddy@T: ddy@85c|:Tk +7—:‘}

T, +85} (27)

P =P {—
stray@Tr stray@85C T T
k r

Where, Ty is 234.5 for copper and 225 for aluminum. 7, is the new temperature.

2.2.3 Transformer Failure Modes
There are basically two major failure modes. They are:

Long-Term Failure - The dielectric strength of conductor insulation deteriorates
slowly under normal loading. The three major contributing factors are: moisture content,
amount of oxygen and heat cycle. Mechanical properties, such as, “Retained Tensile
Strength (RTS)” and/or retained “Degree of Polymerization (DP)” are the most common
criteria used to measure insulation integrity. Accelerated by heat, both the DP and RTS
reduce over time. However, the “exact” end-of-life is unknown.

Short-Term Failure - This is attributed to “bubble formation” in the oil. The dielec-
tric strength of the conductor insulation reduces drastically when bubble is generated.
Three mechanisms are currently recognized for bubble formation: super-saturation of the
oil, thermal decomposition of cellulose and vaporization of absorbed moisture. The ther-
mal decomposition of cellulose during sudden large increase in load has been identified
as the main cause.

2.3 Thermal Aging Principles and Historical Perspectives

Since the beginning of the use of power transformers, the conductor insulation has been
made of some form of paper or cloth. The main constituent of these materials is cellulose,
an organic compound molecule made up of a long chain of glucose rings or monomers,
typically ranging from 1400 to 1600 for new material. It has been established that, the
mechanical strength of the fiber is closely related to the length of the chains (Degree of
Polymerization, DP).



In 1930, Montsinger ) did an insulation aging experiment by placing varnished cambric
tape insulation into a series of oil-filled test tubes. The test tubes were heated and the in-
sulation’s tensile strength was measured. It was reported that the rate of deterioration of
the tensile strength is doubled for each 5-10°C (approximately) increases in [continuous]
operating temperature. The doubling factor was not a constant: about 6 C in the tempera-
ture range from 100-110°C and about 8°C for temperature above 120°C. However, a
doubling factor as a constant of 8'C has been widely [and popularly] used in the industry.
The present IEC Loading Guide uses a constant value of 6 C. Based on this research, the
RTS of 50% of its initial value was also introduced (and later adopted by the IEEE) as
the “end-of-life” criteria for insulation.

In 1948, Dakin ' also made a significant advancement in defining insulation aging rate
following a modification of Arrhenius’ Chemical Reaction Rate Theory. According to
this theory, the rate of change of a measured property can be expressed in the form of a
reaction-rate constant R and can be expressed by:

R=Ae™" (2.8)

Where, 4’ and B are empirical constants
T'is the temperature in Kelvin.

Dakin showed that all aging rate data (including Montsinger’s) could fit into the Arrhe-
nius Reaction Rate equation. This was later accepted widely by the technical community
and become the foundation for determining the loss-of-insulation-life. From the reaction
rate equation, the insulation life is now defined by:

L=4A4e"" (2.9)

Where, L is insulation life in either per-unit (or hours)
A is a constant, derived from the insulation life at 110 C hottest-spot temp.
B is the same aging rate slope defined in equation "}

Many investigators have measured cellulose aging rates under controlled conditions and
have presented their results. Some measured the RTS and others measured the DP or gas
evolution rates. Investigators found and confirmed agreements between changes in RTS
and DP. It was decided to select a single rate slope, the constant B, which is reasonably
accurate for all forms of cellulose. Table 2.2 summarizes the results of such published
literature. Placing the emphasis on the more modern data, a value of B of 15,000 is now
used in the transformer insulation life curve utilized in the recent IEEE loading guide
(C57.91-1995).
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Table 2.2: Aging rate constant, B

Source, Year Basis B

Dakin, 1947 20% tensile strength retention 18,000
Sumner, 1953 20% tensile strength retention 18,000
Lawson, 1977 10% tensile strength retention 15,500
Lawson, 1977 10% DP 11,350
Head, 1979 Mechanical/DP/gas evolution 15,250
Shroff, 1985 250 DP 14,580
Goto, 1990 Gas evolution 14,300
ANSI-C57.92-1981 50% tensile strength retention 16,054
ANSI-C57.91-1981 Distribution transformer life test 14,594

2.4 Insulation Deterioration Mechanisms

As mentioned on numerous occasions three mechanisms contribute to cellulose deteriora-
tion in operating transformers, namely Aydrolysis, oxidation, and pyrolysis. The agents
responsible are water, oxygen, and heat, respectively.

Hydrolysis (Water) - The oxygen bridge between glucose rings is affected by wa-
ter, causing the rupture of the chains, and reduction of DP and weakening of fiber.

Oxidation (Oxygen) - Oxygen attacks the carbon atoms in the cellulose molecule to
form aldehydes and acids, releasing water, CO, and CO,. Since oxidation releases water,
it helps accelerate the hydrolysis mechanism and the insulation deterioration. Oxygen is
derived from either the atmosphere, or from the thermal degradation of cellulose. The
problem is worsened by the presence of catalysts and accelerators like moisture and cop-
per.

Pyrolysis (Heat) - Heat and the resulting high temperature will contribute to the
breakdown of individual monomers in the cellulose chain. Thermal degradation of the
cellulose also yields free water, as well as certain gases like carbon monoxide (CO) and
carbon dioxide (CO,). High temperature within a power transformer can cause the cellu-
lose insulation to shrink and become brittle. This leaves the solid insulation susceptible to
failure due to mechanical stress.

2.5 Transformer Life vs. Insulation Life

If an end-point of insulation life is to be defined, it must be done in terms of some mea-
surable physical characteristic properties. This could be mechanical (RTS), chemical
(DP) or electrical (dielectric strength) properties. Insulation dielectric strength is found to
deteriorate slowly if insulation is not mechanically disturbed and bubbles are not present.
Initially a mechanical property “RTS” was chosen. Later, the “DP” is also accepted as
another popular alternative. A number of end-of-life criteria have been suggested in the
literature, namely 50% [20% suggested by others] RTS, and 200 DP. The DP of 200
which is equivalent to 20% retained tensile strength seems to be the most preferable. The
direct measurement, when possible, of the RTS or DP on paper sample retrieved from
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transformer is the accurate method. However, removal of paper insulation is expensive
and in many cases impractical.

Reference % published the results of RTS and the DP of thermally upgraded paper aged

in a sealed tube at 160°C. These results are plotted in Figure 2.2 and Figure 2.3 and are
utilized in this research for estimating the remaining life expectancy.
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Figure 2.2: Tensile strength reduction Figure 2.3: Degree of Polymerization Reduction

The 20% RTS and the DP of 200 is used as end-of-life criteria. The time () is in per-unit

life. The data were fit to the exponential curve by the least square method. The tensile
strength curve then can be written as ™:

Retained Tensile Strength (RTS) = 97.05¢ ™ (2.10)
For degree of polymerization, the equation is given by:
Retained DP (DP) = 622¢ *** (2.11)

The remaining life in per-unit (1-¢) can be derived from the following equations:

Remaining Life=1+0.633 In( RTS ]

97.05 (212)
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Remaining Life=1+ O.881In(6DTI;J (2.13)

Where, RTS is the remaining tensile strength, and
DP is the remaining degree of polymerization

Equation ( 2.12 ) and Error! Reference source not found. are plotted in Figure 2.4 and
Figure 2.5. Corresponding to % RTS of 20 or DP of 200, the remaining life is zero. If the
transformer is functional beyond these criteria, the transformer has exceeded its expected
life and this is denoted by the negative sign.

120

700
100 \ § 600 \\
S 500
c 8 \ =
g o N g \\\
& \ £ a0 ~
2 4 ~ k) ~—
2 ~—_ g 20 TO——_
= 20 ~O—— D
< T‘\ g 10
0 0
N & & N N Q NG N & ) o N N N
Remaining Life (per unit) Remaining Life (per unit)
Figure 2.4 Remaining life by tensile Figure 2.5 Remaining life by degree of
strength method polymerization method

The ANSI/IEEE Std. C57.92" offers the end-of-insulation-life criteria of 65,020 hours
for 50% RTS of insulation at 110°C hottest-spot temperature. This is based on low oxy-
gen and a moisture level of 0.5%. Table 2.3™ shows the normal insulation life at vari-

ous levels of moisture and oxygen. The higher water content reduces (by a factor of 2 for
doubling the water content) the normal insulation life as:

Normal Life @[0.5%H ,0]

Normal Life =
2-[%H,O0]

(2.14)
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Table 2.3: Insulation Life Definitions

Water Oxygen | Life
Basis Content Level Hours
50% Tensile 0.5% Low 65,020*
1.0% Low 32,510
2.0% Low 16,255
0.5% High 26,000
1.0% High 13,000
2.0% High 6,500
20% Tensile 0.5% Low 152,000
1.0% Low 76,000
2.0% Low 38,000
0.5% High 60,800
1.0% High 30,400
2.0% High 15,200
200 DP 0.5% Low 158,000
1.0% Low 79,000
2.0% Low 39,000
0.5% High 63,200
1.0% High 31,600
2.0% High 15,800

* ANSI/IEEE Std. C57.92’s end-of-life criteria
2.6 Overloading Limitation
Although transformers are overloaded, there are some limits.
2.6.1 Hottest-Spot Limits

The winding hottest-spot temperature at the top of the high or low voltage winding is the
most critical parameter. It determines the loss-of-life and indicates the potential risk of
releasing gas bubbles on a severe sudden overload condition.

If loss-of-life (of the solid insulation) is not tracked closely, the recent IEEE loading
guide ™ suggests a maximum continuous hottest-spot winding temperature limit of 140°C
(with some loss-of-life), which is the limiting temperature for long-term emergency load-
ing. During short-term emergency situations, hottest-spot temperature is allowed to ex-
ceed 140°C.

2.6.2 Top-Oil Limits

Due to convection and nature of cooling system design, the highest oil temperature in the
transformer tank will be at the top-oil region. When the top-oil temperature exceeds
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105°C, it is possible for oil to expand beyond the tank capacity and causes the pressure
relief device to operate. Upon cooling, the reduced volume of oil may expose electrical
parts, including the bushin? and the winding. Higher top-oil temperatures approaching
flash-point value of 145°C*** pose a much greater danger of sudden ignition and explo-
sion. IEEE recommends that the top-oil temperature under any overloading should not
exceed 110°C.

2.6.3 Insulation Life

Insulation loss-of-life of power transformers is closely related to a time function of tem-

perature, moisture, and oxygen content. From these parameters, the most significant de-

termining factor to insulation deterioration is the temperature reached by the hottest-spot
in the winding.

2.6.4 Ancillary Equipment

Overloading the transformer can have significant detrimental effects on associated
equipment. The bushings, tap-changers, bushing-type current transformers (BCT’s) and
leads may also be affected by the increased temperature.

Bushings are designed for a hottest-spot temperature of 105°C for a normal top-oil
temperature limit of 95°C. Operating the bushing above these limits can have damaging
effects such as internal pressure buildup, aging of gasket material, bubble formation when
the hottest-spot temperature exceeds 140°C. For bushings, the following guidelinest are
recommended:

e Transformer top-oil temp 110°C maximum
e Maximum [continuous] current 2 X rated bushing current
e Bushing insulation hottest-spot temp 150°C maximum

Tap changers, whether designed to change taps under load (LTC’s) or de-energized
conditions, are subjected to carbon build-up at elevated temperatures. Transformers are
normally designed so that the LTC rating is greater than the transformer rating. It has
been seen from practice that, more frequent maintenance is required on LTC’s, which are
subjected to operation at elevated temperatures compared to transformers running at low-
er temperature.

Bushing-type current transformers (BCT’s) have the transformer top-oil as their
ambient temperature. Overloading the transformer will result not only in higher top-oil
temperature, but higher BCT’s secondary current as well. The manufacturer should be
consulted regarding the BCT’s capability, if the transformer is loaded beyond its rating.

2.6.5 Stray Flux Heating

Stray flux produces localized heating in any metallic part. This heating results from in-
duced eddy-current losses, harmonics losses, and some hysteresis losses. Under extreme
conditions of transformer overvoltage, stray flux increases disproportionately due to core
saturation.
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Various methods for stray flux control include the use of insulated (non-metallic) sup-
ports at the top and bottom of the coil windings, vertical core-clamp configurations, spe-
cial non-magnetic supports for LV bushings and BCT’s associated with high-current
leads, and tank wall shields. Stray flux can also be controlled in a magnetic circuit design.

2.6.6 Bubble Generation

Gas bubbles™ ! within transformer oil are of a serious concern, since the dielectric
strength of the gases is significantly lower than the dielectric strength of the oil or the cel-
lulose insulation. Bubbles can form in the transformer from gas generated during faults or
from sudden overloading. The generated gas tends to re-dissolve after a long period of
time (approx. 20 hours!.

Three mechanisms *24 are known by which gas can generate bubbles. IEEE recom-
mends the absolute upper limit of 180 C winding hottest-spot temperature.

e Super-saturation of the oil with a blanket gas.
e Thermal decomposition of cellulose insulation.
e Vaporization of absorbed moisture in the cellulose.

2.7  Transformer Design Optimization

There are various optimization objectives one can identify, such as, minimize optimiza-
tion of unit cost, maximize efficiency, minimize the total life cycle owning cost, and meet
the guaranteed losses. The number of variables changes according to these design objec-
tives. Usually, computer aided design tools are necessary to efficiently solve this multi-
variable problem.

2.7.1 Design for Maximum Efficiency
Maximum efficiency occurs in a transformer at a pu loading (K), when the winding loss

(KZPW@FL) is equal to the core loss (constant). Mathematically,

K2 Pcu@FL = Pcore

1 _£R, .
=@ _ |oss ratio (R) (2.15)
K2

core

Where, P.,@rr 1S the winding loss at full load
P, 1s the core loss at rated voltage
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The loss ratio indicates the loading point that yields maximum efficiency. The typical
value of loss ratio varies between 4-8. The loss ratio of 4 and 8 corresponds to 0.5 and
0.35 per-unit loading (K) respectively for maximum efficiency.

2.7.2 Design for Minimum Cost of Material

Variations on material costs between different designs are determined mainly by the pro-
portion of iron core and copper in the transformer. Depending on the relative costs of
these materials, an optimum mass ratio for minimum cost can be obtained. It has been
shown B! that for the minimum cost of materials, the cost of the copper is equal to the
cost of core. In term of specific cost per-unit mass ($/Ib), the mass ratio is equal to,

Core Mass (Ib)  Copper Cost per pound ($/ Ib)
Copper Mass (Ib) Core Cost per pound (31 Ib)

(2.16)

The typical cost ratio of copper and silicon-steel core is 3 to 1. It has been found that for
large transformer designs, a good correlation exists between the actual and optimum val-
ue of cost ratio. However, in secondary transmission, distribution units, the actual cost
ratios are higher and the mass ratios are lower than optimum, indicating that the amount
of copper relative to iron is greater than that required for minimum cost of material.

2.7.3 Design for Minimum Total Owning Cost (TOC)

The engineers traditionally determine the cost effectiveness by calculating the values of
the no-load and load losses. These are often referred to as the “4” and “B” factors. They
are multiplied by no-load and load losses respectively and applied to the total owning
cost (TOC),

TOC=NLL*A+LL*B+C (2.17)

Where, NLL is the no-load loss in kKW,
A is the capitalized cost per kW of NLL (4 factor),

LL is the load loss in KW at the transformer's rated load,
B is the capitalized cost per kW of LL (B factor),

C is the initial cost of the transformer including transportation, sales taxes, and other
costs to prepare it for service.

The average values of A and B used in the US is $3,430 and $1,090 per kW, respectively.
The transformer that meets the transformer purchaser’s technical specification with the
lowest total owning cost becomes the most cost-effective transformer.

2.8 Transformer Monitoring and Diagnostics

It is of utmost importance for all electric utilities to minimize the overall cost of running
the electric power systems while maintaining an overall reliable and robust electrical sys-
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tem. The power transformers are one of the most expensive and critical elements in a
power system. Cost saving can be realized through a delay in the replacement of trans-
formers and a reduction in maintenance effort. Well designed monitoring systems for
power transformers can help achieve these aims. A catastrophic failure, sudden and un-
planned outage of a transformer is associated with considerable costs that include loss in
produced energy, process down-time, and penalties. The repair costs normally are very
expensive. With modern technology, it is possible to monitor a large number of parame-
ters. The economic constraints make it useful to differentiate between “Monitoring” and
“Diagnostics”. Monitoring is here defined as on-line collection of data, sensor develop-
ment and development of methods for condition measurement of power transformers. Di-
agnostics contains interpretation of data, but also all off-line measurements.

2.8.1 On-Line Monitoring
There are a number of on-line monitoring devices available in the market:

e Dissolved Gas-in-Oil Analysis (DGA): The gas-in-oil analysis is the most impor-
tant feature of an online monitoring system for condition assessment. In cases of over-
heating, partial discharge or local breakdown inside the transformer, several gases are
produced and dissolved in the oil. If a certain generation rate of gas is exceeded, gas bub-
bles arise. The most important transformer fault gases are H,, CO, CO,, CH4, CoH,, CoHy
and C,He. In every case of an internal fault, H, will be produced. The content of individ-
ual gases depends on the kind of fault. IEEE C57.104-1991%! specifies the interpretation
of gases generated in oil. There are two types of gas sensors commercially available. (i)
The semiconductor sensor [26] that detects only H; or a composition of H», and (ii) More
complex sensors can detect several or all of these gases. These are based on infrared
technology or gas chromatography [27,28]

e Moisture Content: Increases in the moisture levels of the oil indicate that there is
a possible rupture or faulty seal in the tank. Excessive moisture increases the electrical
conductivity of the transformer oil and aging rate of insulation.

e Partial Discharge: There are a couple of methods to detect partial discharge. One
is through a high frequency current transformer connected to the transformer neutral and
a capacitive voltage coupler. These sensors detect an impulse due to partial discharge and
discriminate between internal and external partial discharge. Another method is by an
acoustic signal. The ultrasonic transducers are used as acoustic detection device located
outside the main tank.

e Load Tap Changer (LTC) Monitoring: Transformers with LTC have generally
higher failure rate. The mechanical and electrical failures (springs, bearings, shafts, drive
mechanisms, transition resistors, insulation and contacts) of LTC ranks high. Three sim-
ple measurements can be used to monitor faults in LTC. These are measurement of motor
current measurement, temperature different between the LTC compartment and main
tank, and acoustic technique.
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o Temperature: The hottest-spot of the winding is the main limiting factor. Conven-
tional temperature measurements using thermometers or thermocouples are not a direct
hottest-spot measurement. However top-oil temperature is an approximate indicator for
hottest-spot temperature. A hottest-spot thermometer is an optional device. A current
proportional to the winding current is supplied to the heater from current transformer in
the winding in which the hottest-spot is to be measured. Fiber optic sensors can be in-
stalled in the winding when the transformer is manufactured. Two types of sensors have
been used, fibers which measure the temp. in one point, and distributed fibers which
measure the temperature along the length of the fiber.

e Oil Conductivity: This is accomplished by using a porous ceramic sensor and
electrodes and analyzing the sensor’s leakage current.

2.8.2 Off-Line Diagnostics

A number of “Off-Line Diagnostics” schemes for transformer health monitoring have
been in existence for a long period of time including!®®..

1) Gas-in-Oil or Dissolved Gas Analysis (DGA)
2) Partial Discharge (PD)

3) Degree of Polymerization (DP)

4) Furanic Compounds Analysis

5) Thermography

6) Frequency Response Analysis

7) Leakage Inductance

8) Dielectric Response Oil Analysis
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3. Transformer Thermal Models, Overloading, and Loss-of-
Insulation-Life

Transformer’s overall life expectancy and overloading capabilities depend on several fac-
tors. However, it is determined primarily by the winding hottest-spot temperature. The
overloading guideline and the corresponding loss-of-life calculation as presented in the
ANSI/IEEE C57.91-1995 M is discussed here. Reference to the IEC Guide @ is available
in the Appendix.

3.1 IEEE “Classical Thermal Model” (Clause 7)

ANSI/IEEE C57.91, is based on average characteristics of a wide range of transformer
ratings and designs. The guide uses the top-oil rise and the hottest-spot conductor rise
over top-oil to calculate the hottest-spot temp..and is defined by:

T, =T, +AT,, +AT, (3.1)

Where, T4 is the ambient temperature
ATro is the top-oil rise over the ambient temperature, and
AT is the winding hottest-spot temperature rise over top-oil temperature.

Figure 3.1 shows corresponding thermal diagram. The assumptions are::

e The oil temperature inside the windings increases linearly from bottom to top of
the winding regardless of the cooling type,

e The temperature rise of conductor at any position up the winding increases linear-
ly and parallel to the oil temperature rise,

e The hottest-spot temperature rise is higher than the temperature rise of the con-
ductor at the top of the winding, because of the increase in stray losses. To find
hottest-spot temperature, the hottest-spot allowance (A7) is added to the top-oil
temperature.
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Figure 3.1 Transformer’s temperature profile for IEEE classical thermal model

The top-oil temperature rise under steady-state condition is proportional to the total trans-
former loss and given by:

, P\ K*R+1Y
ATTO = ATTOR '(Pr) = ATTOR (%} = ATTOR (R—j (32)
’ +1

L Actual load (MVA) = Per - Unit Loading
I, Rated load (MVA)

where: ATror is the top-oil temperature rise at rated load
Pris the per-unit transformer losses
P55 are the total losses in watts
Pris the total losses at rated load
K is per-unit loading
R is the loss ratio and » is an exponent (oil).

The rated condition refers to maximum (highest) rating (rating at 65 C average winding
temperature rise for transformers with thermally upgraded insulation)

The winding hottest-spot temperature rise over top-oil temperature is given by:
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AT, =AT,, -(K?)" (3.3)
where: ATgr is the winding hottest-spot temp. rise over top-oil temp. at rated load
K? is the per-unit winding loss, and
m is an exponent (winding).

The IEEE standard recommends the use of imbedded detector for measuring A7g, the
winding hottest-spot temperature rise over top-oil temperature at rated load. An alternate
approach is to add a fixed value over the average winding rise given by:

AT, = average winding rise over top oil +15°C

AT, = (AT,

— AT, z)+15°C

Where, ATy is average winding temperature rise at rated load.
ATgr is calculated from average winding rise over top-oil temperature rise plus 15 C cor-
responding to 65 C winding rise respectively.

(34)

Figure 3.1 illustrates the relationships. Table 3.1 also provides the necessary limits of the
design values for oil-cooled transformer

Table 3.1: Thermal characteristics of classical thermal model at rated load

(indicated by suffix R), IEEE Std. C57.91-1995

Cooling System
OA FA FA NDFOA | DFOA
<133% | >133%

Hottest spot rise ATysz 80 80 80 80 80
Top oil rise ATror 55 50 45 45 45
Oil time constant tror (hr) 3.0 2.0 1.25 1.25 1.25
Winding time constant zgz (min) 5.0 5.0 5.0 5.0 5.0
Loss ratio R 3.2 4.5 6.5 6.5 6.5
Oil exponent n 0.8 0.9 0.9 1.0 1.0
Winding exponent m 0.8 0.8 0.8 0.8 1.0

Equations 3.2 and 3.3 are steady-state solutions.
top-oil temperature, the energy balance equation is used

Energy Generated = Energy Radiated + Energy Absorbed

The differential equation for the top-oil temperature rise may be written as [31]
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P, dt = kAT, dt + CdAT,, (3.5)
where: P, 15 the total losses in the transformer in watts
k is the radiation constant in W/°C
C'is the transf. thermal capacity in Watt - min./°C, and can be calculated from
the empirical relationship: C = 0.06 * (weight of core and coil assembly in
pounds) + 0.04 * (weight of tank and fitting in pounds) + 1.33 * (gallons of oil);

Equation ( 3.5 ) can be rewritten as

CaAT, _ 0 P
k dt ok
dAT P
af75&=—Aﬂo+ﬁf (3.6)

Where, 7, is the oil time constant and defined by the ratio of C and k.

From energy balance equation ( 3.5 ), dAT7o is equal to zero at steady-state. The sub-
script u in ATro denotes the ultimate temperature. This gives

P
P, =kAT,, or —===AT, :ATTOR-(

loss TO ,u k TOu

K2R+1Y
R+1

Equation (3.6) then becomes, (the subscript i in AT denotes the initial temperature).

é%%Q:—AﬂO+AT (3.7)

TO,u

T TO

ATTO (0) = ATTO,:’
The solution of the differential equation (3.7 is

AT‘TO = (ATTO,M - AY-VTO,I')(:L_ e_lerU ) + ATTO,I’ ( 38 )
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The oil time constant (,,, ) in equation ( 3.6 ) to ( 3.8 ) can be written as

AT,,, —AT,,,
C C( T0 u T(),:)

0k AP

loss

The subscript « and i denote for ultimate and initial values, respectively. The value of the
oil time constant (z,,,) varies with the top-oil temperature rise and power losses. The

manufacturer usually provides the oil time constant at rated load, and is given by:

— (AP]USX u _APIO\S l)
(AT,

TOu TO:)

The oil time constant at any load (z,,) can then be expressed in terms of the correspond-
ing value at rated load by the following equation 3.9):

[ T0,u j ( TO,i j
_ Tror % ATy, — ATy, _ ATror Tror
Tro = = (Zr0r) 1 1
AT'TOR (AEoss,u - low i ) / P [ATTO ; TTO ; ( 39 )
ATop J _(ATTORJ

With the hottest-spot winding temperature rise over top-oil temperature being proportion-
al to the transformer winding loss, the corresponding initial and ultimate temperature rise
are given by

ATG,[ = ATGR '(K;Z)m

ATg, = AT g (K" (3.10)

Where, m is winding exponent. Similar to oil time constant derivation, winding time con-
stant () can be derived as:
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AT,
Py

ATG,u AT'G,i
AT, AT,
1 1
AT;, \m ATg, ™
AT, AT,

Where: My is winding mass, Cpy is specific heat of winding material, and Py is the
winding loss at rated load. The winding hottest-spot rise over top-oil differential equation
IS written as:

Top =My Cpy

76 = (T6r) (3.11)

dAT
7, ==, + AT, (3.12)

The solution of the differential equation ( 3.12) is
AT, = (AT,, —ATGJ.)(l—e””G)+ATGJ (3.13)

As the hottest-spot time constant is very short (between 5-10 minutes) compared to the
top-oil value (1-3 hours), the hottest-spot conductor rise can be approximated as in equa-
tion (3.10) by

AT, = AT, (Kz)m

IEEE “Clause 7” thermal model has some limitations. The model does not include the
behavior of oil in cooling duct and results in higher hottest-spot temperature. The model

also ignores the time delay due to the ambient temperature change (A7',). The modified

top-oil temperature equation by adding ambient temperature variation * into the top-oil
temperature equation is:

dAT
T07T0=—ATTO+ATTOM +AT, (3.14)
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The above equation and zero initial conditions and rearrangement yields

AT, (s) = ATy, (s) +

TroS TroS

-AT, (s) (3.15)

The solution can be obtained by numerical method from the block diagram shown below
(Figure 3.2). The unmodified model gave large error (5 C error for 10°C daily ambient
temperature variation).

it hot -
per uni spot
load K(1) om ATGu 1 rise Alg
N — ATGR K > 1+ TGS
top- top- hott-
oil oil + SPO
2 N AT70,4 1 : temp
K“R+1 iy [ rise  +. . temp
""ATTGR[ ret | [ " 1 * Tros T .?"T T
Alze TO HS
effect
of
ambient ambient
temp 1 temp

® 1+ Tpos
7,09

Figure 3.2: Block diagram of the modified transient heating equations
3.2 IEEE Alternate Thermal Model (Annex G)

The IEEE Classical model uses the top-oil temperature rise over ambient temperature to
calculate the winding hottest-spot temp. Recent investigations *>** have shown that dur-
ing overloads the temperature of the oil in the winding cooling ducts rises rapidly at a
time constant equal to that of the winding (contrary to the oil). During this transient con-
dition (as shown in Figure 3.3), the oil temperature adjacent to the hottest-spot location is
higher than the top-oil temperature in the tank. The calculations in Annex G are based on
Pierce® and account for the type of fluid, cooling mode, winding duct oil temperature
rise, resistance and viscosity changes, stray losses, eddy current losses, hottest-spot loca-
tion, ambient temperature, and load changes.
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Figure 3.3: Variation of duct oil temperature and top-oil temperature after a load step 0-
100% with an ambient temperature of (-10°C)

The principle of the model is governed by two basic heat transfer equations:
Heat balance equation: Qcen = Quss + Qrosr

Where, Qe is heat generated by heat sources, Qs is heat absorbed in heat sources, and
Orosris the heat lost to cooling medium.

And heat absorption equation: 9, =M -C,-AT

Where, M is the mass of absorbed material and Cp is the specific heat of material, and AT
is the temperature difference.

The hottest-spot temp. of the model is made up of the following components:

T,=T,+AT,, +AT,, + AT, (3.16)

Where, AT, is bottom-oil rise over ambient,
AT,, isduct-oil rise at winding hottest-spot location over bottom-oil,

ATyswo 1S winding hottest-spot rise over adjacent duct-oil temperature at hottest-spot lo-
cation.
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The calculation consists of a number of iterations of small time interval, A¢. All variables
are updated for every iteration. All equations use actual temperature, and not the tempera-
ture rise.

3.2.1 Duct-oil temperature
Within the winding, the heat generated, absorbed and lost by the winding is defined by:

QWGEN = K2 (TKW PWR + PER /TKW )At

5/4 1/4
T,-T,,
Oprosr = ( o j [” W’*J (B + Pr) AL For OA,FA,NDFOA
WR DAOR w
9 —(—Tw ~ oo J(P + B, )At ;, for DFOA
WLOST — T _T WR ER , 101
WR DAOR
QWGEN - QWL()ST = QWABS = MW CPWATW ( 317 )

where:Q, ..., 0, and 0,,... isthe heat generated, absorbed and lost in time interval
(A7).

K is the transformer loading in per-unit.

Txw is the winding resistance correction factor.

Pwr and Pgg are the winding and eddy current losses at rated load.
Ty is the average winding temperature.

Ty is the average winding temperature at rated load.
Tpa4o is the average duct-oil temperature.

Tpaor 1S the average duct-oil temperature at rated load.
Ly 18 oil viscosity in the duct.

L 1S 0il viscosity in the duct at rated load.

My is mass of the winding.

Cpw is the specific heat of the winding.

The new value of the average winding temp. is calculated from ATy from ( 3.17).
TW,new = TW,old + ATW ( 318 )

The duct-oil temperature rise is given by

ATTDO/B() = (TTDOR - TBOR)((PQ%j ( 3.19 )

WR + PER )At
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Where, ATpo/so 1S the duct-oil temperature rise over bottom-oil temperature, T7por and
Tgor is the top-duct oil and bottom-oil temperature, and x is exponent of duct-oil rise (0.5
for OA, FA, NDFOA and 1.0 for DFOA)

The duct-oil temperature rise gives the update to 77po, Tp40, and Tyo as

Trpo = Tgo + AT'rposo
Tpao = (TrpotTpo)l2

T,, =T,, + HHS - AT,

TDO | BO

Where, HHS is the location of hottest temperature of the winding. It is equal to 1.0 when
the hottest-spot is at the top of winding and equal to 0.0 when at the bottom.
3.2.2 Hottest-spot temperature

In finding the hottest-spot temperature, it is assumed that the entire winding is at the hot-
test-spot temperature. The winding loss at hottest-spot temperature is

})VVHSR = TK})W'R
=245+ Tuw for cy winding and
234547,
225+ T for Al winding
225+ T

WR

where Pyysg IS the winding loss at hottest-spot temperature, Tk is the temperature correc-
tion factor, Tysy is the hottest-spot temperature at rated load.

Similar to the duct-oil temperature, within the winding at hottest-spot location, the heat
generated, absorbed and lost by the winding is defined as

QHSGEN = K ’ (TKHS PWHSR + PEHSR /TKHS )At
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5/4 1/4
TH B TW HSR .
QHSLOST = (T : _T e J (/; > J (PWHSR + PEHSR)AI ; for OA,FANDFOA
HSR WOR HS
— THS _TWO P P At .
QHSL()ST - T _T ( we T ER) : for DFOA
HS WOR
QHSGEN - QHSLUST = QHSABS = MWCPW ATHS ( 3-20 )

Where: Q... . O, »and Q... 1S the heat generated, absorbed and lost in time (4z).

Txus is the winding resistance correction factor.

Pysr and Pgysy are the winding and eddy current losses at rated load at hot
test-spot temp.

Tys is the hottest-spot temperature.

Tysr 1S the hottest-spot temperature at rated load.

Hps 1S the oil viscosity at hottest-spot location.

Hysr 1S the oil viscosity at hottest-spot location at rated load.

The new value of hottest-spot temperature is calculated from ATy of equation ( 3.20)

Tusnew = Thsola + AThs (3.21)

3.2.3 Bulk-oil temperature

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

QOGEN = QWLOST + Qstray + QC()re

1/y
T..-T ’
QOLOST = [MJ PTRAt
T oavGr ~ L ar
QWLOST + QSrra_y + QCore - QOLOST =2M CP AT, 04VG ( 3.22 )

where: Q.. Ouiosr 1 Osvay Qe @Nd O, 1 the heat generated in oil, heat lost form
winding to oil, stray loss heat, core loss heat, and the heat lost.
Toarc IS the average bulk-oil temperature, (Tro+T30) /2.
Toavcr is the average bulk-oil temperature at rated load.
y is the exponent of average oil rise (See Table 3.2)
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Py are the total transformer losses at rated load.
2MCp is the summation of the product of mass and specific heat of tank, core,
and oil excluding winding.

Table 3.2: Summary of exponents

Exponent OA FA NDFOA | DFOA
X Duct oil rise 0.5 0.5 0.5 1.0
y Average oil rise 0.8 0.9 0.9 1.0
z Top to bottom oil rise 0.5 0.5 1.0 1.0

The new value of the average bulk oil temp. is calculated from AT,y Equation ( 3.22)

To4vGnew = ToavG,oia + AToave (3.23)

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

Q z
ATm/Bo = (TTOR _TBOR )[ﬁ ( 3.24 )

Where, ATro.50 iS top- and bottom-oil temperature difference,

Tror and Tpog is top-oil and bottom-oil temperature, and

z is exponent of top-oil to bottom-oil rise in radiator (0.5 for OA, FA and 1.0 for
NDFOA, DFOA).

The top- and bottom-oil temp. difference gives the update to 770 and Tpas
Tro = Toave + ATroB012

T30 = Toave - ATromol2

When the calculation completes the new value of all temperatures, the calculation loops
back to starting point. It reiterates by time step of (4¢) until it reaches the end of the load
cycle. The steady-state temperatures rise can be calculated from the following equations

AT, AT . | AT, — AT,
T, = | At 8 | gy o Ao B |y (325)
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AT, AT, AT . — AT
o7, =| Al 8 | gy | Mue” AT [ (326)

2 2
For OA, FA, and DFOA Cooling, AT, 50 = ATwor — AT o
For NDFOA Cooling, ATor 1son = AT — AT,
For all cooling type AT o150 = Ao 1son - K (3.27)

For OA, FA, and NDFOA Cooling,

AT, = {ATWR — AT, —ATTDO%]K“ +AT,, +ATTD% (3.28)

AT, = [ATy = ATy = ATy o |- K+ AT, + AT, (3.29)
For DFOA Cooling,

ATWZ{ATWR—ATBOR—ATT‘”%]KZ“ATBoJrATm% (3.30)

ATy =[ATu = ATy = ATy e |- K22+ AT, + AT, (3.31)

This model requires more information on the transformer than the classical model. How-
ever, it provides more informative results. For this research, this model has been used. It
yields more accurate winding losses and hottest-spot calculations.

3.3 IEC 354 Thermal Model

IEC 354 thermal model™ for transformer hottest-spot calculations is very similar to the
IEEE classical model (Clause 7). IEC 354 uses 20 C average ambient temperature and
hottest-spot temperature of 98°C for 65°C average winding rise transformer (compared to
30°C average ambient temperature and 110°C hot-spot temperature for ANSI/IEEE). IEC
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354 uses different temperature equations (by size and cooling type) to calculate hottest-
spot temperature. A direct comparison of the IEEE/ANSI guide and the IEC 354 can be
found in reference [11].

3.4 Loss-of-Life Calculation, IEEE Method

In the IEEE loading guide (C57.91-1995), aging equations have been changed to accom-
modate the recent results. There is no longer the absolute life value. Instead, “the relative
aging rate” and “per-unit life” have been introduced. The per-unit life (L) for 65°C aver-
age winding temperature rise transformer is defined by (3.32). For, Tys = 110°C , the per-
unit life = 1.00.

15,000 }

L= 980x10"% e (3.32)

The equation for the Relative Aging Factor (F44) can be derived from ( 3.32):

{39164 15,000 }

Tys +273

(3.33)

Fu=e

The value of F 4 is greater than 1, when the hottest-spot temperature is greater than
110°C, suggesting loss-of-life (from normal aging) and less than 1 when hottest-spot
temperature is less than 110°C, meaning life extension. Equation ( 3.34 ) may be used to
calculate the equivalent aging of the transformer with respect to the reference temperature
(110°C) which will be consumed in a given time period (7):

1 T
Fr=7 [F, at (3.34)
0

Equation ( 3.34 ) is a dimensionless quantity. The actual loss-of-life in hrs. can be calcu-
lated by multiplying Fro4 and 7(hrs). The % loss of life can then be calculated as:

% Loss of Life = Fopu X T x100 (3.35)
Normal Insulation Life

As discussed earlier, the normal insulation life of an oil-filled transformer is not uniquely
defined. IEEE provides some acceptable guidelines for the normal insulation life values
and the corresponding criteria. This is summarized in Table 3.3.
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Table 3.3: Normal insulation life per IEEE C57.91-1995

) Normal Insulation Life
Basis
Hours Years
50% Retained Tensile Strength(Former C57.92) 65,000 7.42
20% Retained Tensile Strength of Insulation and/or 150,000 17.12
200 Retained Degree of Polymerization (DP)
Distribution Transformer’s Functional Life 180,000 20.55

Note: Data in Table 3.4 is applicable to well-dried, oxygen-free, 65 C avg.

winding rise, hottest-spot temperature of 110°C transformer

3.5  Comparison of the IEEE Thermal Models: Numerical Examples

As mentioned earlier in this Chapter, the IEEE classical model (Clause 7) is simpler and
requires less information. The model, as discussed in IEEE Standard Annex G, on the
other hand is complex and requires more input data to calculate the transient responses of
transformer. The comparison of the input data requirement is tabulated in Table 3.4.

Table 3.4: Required data for IEEE thermal models

IEEE Classical Model (Clause 7)

IEEE Detailed (Annex G) Model

Top-oil temperature rise at rated load
Hot-spot temp. rise over top-oil @ rated load
Loss ratio at rated load

Winding time constant

Oil time constant or

Weight of core & coil

Weight of tank & fittings

Gallons of fluid

Type of cooling system

Top-oil temperature rise at rated load
Hottest-spot temperature rise at rated load
Average winding temp. rise at rated load
Bottom oil temperature rise at rated load
Losses data from test report

kVA base of test data

Winding temperature rise at tested rating
Winding losses

Winding eddy current losses

Stray losses

Core losses

Weight of core & coil

Weight of tank & fittings

Gallons of fluid

Type of cooling system

Type of cooling fluid

Type of winding material

Winding time constant

Location of hottest spot

pu eddy current losses at hot-spot location

Several simulations were performed to compare the two methods. Although the two
models use different approaches and heat transfer equations, the steady-state solutions for
the top-oil and hottest-spot temperatures are surprisingly close. Table 3.5 contains partial
transformer data (design values) used in the comparison for steady-state temperature rise.
The transformer loading is increased by an increment of 0.2pu to a continuous loading of
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1.4pu. The comparison is tabulated in Table 3.6. The temperature difference is within 2-
3°C for most cases except for DFOA and NDFOA cooling systems and at very high load-
ing of 1.2 and 1.4pu. The Annex G model yields much higher top oil and hottest-spot
temperature at loading beyond 1.2pu. This is due to the higher duct oil rise exponent, x of
DFOA cooling system (see Table 3.2).

Table 3.5: Transformer data for temp. rise comparison at steady-state, IEEE methods

Clause 7 inputdata | Ty =110°C

(Design Values) Loss ratio (R) = 4.1

Tror= 55OC for OA

Tror=45'C for FA, NDFOA, and DFOA

Annex G input data | Ty =110"C

(Design Values) Tror="55 C for OA

Tror = 45 C for FA,NDFOA, and DFOA
TBOR = 250C

Pyr= 138,257 watts

Pgr= 42,085 watts

Pc-= 43,986 watts

Mass of core & coil = 61,050 Ib.

Mass of tank & fittings = 26,050 Ib.

Oil volume = 4,110 gallons

Note: The suffix letter “R” on all the suffixes is referred to the rated (or full-load)
condition (design limit)

IEEE Annex G thermal model, however, has improved transient response, since it takes
heat transfer in duct oil into considerations. A computer program is written. The program
is capable of calculating the temperature profiles from the IEEE thermal models. The
program also computes the transformer loss-of-life based on insulation deterioration.
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Table 3.6: Comparison of top-oil and hottest-spot temperature of IEEE thermal models
(constant load, 30°C ambient temperature)

Cooling | Load | Top oil temperature Hottest-spot temperature

type (pu) Clause 7 | Annex G | Diff. Clause 7 | Annex G | Diff.

OA 0 44.9 47.5 +2.6 | 449 47.5 +2.6
0.2 46.9 49.3 +2.4 | 488 51.3 +2.5
0.4 52.4 54.3 +19 |58.1 60.5 +2.4
0.6 60.9 62.2 +1.3 | 719 73.7 +1.8
0.8 71.8 72.4 +0.6 | 89.3 90.3 +1.0
1.0 85.0 85.0 0 110.0 110.0 0
1.2 100.1 99.9 -0.2 133.5 134.2 +0.7
14 116.9 117.2 +0.3 159.7 161.5 +1.8

FA 0 40.4 42.5 +2.1 | 404 42.5 +2.1
0.2 41.9 43.9 +2.0 | 446 46.8 +2.2
0.4 46.4 48.0 +16 | 544 56.5 +1.1
0.6 53.5 54.6 +1.1 | 689 70.7 +1.8
0.8 63.1 63.6 +0.5 | 876 88.6 +1.0
1.0 75.0 75.0 0 110.0 110.0 0
1.2 89.1 89.1 0 136.0 136.0 0
14 105.3 106.1 +0.8 165.3 165.8 +0.5

NDFOA |0 38.8 40 +1.2 | 388 40.0 +1.2
0.2 40.3 41.4 +1.1 | 429 46.9 +4.0
0.4 44.6 45.6 +1.0 | 527 57.9 +5.2
0.6 51.8 52.5 +0.7 | 673 72.9 +5.6
0.8 62.0 62.3 +0.3 | 86.5 90.3 +3.8
1.0 75.0 75.0 0 110.0 110.0 0
1.2 90.9 91.0 +0.1 137.8 1321 -5.7
14 109.7 110.6 +0.9 169.7 156.8 -12.9

DFOA 0 38.8 38.8 0 38.8 38.8 0
0.2 40.3 40.1 -0.2 41.7 41.3 -0.4
0.4 44.6 44.2 -0.4 50.2 48.8 -1.4
0.6 51.8 51.0 -0.2 64.4 61.9 -2.5
0.8 62.0 61.1 -0.9 84.4 81.7 -2.7
1.0 75.0 75.0 0 110.0 110.0 0
1.2 90.9 93.9 +3.0 141.3 154.1 +12.8
14 109.7 120.1 +10.4 | 178.3 219.6 +41.3

The program features easy data input, graphical user interface, save, print and copy to
clipboard. The program calculates hottest-spot temperature, top-oil temperature and other
temperature profiles using daily load and ambient temperature profiles based on IEEE
thermal model Annex G, Clause 7, and IEC 354. It also plots temperature profiles and
text results. The program calculates the loss-of-transformer functional life based on ther-
mal model (IEEE only). Program utilizes monthly load, temperature profiles, and load
growth rate from table. Estimated remaining tensile strength and degree of polymeriza-
tion are also reported.

The graphical outputs of a test case for step load changes are plotted in Figure 3.4 and
Figure 3.5. The step load increases from 0 to 1.0 pu and remains constant for 4 hours.
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The forced-air (FA) cooled transformer data from Table 3.45 is utilized. The ambient
temperature is held constant at 30°C.

When compared, it is seen that, the hottest-spot temperature in Annex G model rises
more sharply when the load steps up. With the inclusion of heat transfer in duct oil, for
any typical load profile, the IEEE Annex G thermal model yields higher hottest-spot tem-
perature than corresponding IEEE Clause 7 thermal model , so does the loss of insulation
life.
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Figure 3.4: Temperature profiles of IEEE Annex G thermal model subjected to step load

Temperature Profile Plots (IEEE Clause 7 Thermal Model)
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Figure 3.5: Temperature profiles of IEEE Clause 7 thermal model subjected to step load
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4. Probabilistic Assessment of Transformers Loss-of-Life

4.1 Introduction

Utilities generally select the size and overload the transformers, when necessary, follow-
ing the IEEE loading guide or a guide of their own. This generally provides the determi-
nistic calculation of transformer loss-of-life at given elevated hottest-spot temperatures.
In this method, the exact mean ambient temperature and the transformer hottest-spot
temperature values are assumed known. However, in a real-life practical application, be-
cause of a number of variables, the exact amount of overloading is difficult to determine.
Use of some statistical approaches to evaluate these parameters which may be obtained
from utility’s monitoring system and weather station data, may provide more flexibility
and better result. In the probabilistic analysis, discussed in this chapter, ambient tempera-
ture (74) and the transformer loading (K) are taken as uncertainties. Monte Carlo tech-
nique is utilized to calculate the probabilistic distribution of the winding hottest-spot
temperature and calculate the expected value of transformer aging rate and the corres-
ponding percent loss-of-life. This also can help the utilities to make decisions regarding
the transformer overloading and the sizing of transformer under uncertainties.

4.2 Modeling
4.2.1 Transformer Loading (K)

The daily loading data of a transformer can be obtained from some real-time monitoring
systems (via SCADA). However, the future forcasting depends on a number of variables.
In a simplified model, the transformer loading is assumed to be charaterized by a
Gaussian distribution (normal distribution) with its mean value of () and between 5-20
percent % of the mean as its standard deviation (s;). Mathematically,

K= Gauss (u,,0?) (4.1)

4.2.2 Ambient Temperature (Ta)
Similarly, the ambient temperature at any given day and time can also be described by a
Gaussian distribution from the available historical or forecasted data. The typical value of

ambient temperature standard deviation is between 10-30 percent % of its mean. Mathe-
matically,

Ty = Gauss (u,,c?) (4.2)
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4.2.3 Correlation between loading and ambient temperature (p)

In a real power system, the transformer loading is related with the ambient temperature.
The correlation coefficient (p) ranges between (-1) to (+1). The correlation is generally
positive in the summer months and turns negative in the winter.

4.3 Monte Carlo simulation

Monte Carlo simulation technique is utilized to randomly create a set of data points cor-
responding to a transformer loading (K) at an ambient temperature of (74) with correla-
tion coefficient of (p). A hottest-spot temperature profile is then produced from the ther-
mal model discussed earlier. Then relative aging rates (F4,) are calculated from the hot-
test-spot temperatures using equation ( 3.33 ). The Expected Value (mean) of the relative
aging rate is calculated as defined by equation ( 4.3 )and substituted in equation (4.4) for
the calculation of percent loss-of-life. Mathematically,

E(F,)=[F,P.(F,)dF,, (4.3)
The percent Loss of Life becomes

! E(F,,) dt (4.4)

%Loss of Life = x100

Normal Insulation Life

The Monte Carlo simulations generate bivariate normal distributions with correlation
coefficient (between the ambient temperature and transformer loading) in a study region.
In order to generate the bivariate normal distributions with a correlation coefficient, a pair
of independent standard normal distributions, U, V:N(0,1), is generated from the computer
program MATLAB or Box-Muller method™"). By substituting U and ¥ in equation ( 4.3)
and (4.4), yields bivariate normal distributions X and Y that represent ambient tempera-
ture (74) and transformer loading (K), respectively as:

X=u,+o, U) (4.5)

Y=p, +pyoy (U)"'Uy\/l_p)z(y (V) (4.6)
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Where, u,,u,and o, , o, are the means and standard deviations of variables X and ¥,

and p,, is the correlation coefficient between (-1) to (+1). The computation technique
using the Monte Carlo Simulation is displayed in a flowchart (Figure 4.1).

N = 500 (max # of trials or random #s)
Twax = 24 (24 hrs. max)

Sum =0

t=0

I

TLoad Profile Generator
At = time interval

#, =mean value of ambient temperature
o, =std. deviation of ambient temperature
#, =mean value of transformer loading

o, =std. deviation of transformer loading

-

Pseudo-Random Generator
T, = Gauss(u,. o)
K = Gauss(u,,0;)

Thermal Model (Steady-State)
IEEE “Clause 77

T =T, +AT,, +AT,

Relative Aging Rate

F,,(N) =exp| 39.1647ﬂ
T +273

N-N+1 |

No

Expected Value of Aging Rate

N max

D Fu)
E(F )=

max

SUM = SUM+ E(F ) *T

t=t+ At

No

SUM*100

% Loss of life= ——— — "~
Normal Life

Figure 4.1: Monte Carlo simulation
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4.4  Numerical example

To better understand the modeling and the Monte Carlo Simulation technique discussed
earlier, an actual simulation is performed. In this example, a constant loading (K) of 1.0
per-unit (x, ) with 5% standard deviation (o), and the ambient temperature’s mean of

30°C (u,) and a 10% standard deviation (o) is used. The correlation coefficient (p) is

assumed randomly to be 0.2. The Monte Carlo simulation generates 500 random numbers
for each random ambient temperature and transformer loading. The random relationship
between the ambient temperature and the transformer loading is plotted in Figure 4.2.
Figure 4.3 depicts the probability of the 7, and K relationship generated randomly by the
program.
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Figure 4.2: Relationship between ambient temperature and transformer loading with cor-
relation coefficient of 0.2.

The transformer in this example is assumed to be a naturally cooled unit (OA). Figure 4.4
shows the Monte Carlo simulation results of the distribution of transformer hottest-spot
temperatures. It shows that the mean hottest-spot temperature is 109.97 C (ideal value of
110°C), and the calculated standard deviation is 7.1°C.
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Figure 4.3: 3-D plot of ambient temperature and transformer loading
41



0.18

014 ]

0121

Probability
o
o
o

o
[=3
=3

Q QWH. Hﬂﬂﬁ

100 110 120 130 140
Hot Spot Temperature (Deg. Celeius)

Figure 4.4: Distribution of hottest-spot temperature

The probability distribution of the relative aging rate (F4.,) as calculated from equation
(4.3 ) for those randomly selected points is shown in Figure 4.5. The calculated value of
the relative aging rate in this example is 1.28. This is an important number. In a determi-
nistic situation as applied in the thermal model, transformer loading of 1.0 pu at an am-
bient temperature of 30°C produces a relative aging rate of 1.0 and a corresponding trans-
former life of 1.0 pu. However, with the probabilistic analysis discussed in this section,
when the uncertainties are taken into account for a naturally cooled transformer at 30°C
ambient temperature, the relative aging rate at a mean 1.0 per-unit loading is 28% higher
than the corresponding deterministic (Classical) value. This is because, the relative aging
at a higher ambient temperature (7,) and higher pu loading (K) yields more loss-of-life
compared to the corresponding savings at lower values of K and 7.
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Figure 4.5: Distribution of relative aging rate (F..4)
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The same technique have been extended to other types of cooling and variable correlation
coefficient (p). The results are shown in Figure 4.6. The relative aging rate increases ra-

pidly as correlation factor increases from (-1) to (+1) and the value is always greater than
1.0.
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Figure 4.6: Relative aging rate with different correlation coefficient on various
types of transformer cooling

In summary, the probabilistic approach always produces a higher value of aging rate and
the corresponding loss-of-life. This is because of much higher insulation deterioration
rate at elevated temperature as compared to low temperature. It is also clear, that the rela-
tive aging rate varies widely with the correlation between ambient temperature and trans-
former loading and the type of transformer cooling.
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5. Transformer Economic Evaluation

In order to accommodate increased demand, overloading of transformers and accepting
the reduced life expectancy as a result of higher hottest-spot temperature rise must be
evaluated carefully against the delay in transformer replacement or addition of a second
transformer. The utility engineers usually determine the size of transformers from the
current loading, expected future load growth, and other appropriate engineering judg-
ments. Utilities evaluate the economic impact of losses in a transformer prior to purchas-
ing along with the initial price. The conventional method called “Total Owning Cost”. A
detailed analysis called “Revenue Requirement Method” is more appropriate for the In-
vestor-Owned Utilities (10U’s).

51 Loss Evaluation: Conventional Method

Procurement of transformers by the Loss Evaluation is the most widely used and it is
based on the lowest total owning cost. The method evaluates the cost of transformer’s
losses and the purchasing price. The service life of transformer is assumed to be constant
regardless of size. Generally it is chosen to be 30 years.

5.2  Revenue Requirement and Fixed Charge Rate

In the Revenue Requirement method, the annual operating cost is written as:

Eq= Ry—(Ps+ Dp+ 1) (5.1)

where: E, is the annual equity return (net income),
R, is the annual revenue,
P, is the annual production expense,
Dy is the depreciation, and
T'is the income tax.

Equation ( 5.1) can be rearranged:

RA:PA+(EA+DB+T) (52)

Except for the annual production expense (P,), the remaining items within the parenthesis
on the right hand side of this equation can be expressed as a function of the capital in-
vestment. Hence, the equation may be re-written as:

R4 = P4+ FCR * (Capital Investment) (5.3)
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Ry=P4+ (i+iz+i)™* (Capital Investment) (54)

where: FCR is the fixed charge rate in per unit,
i is the cost of capital (in decimal) or discount rate,
i, is the depreciation rate, and
i, Is the income tax rate.

A very simple, yet realistic, example of fixed charge rate (FCR) is as follow,

e Cost of capital 10.0%
e Depreciation rate 0.6%
e Income tax rate 8.6%
e Fixed charge rate 19.2% or (FCR = 0.192)

Rearranging, the first cost revenue requirement (R) is given by:

(5.5)

P .
R = —2—+ Capital Investment
FCR

This equation (5.5) is used in the Loss Evaluation Method and the objective function is
defined as:

min R =

Ly Capital Investment (5.6)
FCR

5.2.1 Transformer Loss Evaluation

The Capital Investment is the purchasing price. P, is the annualized cost of core and
winding losses including cost of demand charge for these losses. When annualized cost of
losses is divided by the fixed charge rate (FCR), it yields the total (net) revenue require-
ment for the cost of losses.

For each of no-load (core), load (winding), and auxiliary losses, there will be a demand
(kW) component based on the capital cost of generation and transmission/ distribution
equipment. In addition, there will be a cost due to the energy (kWh) component. As a re-
sult, the total cost of losses is:

Cost of Losses ($/kW) = Demand Cost + Energy Cost

8760 x Annualized Energy Cost (5.7)

= System Investment ($/kW) + .
Fixed Charge Rate
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— Annualized Demand Charge ($/kW - yr) + 8760 x Annualized Energy Cost
Fixed Charge Rate

Equation ( 5.7 ) is conveniently applied by utilities with generation and without genera-
tion. The formulas given below yield the total evaluated cost for each category of losses
separately in $/kW. These costs of losses are then multiplied by transformer’s corres-
ponding kW losses and added to the purchase price, so that losses can be properly taken
into account.

8760(AEC)

NLCR ($IkW) = ST+ =27 (5.8)

LLCR ($/kW) = SI (PRF)*(EPR)® + 8760(AEC)(TLF)(EPR)" (59)
FCR

8760(AEC)(PA) (5.10)

ALCR ($/kW) = SI (PRF)* +
FCR
where: NLCR = No-load (core) losses cost rate ($/kW)
LLCR = Load (winding) losses cost rate ($/kW)
ALCR = Auxiliary losses cost rate ($/kW)
N = System investment cost for additional generation, transmission and
Distribution needs ($/kW)
8,760 = Number of hours in a Year
AEC = Annualized energy cost ($/kWh)
FCR Fixed charger rate (in decimal)
PRF Peak responsibility factor
EPR = Equivalent peak ratio
TLF = Transformer loss factor
PA = Probability that the auxiliary cooling will be “ON”

In Total Owning Cost method (TOC), equations ( 5.8 ) and ( 5.9 ) are usually referred to
as “A4” and “B” factors, respectively.

Total Owning Cost (TOC) =
(5.11)
Purchase Price + NLCR * NLL + LLCR* LL + ALCR * ALL

where: NLL = No-load (core) loss in kW.
LL = Load (winding) loss in kW.
ALL = Auxiliary load loss in KW.

Most commonly, if auxiliary loss is neglected, equation ( 5.11 ) is rewritten as
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TOC=BidPrice + A * NLL+B* LL (5.12)

5.2.2 Discussion of Factors

e System Investment (S7) represents the investment in generation, transmission, and
distribution facilities necessary to supply the additional demand resulting from the trans-
former losses at the system peak. There are basically two methods for evaluating the Sl
value: (i) the actual construction cost of a recent generating station and the required
transmission/distribution facilities, and (ii) if the utility is purchasing power rather than
self-generating, the SI value can be obtained by dividing the demand charge ($/kW-yr) by
the fixed charge rate (FCR).

e Annualized Energy Cost (AEC): Since the energy price changes with inflation, it
is recommended that AEC be used instead of present energy cost. The AEC is calculated
by listing the projected cost of energy and discount these annual inflated cost by appro-
priate present worth factor. Add each of the present worth value of the energy cost and
multiply by the capital recovery factor (CRF). Mathematically, AEC = sum of present
worth value x CRF

_ 1-x" | @)Y
= present energy cost (X [?D Hm} J (5.13)

where: N = Transformer book life
_l+e

1+i
e = Energy escalation rate (in decimal)
i = Cost of capital or discount rate (in decimal)
CRF = Capital recovery factor

e Fixed Charge Rate (F'CR) represents the annual cost necessary to support a capital
investment. The rate includes the cost of money, depreciation, income tax, insurance and
maintenance expenses independent of energy (kWh) sold.

e Peak Responsibility Factor (PRF) is intended to compensate for the fact that the
transformer peak load losses does not necessarily occur at the same time as the system
peak. This means that only a fraction of the peak transformer losses will contribute to the
system peak demand. The value of PRF is determined by ( 5.14 ):

PRF= Transformer load at the time of system p eak

Transforme r peak load (514)
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The typical values of peak responsibility factor can range from 1.0 down to 0.35. Since
PRF is a ratio of load (kVA), the losses are the function of (PRF)’. The followings are
typical valuest? of PRF.

Transformer Type PRF
Generator step-up 1.0
Transmission substation 0.9
Distribution substation 0.8
Distribution 0.35

e Equivalent Peak Ratio (EPR): The peak ratio (PR) is to relate the losses to the
rated transformer load. The peak ratio (peak pu) loading is defined by:

PR — Peak annual transfor mer load

(5.15)

Full rated transformer load

If the load grows by a given percent every year, the equivalent peak ratio (EPR) should
be used instead. EPR can be calculated from:

i . (1+g)*' -1
EquivalentPeak Ratio (EPR) = PR, |-—2"——— (5.16)
In(L+ g)°’

where: PR = the present peak ratio
g =the load growth rate (in decimal)
t =time inyears

e Transformer Loss Factor (7LF) is the ratio of the average load loss to the peak
load losses over a given period of time (typically one year period).

Average load loss
Peak load loss

ITLF =

(5.17)

If the annual load data (load cycle) is available, the load losses can be calculated from
this information. However, the utility engineers try to relate the transformer loss factor
with a more readily available information called Load Factor (LF). LF is defined as the
ratio of the average load over the peak load. TLF cannot be determined uniquely from the
load factor. The utility engineers have been using an empirical formula defined by equa-
tion (5.18) for TLF in terms of LF as

Transformer Loss Factor (TLF) = a(LF)* + b(LF) (5.18)
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where: LF = Load factor
“a” and “b” are constants, such that a+b =1.0

The constant “a” can vary from 0.8 - 0.89, whereas, “b” varies between 0.2 - 0.11. The
recommended typical valuesi*? of “a” and “»” are 0.84 and 0.16, respectively.

e Probability that the auxiliary cooling will be “ON” (PA) for the transformer life-
time depends on many factors such as transformer size, load profile, load growth, and
ambient temperature. The choice is a matter of engineering judgment.

5.2.3 An Example

Assume the following data to perform the loss evaluation, and to purchase a 2,000kVA,
(OA\) liquid filled, 65 C average winding temperature rise transformer.

Book life 30 years

System investment (S7) $1,400/kwW

Discount rate (i) 10%

Energy escalation rate (e) 2%

Fixed charge rate (FCR) 0.192

Present Energy cost (EC) $0.035/kWh (3.5 cents/kWh)
Peak responsibility factor (PRF) 0.6

Peak ratio (PR) 0.7

Load growth rate (g) 2%

Load factor (LF) 0.6

Table 5.1: Loss Evaluation Calculation Example

Losses (kW) Cost of Losses Total Owning Cost
Manufacturer | No-load | Load | Bid Price | A*NLL+B*LL Equ. (4.13)
(NLL) | (LL)
X 5.8 23.2 | $28,000 $49,449 $77,449
Y 4.0 18 $31,000 $36,622 $67,622
yA 4.0 14 $34,000 $31,584 $65,584

Based on the above data, the following values are calculated.

AEC =$0.046 (or 4.6 cents/lkWh)
EPR =0.97

TLF =04

NLCR = 3,487 $/kW, and

Table 5.1 is self-explanatory. It compares the actual bid price and the corresponding losses
with the total owning cost values for three different designs (manufacturer X, Y, and Z).
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Design X is the standard design. Design Y and Z is the low loss design (better core ma-
terial and larger conductor size).

After the loss evaluation is taken into account, the transformer manufactured by Z is the
most cost effective over the normal operating life, even though the bid price (initial pur-
chase price) is the highest.

OPurchase Price OCost of Losses

gz $34,000 | $31,584 |
g
5
c
g v $31,000 | $36,622 |

X $28,000 | $49,449 |

$0 $20,000 $40,000 $60,000 $80,000 $100,000

Figure 5.1: Total owning cost of different manufactured transformers

This example shows that the cost of losses over the transformer life is worth evaluating
and is comparable to the initial purchased price.

5.3  Engineering Economic Evaluation for Investor-Owned Ultilities

Utilities are monopolistic in the sense, that they are granted a franchise to provide quality
and reliable power supply within an area. Utilities, in turn, charge a unit price allowing
only for a fair profit beyond the unit cost and have the capability to attract enough capital
to finance new projects. Amongst other responsibilities of PUC, its major duty includes
the setting of rates, so that excessive profits are eliminated, and the establishment and
maintenance of standards of service.

5.3.1 Characteristics of Investor-Owned Utilities (IOU’s)

The characteristics of investor-owned utilities as appropriate for this discussion are listed
below:

e |OU’s are capital intense whose ratio of fixed costs to variable costs is very high.

e The rates charged to customers for a utility’s services are based on the total costs,
including a fair return for the stockholders after income tax.

e A basic concept of “rates” setting is that they must be able to earn enough profit
to pay dividends and to attract the capital necessary for rendering the service.
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e The earnings of a utility are limited by the rate base. The upper limit of profit is
usually set not to exceed about 12% - 16% on equity capital.

e Because of the stable nature of their business and earnings, utilities commonly
finance their capital expenditures with a higher percentage (50-70% range) of bor-
rowed capital. Utilities must rely on a larger proportion of new capital for expan-
sion than do other companies.

e Utilities are much less limited in term of the availability of capital than are non-
utility companies, due to their greater stability of revenues and earnings.

5.3.2 Development of the Revenue Requirement Method for Transformer Eco-
nomic Evaluation

The economic strategy widely used by regulated utilities is the “Minimum Revenue Re-
quirement Method.” ¥ 1t calculates the revenues that a given project must collect just to
meet all the costs associated with it, including a fair return to investors. The relationship
between revenue requirements and various components of its costs is shown in Figure
5.2. At the end, the revenue requirements are minimized.
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Figure 5.2: Relationship of revenue requirements and costs for an IOU

The minimum revenue requirement consists of carrying charges resulting from capital
investments that must be recovered, plus all associated expenses. It can be shown that,
the annual carrying charges in year £ (CC, ) is given by
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CCk = [(l_/l)le +/Ilb] : Ulk + DBk +77k ( 5.19 )

where: CC, is annual carrying charge in year & ($)

A is debt ratio (fraction of borrowed money in total capital)
i, IS equity return rate in decimal

i, 1S cost of borrowed money in decimal

Ul is unrecovered investment (cost of transformer) at year £
Ul = I (initial investment), £ =1

ul,=Ul,_,-D, ,,2<k<N

N is transformer book life

D,, is book depreciation in year k, 1 <k< N

T, is income taxes paid in year k

The depreciation calculated in this research from the “straight line method (SL)”:

D, = (5.20)

Where, MV is market value (Salvage Value) of transformer at the end of year V.

Since depreciation claimed for income tax purposes and interest paid on debt are tax de-
ductible, the income tax in any given year (k) is determined by

T =i (CC, - A, -UI -D,) (5.21)

Where, D,, is the tax depreciation in year £ and i, is the effective income tax rate.

T, = 1; [A-A)i,-UI, +D, —D,] (5.22)

t

The revenue requirement in year k (RR,) (see Figure 5.2) is then:

RR, =CC, +COL, (5.23)

Where, COL is the cost of transformer losses in year .
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To compare between the alternatives, the “levelized” revenue requirement ( RR ) is intro-
duced. It can be found from discounting all annual revenue requirements for all years of
study period to the beginning year and multiplying by the capital recovery factor (CRF).
Mathematically,

N N 1 .
RR = ;[RRk ey )-CRF(Z) (5.24)
when CRF (i) =1 —(1+i)N (5.25)
(+i)" -1 '

Where, RR is levelized revenue requirement in dollars,
i is the discount rate or real (inflation-free) after-tax cost of capital.

The real (inflation-free) after tax of capital, i can be found from:

oAM=, + (- 2)i, — i

5.26
1+e ( )
where: i is the real (inflation-free) after-tax cost of capital, and
e Is average annual inflation rate.
Alternate way to compare is the “Capitalized Revenue Requirement (CRR)”":
crr = R (5.27)

1
Capitalized Revenue Requirement is the same measure as the Total Owning Cost (7OC)
in loss evaluation method discussed earlier in equation ( 5.12).
5.3.3 Spreadsheet Illustration of the Revenue Requirement Method
The following example is discussed to demonstrate the concept:

In this example, the cost of a transformer throughout its service life is calculated. The
transformer is subjected to a constant 1.0 pu load. The transformer and utilities financial
data used in this assessment are listed below:

Transformer size = 20 MVA (Highest rating in case of a FA design)
No-load (core) loss = 30 kW
Load (winding) loss = 80 kW @ 20MVA output
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Transformer Service life (book life) = 30 years

Transformer and installation cost = $400,000

Market (Salvage) value, MV = $40,000 (at the end-of-life)

Demand charge = $140/kW-yr

Energy cost (present) = $0.035/kWh

Demand charge escalation rate = 0%

Energy cost escalation rate = 0%

Peak responsibility factor PRF = 0.8

Cost of no-load losses = $13,400 per year (=30*140+30*8760*0.035)
Cost of load losses = $33,500 per year (=80*0.8*140+80*8760*0.035)
Real (inflation-free) cost of borrowed money, i, = 5% per year

Real (inflation-free) return on equity, i, = 16% per year
Debt ratio, 2 =10.3
Effective income tax rate, i, = 50%

Book depreciation method = straight line
Average annual inflation rate, e = 0%

_$400,000 — $40,000
Bk — 30

D =$12,000 from equation ( 5.20)

Generally, D,, = D, =$12,000
COL, =$13,400 +$33,500 = $46,900

i =[0.3(1- 0.5)0.05 + (1 0.3)0.16 — (0.3)(0.5)(0)] /(1 + 0) = 0.12 Eq.(5.26)

30
CRF =012 +0127
(1+0.12)° -1

}:0.12414 from equation ( 5.25)

The result of the example is illustrated in Table 5.2. In case the transformer in the exam-
ple has to be replaced before 30 years, the unrecoverable investment less book deprecia-
tion plus market value of that year is the unpaid investment cost. It has to be paid by ad-
ditional revenue at the end of that year.

Let’s assume that the transformer from the previous example is overloaded to the end of
its life in 5 years. As a result, it has to be replaced at the end of the 5" year. Unrecovera-
ble investment (U1Z,) at the end of 5" year due to early replacement is $340,000
(=$352,000-$12,000). The transformer is sold at the market value (salvage) of $40,000.
Hence, the additional revenue required to cover the cost is $300,000 (=$340,000-
$40,000). So the 5™ year revenue requirement has to be $443,028. Table 5.3 illustrates
this early replacement cost.
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In summary, the revenue requirement method using the spreadsheet format is easy to fol-
low and can be applied to transformer replacement problem.
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Table 5.2: Spreadsheet of annual revenue requirement

Year’ k U[k DB/c T;( CCk COlft RRk
1 $400,000 | $12,000 | $44,800 | $107,600 | $46,900 |  $154,500
2 $388,000 | $12,000 | $43,456 | $104,732 | $46,900 |  $151,632
3 $376,000 | $12,000 | $42,112 | $101,864 | $46,900 |  $148,764
4 $364,000 | $12,000 | $40,768 | $98,996 | $46,900 |  $145,896
5 $352,000 | $12,000 | $39,424 | $96,128 | $46,900 |  $143,028
6 $340,000 | $12,000 | $38,080 | $93,260 | $46,900 |  $140,160
7 $328,000 | $12,000 | $36,736 | $90,392 | $46,900 |  $137,292
8 $316,000 | $12,000 | $35,392 | $87,524 | $46,900 |  $134,424
9 $304,000 | $12,000 | $34,048 | $84,656 | $46,900 |  $131,556
10 $292,000 | $12,000 | $32,704 | $81,788 | $46,900 | $128,688
11 $280,000 | $12,000 | $31,360 | $78,920 | $46,900 |  $125,820
12 $268,000 | $12,000 | $30,016 | $76,052 | $46,900 |  $122,952
13 $256,000 | $12,000 | $28,672 | $73,184 | $46,900 |  $120,084
14 $244,000 | $12,000 | $27,328 | $70,316 | $46,900 | $117,216
15 $232,000 | $12,000 | $25,984 | $67,448 | $46,900 |  $114,348
16 $220,000 | $12,000 | $24,640 | $64,580 | $46,900 |  $111,480
17 $208,000 | $12,000 | $23,296 | $61,712| $46,900 |  $108,612
18 $196,000 | $12,000 | $21,952 | $58,844 | $46,900 |  $105,744
19 $184,000 | $12,000 | $20,608 | $55976 | $46,900 |  $102,876
20 $172,000 | $12,000 | $19,264 | $53,108 | $46,900 |  $100,008
21 $160,000 | $12,000 | $17,920 | $50,240 | $46,900 $97,140
22 $148,000 | $12,000 | $16,576 | $47,372 | $46,900 $94,272
23 $136,000 | $12,000 | $15232 | $44,504 | $46,900 $91,404
24 $124,000 | $12,000 | $13,888 | $41,636 | $46,900 $88,536
25 $112,000 | $12,000 | $12,544 | $38,768 | $46,900 $85,668
26 $100,000 | $12,000 | $11,200 | $35,900 | $46,900 $82,800
27 $88,000 | $12,000 | $9,856 | $33,032 | $46,900 $79,932
28 $64,000 | $12,000 | $8,512 | $30,164 | $46,900 $77,064
29 $52,000 | $12,000 | $7,168 | $27,296 | $46,900 $74,196
30 $40,000 | $12,000 | $5824 | $24,428 | $46,900 $71,328

RR= | $133,567
CCR=| $1,113,058
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Table 5.3: Spreadsheet of annual revenue requirement with early replacement

Year Ul, D, T, CC, COL, RR,

1 $400,000 | $12,000 | $44,800 | $107,600 | $46,900 $154,500

2 $388,000 | $12,000 | $43,456 | $104,732 | $46,900 $151,632

3 $376,000 | $12,000 | $42,112 | $101,864 | $46,900 $148,764

4 $364,000 | $12,000 | $40,768 | $98,996 | $46,900 $145,896

5 $352,000 | $12,000 | $39,424 | $96,128 | $46,900 $143,028
+$352,000
-$12,000
-$40,000
=$443,028

6 New transformer’s data is used for calculation beginning from year 6"

y

8

9

10
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6. Optimization Strategy for Transformer Procurement and Re-
placement

6.1 Introduction

Sizing of power transformers or replacement of existing transformers is done intuitively
from simplified technical and/or economical decisions. Combining both technical and
economic considerations, however, is more desirable. In this research, a new method is
proposed for utilities to be able to maximize the optimal use of their existing transfor-
mers, to select the appropriate transformer size and to determine the replacement strategy.
A number of situations in real world deal with transformer procurement and replacement,
such as, (i) select a new transformer for a new project (new design), (ii) delay transformer
replacement until its life ends (delay replacement option), and (iii) replace the existing
transformer immediately with a larger unit (replace now option). The life of the transfor-
mer for all problems depends on its size, loading and load growth rate. The delay re-
placement option defers new investment, however, with the sacrifice of transformer’s life
and higher cost of losses.

In this chapter, a new optimization scheme is proposed, that utilizes the probability tree
load-growth structure to take care of overloading risks and replacement timing. Only the
IEEE Clause 7 thermal (simplified) model from Chapter 3 is applied here due to limita-
tion of available transformer data. However, Annex G model can easily be used provided
there are available transformer data. The cost of random failure of a transformer in-
service is also included in the scheme. It is assumed that transformer cost and losses can
be formulated into some continuous function depending upon transformer sizes. Howev-
er, the actual cost and loss data, if available, can also be used with some modification.
The cost and loss data are derived from forced-air cooled (FA) transformers. For other
cooling types, similar data could be added and left for future work. The thermal model
and hottest-spot temperature (Chapter 3) determine the remaining life of the transformer.

6.2 Transformer Cost and Losses Function

For oil-cooled (OA/FA/FA) transformers utilized in large distribution substations ranging
between, say 10-100 MVA (the primary voltage of 69 kV, 115 kV or 230 kV, and the
secondary voltage rated at 12.47 kV to 34.5 kV), the cost depends on a number of factors.
The key factors are: the HV side voltage and the corresponding Basic Insulation Level
(BIL) and the losses. The data given in Table 6.1 is for typical (OA/FA/FA) transformers.
The installation cost of $595/MVA ! including labor and equipment is also added to the
transformer cost. A curve-fitting program utilizes a quadratic function ( /(S,) ) to esti-
mate the cost of transformers. These data points are plotted in Figure 6.1 and the trans-
former cost is approximated as:

f(S;)=K,S; +K,S, +K, ($/IMVA) (6.1)
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—8.45352 —862.95, +33164

Where, Ky, K;, and K, are constants and Sr is the transformer size (highest rating) in
MVA (65°C average winding temperature rise and 110 C hottest-spot temperature).

The 65°C ratings in Table 6.1 are calculated using common multiplying factors. The typi-
cal multiplying factor to convert MV/A rating at 55 C winding rise to MVA rating at 65 C
winding rise are given in

Table 6.2. It is clear from

Figure 5.1 that the transformer cost function ($/MVA) decreases as transformer rating
increases and reaches approximately a constant value at around 50MVA and higher rat-

ing.
Table 6.1: Cost of typical forced-air cooled (OA/FA/FA) power transformer

S7, MVA Transformer Cost

55°C 65°C Transformer, $ | Installation, $ | $/MVA”
10 11 277,000 6,500 24,652
20 23 395,000 13,700 17,770
25 28.75 429,000 17,100 15,516
40 46 486,000 27,400 11,160
50 57.5 605,000 34,200 11,116

* $/MVA is based on 65 C winding rise rating.

65 C winding rise rating

Cooling Multiplying
Type Factor

OA 1.165

FA 1.150
NDFOA 1.140

FOA 1.125

Table 6.2: The multiplying factor for MVVA rating conversion from 55 C winding rise to

Note: Tables 6.1 and 6.2 are calculated based on typical top-oil and hottest-spot tempera-
ture rise and a loss ratio of approximately 3.0.
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Figure 6.1: Transformer cost data

No-load and load losses also vary by transformer sizes and designs. Since these values
are extremely important quantities, it is recommended that actual values from the manu-
facturers be used. Typical losses in KW/MVA are tabulated in

Table 6.3. The quadratic equations are developed to fit the curve and the no-load and load
losses in KW/MVA can be found from equation ( 6.2 ) and ( 6.3 ), respectively.

Fu (S7) = (6.216 x107°)S2 —0.01219S, +1.523 (6.2)

£,,(S,) =0.0002657S2 —0.0524S . +4.969 (6.3)

Table 6.3: Transformer losses

S7, MVA No-load losses Load losses Loss Ratio
55C |[65C |kW™ |KW/MVA™ [ kW™ KW/MVA™ | (R)

10 11.5 17 1.48 53 4.61 3.12

20 23 29 1.26 86 3.74 2.97

30 34.5 40 1.15 115 3.33 2.88

40 46 50 1.09 141 3.06 2.82

50 57.5 60 1.04 165 2.87 2.75

60 69 70 1.01 188 2.72 2.69

80 92 87 0.95 232 2.52 2.67

100 115 106 0.92 272 2.36 2.57

* KW/MVA is based on 65 C average winding rise rating.
** KW is based on 65 C average winding rise rating.
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Figure 6.2: Transformer losses data
6.3 Random Failure of Transformer In-Service

Transformers may fail at random during its normal life, and it costs utilities to purchase a
new unit. A typical hazard function, %(z), describing this random failure, also known as
“bathtub curve” “®, is plotted in Figure 6.3.

|
infant !
mortality
L

wear-out

e

Figure 6.3: “Bathtub curve”

It is believed that the distribution of failure, f{z), during the normal operating period is an
exponential decay and the hazard function is constant, as derived by!*®!

_ J®
h) = 1-F(7)
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f(6) =2
F(f) = jf(t)dz =1—e™

QM)
h(t)=———~=4
“ 1-(@1-e™)

where: f{z) is exponential distribution function
F(1) is exponential cumulative distribution function
Ais the failure rate, and

¢ is the time.

When transformers are subjected to a random failure rate of A, utilities need additional
revenue to cover the cost of transformer failure. It can be formulated as:

CF, =A-Cpp - (Ny, —k)I Ny forl<t< N, (6.4)

where: CF, is the cost of failure in year £
C,, is the cost of transformer in dollars
N,,, is expected transformer life in year, and

k is the year that transformer fails
The failure rate of the transformer is reported[47] to be about 0.2-0.5%.
6.4 Expected Transformer Life

It has been discussed earlier that, in this research the normal transformer life (1 pu) of
150,000 hours (17.12 years) is used. This corresponds to the insulation’s tensile strength
reduction to 20% of its original value or the insulation’s degree of polymerization reduc-
tion to 200. Based on these criteria, the remaining transformer life expectancy for the
cyclic load is calculated. A computer program is written to calculate the loss-of-
insulation life of the transformer subjected to cyclic load. Typical monthly load profiles
and ambient temperature profiles as shown in Appendix B are used. In a real power sys-
tem, the actual load profiles may be obtained from SCADA. The actual ambient tempera-
ture profile can be obtained from the weather station data at the transformer location or
installed on-line monitoring devices. Table 6.4. is from the test run for a 52.26 MVA
forced-air cooled (OA/FA/FA) transformer with typical load and ambient temperature
profiles. The transformer data used in this test case is obtained from reference [1]. The
annual peak load in the month of August is assumed to be 1.1 per-unit. The assumed Au-
gust load and ambient temperature profile is repeated again in Figure 6.4. The load is as-
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sumed to grow at a constant rate of 2.5% compounded annually. The thermal model used
corresponds to the IEEE Annex G. (or the Detailed Model).

August Load and Ambient Temperature Profile
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Figure 6.4: Load and ambient temperature profiles in the month of August
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Table 6.4: Illustrated life cycle study printout of transformer life

Transformer Thermal Loading Program
Life Cycle Study of Transformer using IEEE Annex G Thermal Model

Year 2001

% Loss Remain Remain Max. Max. Acc. Used

of Life  Tensile DP Hot Spot Top Oil  %LOF Life(yrs)
January 0.000 97.05 1400 59.9 42.8 0.000 0.00
February 0.001 97.05 1400 68.7 50.2 0.001 0.00
March 0.002 97.04 1400 74.5 53.9 0.004 0.00
April 0.002 97.04 1400 75.4 54.8 0.006 0.00
May 0.007 97.03 1399 84.5 61.7 0.013  0.00
June 0.035 96.98 1397 99.0 74.5 0.048 0.01
July 0.239 96.61 1382 118.2 89.0 0.287  0.05
August  0.292 96.17 1365 120.2 91.1 0.579 0.10
Sept. 0.033 96.12 1363 98.5 74.0 0.612 0.10
October 0.010 96.10 1362 87.5 64.8 0.621 0.11
Nov. 0.005 96.09 1362 82.3 59.5 0.627 0.11
Dec. 0.002 96.09 1362 72.3 51.6 0.628 0.11

Maximum Loading= 1.100 Used Life= 0.11 years(942 hrs)
Year 2012

% Loss Remain Remain Max. Max. Acc. Used

of Life  Tensile DP Hot Spot Top Oil  %LOF Life(yrs)
January  0.007 28.94 261 85.0 59.1 76.589 13.11
February 0.025 28.93 261 97.3 68.7 76.614 13.12
March  0.074  28.89 261 107.4 75.1 76.688 13.13
April 0.080 28.86 260 108.3 76.1 76.767 13.15
May 0293 28.72 259 121.7 85.9 77.060 13.20
June 1.602 28.00 255 140.1 101.8 78.663 13.47
July 16.032 21.74 212 168.5 123.3 94.695 16.21
August 18911 16.12 171 170.6 125,5  113.605 19.45
Sept. 1519 1574 168 139.6 101.2 115.124 19.71
October 0.384 15.65 168 124.7 89.1 115508 19.78
Nov. 0.223 1559 167 119.4 83.6 115.731 19.82
Dec. 0.058 1558 167 105.1 72.8 115.789 19.83

Maximum Loading= 1.443 Used Life= 19.83 years(173683 hrs)

The transformer used, in the first year of service, is just 0.11 years of its normal life
(17.12 years). The transformer lost most of its life in July and August due to higher load
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level and higher ambient temperature. The load shape is assumed to be unchanged in our
study for simplification. It is then multiplied by the load growth factor (1+load growth
rate in decimal) for each consecutive year. Any daily and seasonal variations can be used
to calculate the loss-of-life. The load growth increases the peak load and the loss-of-life
sharply especially at later years before transformer life ends. The transformer life is con-
sidered to reach the end when remaining tensile strength reaches 20% of its original value
or when the degree of polymerization reaches 200. The initial degree of polymerization
of the new insulation is assumed to be 1400. The equations for calculation of remaining
tensile strength and degree of polymerization are given in Chapter 2. Figure 6.5-Figure
6.8 are the plots from the program.

Loss of Transformer Life (in years)

20 Il Annual LOF
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Figure 6.5: Loss of transformer life vs. years in service
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Figure 6.7: Insulation’s remaining tensile strength vs. years in service
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Figure 6.8: Insulation’s remain degree of polymerization vs. years in service

It is clear from Table 6.4 that in this example, the expected transformer life is approx-
imately 11 years and 7 months. This shorter service life results from the 2.5% annual load
growth and high initial annual peak load in the month of August. The top-oil and hottest-
spot temperature exceeds limits of 110°C and 140°C respectively.

6.5 Load Growth Uncertainty Modeling

Transformer life expectancy is closely related to its present load and the future load
growth rate. In the previous example, a fixed load growth of 2.5% (compounded annual-
ly) is used. As shown in Table 6.4, in the first year of service, the transformer just used
0.11 years from its normal life expectancy. However, it consumed 6.71 years of life in the
last year of operation. Actual transformer loading and the prediction of the future load
growth rate has a lot of uncertainties. In this research, the probability tree method is uti-
lized to take into account these uncertainties. An alternate approach is to utilize the tech-
nique of Monte Carlo simulations. Probability tree method is simple to follow, however,
computationally expensive.
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Figure 6.9: Approximating load uncertainty using probability tree

Figure 6.9 shows a construction of a probability tree from the probability curve. The
smooth probability curve, in this example, has been discretized into three pieces. The ex-
pected load (20 MVA) is assumed to have a probability of 0.6. Both the higher (21 MVA)
and the lower (19.6 MVA) loads have a probability of 0.2. The number in the circle in
Figure 6.9(b) is the probability of the load that follows the value. All loadings are se-
lected randomly.

Figure 6.10 illustrates an example of the probability tree beginning. The tree grows by a
power of 3 for every year. As such when the time progresses by 4 years, the load can
grow into 81 (=3%) different paths. The assessment of load growth rate beyond 81 differ-
ent paths can be tedious and repetitive. In order to simplify the problem, the probability
tree is limited to 4 years of study. After the 4" year the load growth rate is assumed to be
constant.
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Figure 6.10: Probability tree representation of load uncertainty
Figure 6.11 shows load growth paths. Path 1 is the highest possible growth and the prob-
ability of path 1 is the product of all the probabilities along its path from year 1% to 4™ |
which is
P..=(0.2)(0.2)(0.2)(0.2) = 0.0016

In the same way, the probability of path 5 is

P.,=(0.2)(0.2)(0.6)(0.6) = 0.0144

The summation of all probabilities of all paths is equal to 1.0, i.e.,

81

Mathematically, [IP. =10
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Figure 6.11: lllustration of load growth path

Beginning 5™ year, the load growth rate is assumed to be a constant value of «. Mathe-
matically, load at year & (Ly) is

L, =L,(1+a)"" (6.5)

Where, k is year number (k > 5), L, is the load at the end of probability tree table (4™
year), and « is the load growth rate in decimal.

Figure 6.12 illustrates the fact that the degree of uncertainty widens as the year
progresses. The curve on year 2001 is more vertical because of better prediction of uncer-
tainty (less number of paths). The high and low predicted load is close to the expected
value. The compounded growth on high and low branches (Figure 6.9(b)) of probability
tree spread out the high and low boundary of the projected load. Figure 6.13 shows the
projection of load uncertainty for a long period. Figure 6.13 displays probability distribu-
tion of load, whereas, Figure 6.12 shows cumulative distribution of load.
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Figure 6.13: Approximating load uncertainty in each future year

With 81 different load growth paths, the levelized revenue requirements (discussed in
Chapter 5) are calculated for each path. Then, the equivalent levelized revenue require-
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ment (ERR) is calculated by weighting levelized revenue requirement with path probabil-
ity as

ERR =P, -RR, (6.6)

Where, p is path number, P, is probability of path p, and RR, is levelized revenue re-
quirement of path p.

Along with each load growth path, a new transformer is required when existing transfor-
mer has expended its useful life to the thermal loading. This will add additional invest-
ment for the utilities at some future year as predicted by the thermal loading described in
Chapter 3.

6.6 Solution Methods

A program is written to solve the optimization problem, where the objective function is
the minimization of the equivalent levelized revenue requirement (ERR):

81 -
min ERR =min ) P, -RR,

p=1

The block diagram of the complete solution is shown in Figure 6.14. The diagram in-
cludes the combination of transformer model and utilities financial model. The program
uses the IEEE classical model (Clause 7). By using information from transformer manu-
facturers and utilities, the transformer cost and losses are calculated from equations ( 6.1
), (6.2), and ( 6.3). The program assumes that the transformer size can vary continuous-
ly. One MVA incremental step is used. In order to simplify the computation, the histori-
cal load and ambient temperature profiles have been applied on monthly basis. Twelve
load profiles and twelve ambient temperature profiles (one for each month) are stored in
the database. The annual peak load has been generated from the probability tree structure
that derived from short-term (4 years) load forecast.

The transformer thermal model calculates remaining transformer life by annual cyclic
loading. If the transformer reaches the end of its life (150,000 hrs.), the new transformer
has to be installed. Criterion for the new transformer size is based on the study method.
For a new design and replace now option, the new transformer size is set to have the
same initial annual per unit peak load of the existing transformer when it was installed.
For the delay replacement option, the existing transformer has been used until the end of
its life and then replaced with different size of a new transformer ranging from 0.5 - 1.0
per unit peak loading of its first year of operation. In the case of delay replacement study,
the remaining life of the existing transformer has to be pre-calculated by backward ther-
mal loading available in the program or direct measurement from actual insulation re-
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maining strength. The transformer thermal model also calculates the annual cost of losses
of the transformer as:

COL, = CNLL, +CLL,

8760

+EC, - [P, dt

core
t=0

CNLL, =DC, -P

core

8760
+EC, |P,(t)dt

t=0

CLL, =DC, - PRF-P.

cu,max

where: COL,,CNLL, ,and CLL, are the cost of losses, cost of no-load losses,

and cost of load losses in year, & respectively
DC, is demand charge, $/kW

EC, is cost of energy, $/kWh
P_ is core or no-load losses, kW

core

P (¢) are copper or load losses, kW
P are the annual peak load losses

cu,max

PRF is peak responsibility factor (See Chapter 4)

The cost of transformer random failure is calculated from equation ( 6.4 ). The utilities
financial model uses the following financial data as an input to calculate carrying charge,
tax and depreciation (Chapter 5).

Equity return rate (i,)
Borrowed money rate ()

Debt ratio (1)
Tax rate (i)

Depreciation method (only “Straight Line” method is used in this report.)
Accounting book life of transformer is assumed (30 years).

The revenue requirement for year & can then be written as:

RR, =CC, +COL, +CF,
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The program calculates revenue requirement of each load growth path. Each load growth
path is 30 years in length. The levelized revenue requirement can be found by using equa-
tion (5.24). The final equivalent levelized revenue requirement is then calculated from the
probability weighting on levelized revenue requirement for 81 different paths.

The various transformer sizes are generated by computer program. The program calcu-
lates each equivalent levelized revenue requirement for each transformer. The minimum
equivalent levelized revenue requirement determines the best alternative.
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CUMULATIVE PROBABILITY

Probability Tree Structure Path Levelized Probability
- 1 $134,000 0.0016
Probability
/—< Probability
" nasoeion 81 $101,000 0.0016

Equivalent Levelized
Energy and Demand Charge

Escalation Rate

Economic Data

mbient Temperature and Cost of Losses
istori - — - = Transformer Thermal
Historical Estimated Remaining Life Model Cost of Transformer
Cost of Failure
Load
End-of-Life — Debt Ratio
New Transformer )
Equity Return
Thermal Data, Electrical Losses Y Random Failure Model — Borrowed Money Rate
Transformer Data 4
o Tax Rate

Figure 6.14: Integrated structure of insulation degradation based transformer utilization mode
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7. Simulations and Case Studies

7.1 Introduction

The program incorporated thermal model, loss-of-life calculation, failure cost, replacement crite-
rion, and economic evaluation. Two case studies are discussed and one possible scenario: the
medium load growth rate of 1.75% /year with +0.25% and —0.75% deviation. After the 4" year, a
constant load growth rate of 2%/year has been assumed.

e Case #1, a transformer has to be purchased for a new project. The existing load at the be-
ginning is estimated at 20MVA. The growth rate is medium at 1.75% per year. A study period of
30 years has been used in the simulations.

e Cuase #2, the existing transformer size is assumed to be 18 MVA (highest rating). It is as-
sumed to be in service for 25 yrs. with an estimated remaining life of 25% (or 0.25pu.). The load
growth rate is assumed at 1.75%. There are two choices: (i) Continue overload the transformer,
until the life is completely utilized and then replace appropriately and optimally sized to accom-
modate the load growth. The end-of-life criteria used are 20% RTS or remaining DP of 200. The
program evaluates the size. It is assumed that the load on the new transformer when it is com-
missioned is 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 per-unit load. As an example, if the existing transfor-
mer’s life ends at the end of year 5™ and the next year (6™) load is 22.46 MVA, with the sizing
criteria of 0.5, the size of the new transformer is selected as 44.92 MVA (= 22.46/0.5).

7.2 Solutions to the Problems

Results of the two cases are presented here, utilizing similar transformer design (except for the
MVA output), economic model, and financial data are tabulated in Table 7.1. The MVA rating
corresponds to 65°C average winding temperature rise.
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Table 7.1;: Common transformer, economic, and financial data for all case studies

Top-oil rise over ambient at rated load = 45.0'C
Hottest-spot rise over top oil at rated load = 35.0°C
Oil time constant = 1.25 hours

Winding time constant = 5.0 minutes

Cooling mode is FA

Energy cost = 0.035 $/kWh

Energy escalation rate = 2.0%

Demand charge = 120 $/kW-yr
Demand charge escalation rate = 2.0%
Peak Responsibility Factor (PRF) = 0.8

Random failure rate = 0.5%

Return on equity rate = 16.0%

Borrowed money rate = 5.0%

Debt ratio = 0.5

Tax rate = 50%

Market (Salvage) value = 10% of investment cost
Inflation rate = 0%

Transformer book life = 30 years

Existing transformer size = 18MVA

Year in service = 25 years

Remaining life = 0.25 per unit

Existing transformer price = $340,000

Market value of existing transformer price = $34,000

7.2.1 Case #1, Sizing of a New Transformer with Moderate Load Growth

In this case, a new transformer is to be installed for a project. The load growth rate is assumed
moderate. The first four years of load growth is constructed using the probability tree with the
high, expected, and low load growth rate of 2.0, 1.75, and 1.0 %, respectively. Based on the load-
ing information, a transformer size between 20 to 40 MVA is considered. Table 7.2 lists Equiva-
lent Revenue Requirement (ERR) for each size. The ERR reaches minimum of $114,625 for the
transformer size of 25 MVA. Accordingly, 25 MVA is the most economical size for this project.
The first year’s annual peak load of this new transformer is 0.81 per unit (= 20.35/25).

Table 7.3 shows the detailed result and the economic evaluation of a 25 MVA transformer on the
most probable load growth path #41 from the life cycle study performed on this transformer.
With this load growth pattern of path #41, the 25MVA transformer can last approximately 30
years. The simulation result is shown in Table 7.4. Figure 7.1 shows the temperature profiles.
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The maximum hottest-spot and top-oil temperature at 30" year is 167.8°C, 105.7 C respectively.
The hottest-spot temperature is too high and may cause bubble generation and dielectric strength
reduction during the overload period.

Table 7.2: Result of Case #1 Study

Sizing Program on new application only

Top-oil rise over ambient at rated load =45.0C
Hottest-spot rise over top oil at rated load = 35.0 C
Oil time constant = 1.25 hours

Winding time constant = 5.0 minutes

Cooling mode is FA

Equivalent Revenue Requirement(ERR)

Size  ERR

20.00 $120,426
21.00 $118,901
22.00 $117,486
23.00 $116,327
24.00 $115,375
25.00 $114,625
26.00 $114,827
27.00 $115,050
28.00 $115,294
29.00 $115,558
30.00 $115,842
31.00 $116,148
32.00 $116,480
33.00 $116,840
34.00 $117,234
35.00 $117,666
36.00 $118,140
37.00 $118,663
38.00 $119,241
39.00 $119,879
40.00 $120,584
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Table 7.3: Result of a 25 MVA transformer on load growth path #41, case #1 study

25_00MVA Path No.41

Year MVA Ulk Tk CCk COLk CFk RRKk
1 25.00 421866 33749 90701 28089 0 118791
2 25.00 409210 32737 88360 29180 1969 119508
3 25.00 396554 31724 86018 30321 1898 118238
4 25.00 383898 30712 83677 31518 1828 117023
5 25.00 371242 29699 81336 32861 1758 115954
6 25.00 358586 28687 78994 34274 1687 114956
7 25.00 345930 27674 76653 35762 1617 114032
8 25.00 333274 26662 74312 37329 1547 113187
9 25.00 320618 25649 71970 38979 1477 112426

10 25.00 307962 24637 69629 40717 1406 111752
11 25.00 295306 23624 67288 42549 1336 111173
12 25.00 282650 22612 64946 44480 1266 110692
13 25.00 269994 21600 62605 46516 1195 110316
14 25.00 257338 20587 60264 48662 1125 110051
15 25.00 244682 19575 57922 50926 1055 109903

16 25.00 232026 18562 55581 53314 984 109879
17 25.00 219370 17550 53239 55834 914 109987
18 25.00 206714 16537 50898 58493 844 110235
19 25.00 194058 15525 48557 61299 773 110630
20 25.00 181402 14512 46215 64262 703 111181
21 25.00 168746 13500 43874 67391 633 111898
22 25.00 156090 12487 41533 70695 562 112790
23 25.00 143434 11475 39191 74185 492 113868
24 25.00 130778 10462 36850 77871 422 115143
25 25.00 118122 9450 34509 81766 352 116626
26 25.00 105466 8437 32167 85882 281 118331
27 25.00 92810 7425 29826 90233 211 120270
28 25.00 80154 6412 27485 94831 141 122456
29 25.00 67499 5400 25143 99693 70 124906
30 25.00 54843 4387 22802 104833 0 127635

Levelized Revenue Requirement = $114,817
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Table 7.4: Life cycle study result of case #1°s 25 MVA transformer (path #41)

Transformer Thermal Loading Program
Life Cycle Study of Transformer using IEEE Clause 7 Thermal model

Year 2001

% Loss Remain Remain Max . Max . Acc. Used

of Life Tensile DP Hot Spot Top Oil %LOF Life(yrs)
January 0.000 97.05 1400 45.3 31.1 0.000 0.00
February 0.000 97.05 1400 52.4 36.7 0.000 0.00
March 0.000 97.05 1400 55.8 38.2 0.000 0.00
April 0.000 97.05 1400 56.6 39.0 0.001 0.00
May 0.001 97.05 1400 63.0 43.5 0.001 0.00
June 0.002 97.04 1400 75.0 53.8 0.003 0.00
July 0.011 97.03 1399 88.3 63.1 0.014 0.00
August 0.013 97.01 1398 90.3 65.1 0.027 0.00
September 0.002 97.01 1398 74.6 53.3 0.029 0.01
October 0.001 97.00 1398 66.4 46.9 0.030 0.01
November 0.000 97.00 1398 61.1 41.6 0.030 0.01
December 0.000 97.00 1398 53.7 36.1 0.030 0.01
Maximum Loading= 0.814 Used Life= 0.01 years(46 hrs)
Year 2030

% Loss Remain Remain Max . Max . Acc. Used

of Life Tensile DP Hot Spot Top Oil %LOF Life(yrs)
January 0.008 23.95 228 87.1 51.9 88.567 15.17
February 0.027 23.94 228 99.1 60.2 88.594 15.17
March 0.077 23.91 227 108.6 65.1 88.671 15.18
April 0.082 23.88 227 109.4 65.9 88.752 15.20
May 0.282 23.77 226 122.0 73.7 89.035 15.25
June 1.437 23.24 223 139.5 87.1 90.472 15.49
July 12.502 19.07 193 165.8 103.7 102.974 17.63
August 14.647 15.13 164 167.8 105.7 117.621 20.14
September 1.373 14.81 161 139.1 86.7 118.993 20.38
October 0.378 14.72 161 125.4 77.1 119.371 20.44
November 0.221 14.67 160 120.1 71.8 119.592 20.48
December 0.060 14 .65 160 106.5 63.0 119.652 20.49

Maximum Loading= 1.435 Used Life= 20.49 years(179478 hrs)
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Figure 7.1: Hottest-spot and top-oil temperature of case #1’s 25 MVA transformer (Path #41)

7.2.2 Case #2, Transformer Replacement with Moderate Load Growth Rate

The first four years of load growth is constructed using the spreadsheet and the probability tree
with the high, expected, and low load growth rate of 2.0, 1.75, and 1.0 %, respectively. The
choices compared are: (i) “replace now” or (ii) “delay replacement” at the end of the existing
transformer’s life. The transformer size ranges from 20-40MVA. Table 7.5 shows the result. The
Equivalent Revenue Requirement (ERR) reaches a minimum of $91,327 in the “delay replace-
ment” option with 0.8 pu peak load criteria. In this example, the delay replacement option is
economically favorable. The existing transformer is able to be in operation for 9 yrs. before its
life ends. The result is shown in Table 7.7. When the transformer’s life ends at 10" year, the
30.18MVA unit replaces the existing 18 MVA transformer. The load at that time is 24.1MVA.
This corresponds to 0.8 pu peak load criterion (= 24.1/30.18). The “replace now” option is eco-
nomically more expensive compared to the “delay replacement” option. It can be seen that the
maximum hottest-spot and top-oil temp. at 9" year is 150.6°C, 96.5 C respectively, which is too
high with a considerable amount of loss-of-life. The “replace now” option gives the minimum
ERR of $125,706 for a 28 MVA transformer, compared to the “delay replacement” of $91,327.
The utility can save $34,379 per year by choosing to overload the existing transformer.
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Table 7.5: Result of case #2 study

Transformer Delay Replacement Program

Top-oil rise over ambient at rated load
Hottest-spot rise over top oil at rated load
Oil time constant

1.25 hours

Winding time constant = 5.0 minutes
Cooling mode is FA

Equivalent Revenue Requirement(ERR) for Replace Now Option

Size

20.
21.
22.
23.
24.
25.
26.
.00
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.

27

Equivalent Revenue Requirement(ERR) for Delay Replacement Option

00
00
00
00
00
00
00

00
00
00
00
00
00
00
00
00
00
00
00
00

ERR
$134,345
$132,260
$130,365
$128,753
$127,327
$126,051
$125,852
$125,737
$125,706
$125,762
$125,909
$126,150
$126,493
$126,945
$127,513
$128,205
$129,031
$129,999
$131,119
$132,402
$133,858

Peak Load ERR

RPOOOOO

-50
.60
.70
-80
-90
.00

$101,798
$93,795
$91,569
$91,327
$91,858
$94,336
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Table 7.6: Detailed result of delay replacement with 0.8 per-unit peak load criterion on load
growth path #41, case #2 study

18.00MVA Path No.41

Year MVA Ulk Tk CCk COLk CFk RRk
1 18.00 85000 6800 25925 35888 227 62040
2 18.00 74800 5084 24038 37488 170 61696
3 18.00 64600 5168 22151 39169 113 61433
4 18.00 54400 4352 20264 40937 57 61258
5 18.00 44200 3536 18377 42945 0 61322
6 18.00 34000 2720 16490 45066 0 61556
7 18.00 23800 1904 14603 47307 0 61910
8 18.00 13600 1088 12716 49674 0 62390
9 18.00 3400 272 10829 52176 0 29005

10 30.18 463233 37059 99595 40242 0 139837

11 30.18 449336 35947 97024 41882 2162 141068
12 30.18 435439 34835 94453 43606 2085 140144
13 30.18 421542 33723 91882 45419 2007 139308
14 30.18 407645 32612 89311 47326 1930 138567
15 30.18 393748 31500 86740 49331 1853 137925
16 30.18 379851 30388 84169 51442 1776 137387
17 30.18 365954 29276 81598 53664 1699 136961
18 30.18 352057 28165 79027 56003 1621 136652
19 30.18 338160 27053 76457 58467 1544 136468
20 30.18 324263 25941 73886 61062 1467 136414
21 30.18 310366 24829 71315 63796 1390 136500
22 30.18 296469 23718 68744 66678 1312 136734
23 30.18 282572 22606 66173 69715 1235 137123
24 30.18 268675 21494 63602 72918 1158 137677
25 30.18 254778 20382 61031 76295 1081 138406
26 30.18 240881 19270 58460 79857 1004 139320

27 30.18 226984 18159 55889 83615 926 140430
28 30.18 213087 17047 53318 87580 849 141748
29 30.18 199190 15935 50747 91766 772 143285
30 30.18 185293 14823 48176 96183 695 145054

Levelized Revenue Requirement = $91,772

7.3 Summary

Simulation results for two case studies are presented here. Case studies: #1 relate to the problem
of sizing a new transformer, whereas, #2 deals with the problem of an existing system and to
evaluate the “delay replacement” option of an existing 18 MVA power transformer. .Both cases
#1 and #2 assume moderate (1.75%) load growth.

Load growth rate is a very important factor that needs to be considered in transformer sizing. The
analyses and results yield that the most economical transformer’s sizes for Case #1 (moderate
load growth) is 25MVA.
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In Case #2 (moderate load growth), the rating of the existing transformer is assumed to be 18
MVA with 0.25 pu remaining life. The system is experiencing overload and utility engineers are
trying to look into both “replace now” or “delay replacement” option. In both cases, the most
economical choice goes to “delay replacement” option. In Case #2, the delay replacement option
yields the lower ERR of $91,327 when the new transformer with the initial loading at 0.8 per-
unit is selected. The replace now option gives the much higher ERR of $125,796 for a new 28
MVA transformer. The existing transformer can be allowed to overload for the next 9 years until
it needs replacement. The “delay replacement” clearly saves utility $34,379 annually.

These case studies utilize typical load profiles, ambient temperature, economic and financial da-
ta. However, the optimization techniques presented in this report can be applied to any real situa-
tions.

Table 7.7: Life cycle study result case #2’s existing 18 MVA transformer (path #41)

Program Transformer Overloading Version 1.0
Life Cycle Study of Transformer using IEEE Clause 7 Thermal model

Year 2001

% Loss Remain Remain Max . Max . Acc. Used

of Life Tensile DP Hot Spot Top Oil %LOF Life(yrs)
January 0.001 29.67 266 64.4 40.4 75.001 12.84
February 0.002 29.67 266 73.8 47 .2 75.002 12.84
March 0.004 29.67 266 80.0 50.3 75.006 12.84
April 0.004 29.67 266 80.8 51.1 75.010 12.84
May 0.011 29.66 266 90.1 57.1 75.021 12.85
June 0.056 29.64 265 104.6 68.8 75.077 12.86
July 0.374 29.46 264 123.9 81.5 75.450 12.92
August 0.453 29.25 263 125.9 83.5 75.903 13.00
September 0.053 29.23 263 104.2 68.4 75.955 13.01
October 0.016 29.22 263 93.5 60.4 75.971 13.01
November 0.009 29.22 263 88.2 55.2 75.980 13.01
December 0.003 29.22 263 77.9 48.2 75.983 13.01

Maximum Loading= 1.131 Used Life= 13.01 years(113974 hrs)

Year 2009

% Loss Remain Remain Max . Max . Acc. Used

of Life Tensile DP Hot Spot Top Oil %LOF Life(yrs)
January 0.003 20.90 206 77.7 47.1 97.186 16.64
February 0.009 20.90 206 88.6 54.7 97.194 16.64
March 0.023 20.89 206 96.8 58.9 97.217 16.65
April 0.024 20.88 206 97.6 59.7 97.241 16.65
May 0.080 20.85 206 108.8 66.8 97.321 16.66
June 0.400 20.72 205 125.1 79.5 97.721 16.73
July 3.182 19.71 198 148.6 94.5 100.903 17.28
August 3.776 18.57 190 150.6 96.5 104.679 17.92
September 0.381 18.45 189 124.7 79.1 105.060 17.99
October 0.108 18.42 189 112.2 70.2 105.168 18.01
November 0.061 18.40 188 106.9 64.9 105.229 18.02
December 0.018 18.40 188 94.7 56.8 105.247 18.02

Maximum Loading= 1.315 Used Life= 18.02 years(157870 hrs)




8. Conclusions

The research is aimed primarily to deal with two major issues, routinely encountered by utility
planning engineers, however, without any clear answer:

(i) Economically optimize transformer sizing in a new project with load growth uncertain-
ties, and

(if) The most cost-effective transformer replacement strategy in an existing system.

Even though the optimization technique developed here is independent of the type of transformer
(size, cooling, design, applications, etc.), the numerical examples demonstrate the principles are
limited to oil-cooled power transformers, ranges typically between 10-100MVA. This method
could easily be expanded to other types of transformers and varied applications.

To address the first issue, an improved optimization method has been proposed over the conven-
tional “loss evaluation” (“Total Owning Cost”) method. Besides, the economic considerations
traditionally adopted (use of “A” and “B” factors), the proposed method also includes the trans-
former thermal model, its loss-of-life evaluation subjected to cyclic load and the ambient tem-
perature profile. To take into account the uncertainties in future load growth projection probabili-
ty tree method is introduced. The economic evaluation utilizes the “Minimum Revenue Re-
quirement” method, which is appropriate for investor-owned utilities (IOUs).

The second problem also utilizes the same tools developed in this research, namely, the thermal
model, the economic model and the probabilistic approach to load growth.

Regarding the thermal model, overloading and remaining life expectancy estimation of a trans-
former, IEEE ™ and IEC @ standards provide guidelines. These standards require a thorough un-
derstanding of the transformer design and heat-transfer equations. IEEE Clause 7 (and the IEC
standard) is simple, however, has some limitations.

In order to facilitate the use of these standards by practicing engineers and to avoid long and
complex calculations, as an integral part of this research, an interactive computer program has
been developed. Based on the research performed, the following conclusions are derived:

1) The IEEE classical model (Clause 7) is simple, easy to follow and requires minimum in-
formation. However, it has a number of limitations. It also requires less computation time. On
the other hand, IEEE Annex G model is more complex, requires additional information from the
manufacturer. This model requires small time step because it employs finite element forward
marching technique and hence, is computationally demanding. A direct comparison of the two
IEEE models reveals very close agreement for the hottest-spot temperature at steady-state and
reasonable overloading conditions. It is only at heavy overload and FOA type cooling, that the
results are different. The IEC model is similar to the IEEE classical model and is relatively sim-
ple. The major difference is the rated temperature rise and forced cooling type calculation.

2) The deterioration of insulation follows the “Reaction Rate Theory”. The hottest-spot
temperature and the exposed time reduce the mechanical tensile strength and the degree of poly-
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merization of insulation. The normal insulation life of 158,000 hours, corresponding to the “Re-
tained Tensile Strength” of 20% and the “Degree of Polymerization” of 200, is utilized in this
research as the one “per-unit” life for power distribution transformer. There exists a good corre-
lation between the RTS and the corresponding DP.

3) The thermal behaviors of the transformer are studied independent of any economic evalu-
ation. Because of the nature of this application, very little effort has been made to combine the
thermal model and the economics together with other uncertainties, namely, load growth, trans-
former failure, and the variation of the ambient temperature and the load cycle. This research has
successfully combined a number of these variables into one optimization technique.

4) The proposed optimization technique has been tested for two real commonly faced appli-
cations by the planning engineers: (i) buy a new transformer, and (ii) optimize the transformer
utilization in a retrofit design. The results obtained from the simulations are quite satisfactory.

5) As a part of this research, a software has been developed and tested. This could be very
easily used by the planning engineers as a “design tool.” However, more work is needed and
other cases must be tested.

6) The results from the proposed optimization technique should also be verified from the
field data, when possible.

8.1 Contributions of this Research:
Major contributions of this research can be outlined as follows:

e Study in depth the three thermal models (two IEEE models and the IEC model). A sim-
plified guideline for transformer overloading has also been added in the Appendix A.

e Following the concepts of Per-Unit Life, Relative Aging factor, Equivalent Aging, and
end-of-insulation-life criteria, two simple equations have been developed from some ex-
perimental data available in the published literature to estimate the transformer remaining
life.

e A Windows based, object oriented program has been developed to calculate the hottest-
spot temperature, the top- and the bottom-oil temperature for each model. The program
also calculates the loss-of-insulation-life, the remaining life, and energy losses following
the methodology developed in this research.

e A method of optimal transformer sizing (New Design) and economic replacement alter-
natives (Retrofit Applications) are presented. It employs the minimum revenue require-
ment evaluation technique, and calculation of transformer end-of-life based on the ther-
mal model, and the probability of future load growth rate.

e In order to undertake the future uncertainties, the load growth probability- tree structure

is employed. The uncertainties of load and ambient temperature are also studied using
Monte Carlo simulation.
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8.2

The program enumerates the revenue requirement for each transformer size. The mini-
mum value of revenue requirement is the most economical alternative. Examples of dif-
ferent case studies are also presented in this research.

Future Work:

The program is slow in optimization studies. Faster programming technique needs to be
employed to include uncertain future load growth.

In order to simplify, the present work assumes “Straight Line” method of depreciation of
the transformer. Other depreciation method shall be explored. A survey of depreciation
method currently adopted by the utilities would be very useful.

The calculation of loss-of-insulation-life is based on calculating its mechanical properties
(RTS and DP) after aging at constant high temperature. The mathematical modeling is
based on very limited test data. The model should be updated when more real data is
available.

The business climate is changing the way utilities are operating. The financial model with
profit-oriented objective should be further reviewed. Alternate economic models may al-
so be implemented.

“Loss Ratio (R)” used in the research is obtained from various transformer design. The

electrical efficiency of the transformer varies by this loss ratio and the daily load curve.
Sensitivity analysis should be performed for transformer buyer to minimize transformer
losses.

Further validation of the optimization techniques from the real data collected from the in-
dustry is recommended.

Theory and techniques for other transformer applications (Dry-Type, Large Power Trans-
formers, and Smaller Oil-Cooled Distribution Transformers) should be developed.
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Appendix A: Simplified Transformer Overloading Guidelines

Loading power transformers beyond the nameplate rating is commonly practiced by most utili-
ties. A simplified and general transformer overloading guidelines described below is also de-
picted in Figure A.1 and summarized in Table A.1 for further clarity and clear understanding.

Understand Transformer Nameplate Rating and Design Fundamentals - Transfor-
mer Classification (Distribution and Power); Cooling; Average Winding Temperature
Rise; Insulation Type (thermally upgraded vs. kraft paper) and Class; Allowable Hottest-
Spot Temperature and Design Limits, Insulation Life vs. Transformer Life; etc.

Determine End-of-Insulation Life Criteria and the Normal Insulation Life Value -
RTS and DP or other. Typical industry standard for transformer life is between 20 to 40
yrs. 30 yrs., is the most commonly used number.

Moisture Content - Doubling of moisture content reduces insulation life by half.

Determine the Ambient Temperature - Worst possible condition over 24 hrs. period
and estimate suitable correction. For every 1 C ambient temperature decrement, loading
capacity can be increase by 1% without any loss-of-life or vice versa.

Normal Life Expectancy Loading - Average (24 hrs.) maximum hottest-spot tempera-
ture of 110°C without exceeding the maximum value of 120°C with no additional loss-of-
life. Normal life is the transformer’s life when it operates at a constant hottest-spot tem-
perature of 110 C. No limit for loading beyond nameplate rating as long as the hottest-
spot temperatures do not exceed 110°C.

Planned Loading beyond the Nameplate Rating - Average (24 hrs.) maximum temper-
ature of 110°C without exceeding the maximum value of 130°C with limited loss-of-life.
Aging rate is double for every 6-8'C hottest-spot temperature increment.

Long-Time Emergency Loading - It is recommended that the maximum hottest-spot
temperature should not exceed 140°C, otherwise substantial loss-of-life is expected.

Short-Time Overloading - Usually last for a short-time (less than half-an hour), and the
hottest-spot temperature may go up to 180°C with severe loss-of-life. Transformer failure
is expected due to the bubble and gas formation in the oil.

Maximum Overloading at any time - Limits to 2 times the highest rating.

Maximum Allowable Absolute Temperature - 180°C (IEEE) and 160°C (IEC).

Bushing Overloading Capacities - 150'C maximum bushing hottest-spot temperature
and/or 2 times rated bushing current as per IEEE.
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e Bushing-type Current Transformer - Bushing-type current transformers have the top-
oil as their ambient, which is limited to 105 C.

e Recommended Practice - For normal operation, for the winding hottest-spot tempera-
ture, in case of OA/FA or OA/FA/FA set the alarm between 115-120°C and trip between
125°C and 130°C. For FOA cooling, it is recommended that both alarm and trip should be
set at lower values by 5-10°C. At higher operating temperatures, expect significant loss-
of-insulation-life depending on the duration, frequency, and the moisture content.

180°C | Max. Hot-Spot Temp. . .
Recommended by IEEE Short-Time Overloading
160°C
° ded,
140°c Recommended) Long-Time Overloading Limit (Substantial Loss-of-Life) | 140°C
~ 130°C T .
o - -
o R Trip Setting Planned Overloading Limit (Limited Loss-of-Life)
g 1ot Normal Life Loading Limits
[ 1o°c Alarm Setting
g Design Limits 98°C
E AT 15°C (Normal Loss-of-Life)
- 3
S 7s8s5%C] Top Ol ™ (Hot-Spot Margin) o
g op -Sp g | 69-75°C
i
=]
= AT, (Av.Winding
ATzo Temp. Rise)
= 65°C
30°C
Ta 20°C
(Ambient Temperature)
IEEE Loading Guide IEC Loading Guide
(Thermally Upgraded Paper) (Kraft Paper)

Figure A.1: The thermal and electrical limits for various types of loading

Table A.1: Thermal and electrical limits for various types of loading

IEEE IEC
Type of Loading Current | Winding Top-oil | Current | Winding | Top-oil
(pu) Hot-spot Temp. (pu) Hot-spot Temp.
Normal Life Expectancy Loading 2 120 105 15 140 105
Planned Loading be)_/ond the Nameplate 2 130 110 ) ) )
Rating
Long-Time Emergency Loading 2 140 110 15 140 115
Short-Time Emergency Loading 2 180 110 18 160 115

In case of unavailable winding hottest-spot temperature values, recommended values for the top-
oil temp. gauge settings (OA/FA, OA/FA/FA) are 100°C for alarm and 110°C for trip. For FOA,
the alarm and trip settings are lowered by 5-10°C and consult with the manufacturer.

93



In order to evaluate the transformer overloading capacity and the possible loss-of-life, the fol-
lowing factors should be considered:

Nameplate Rating

Cooling Class, Cooling Design and Design Margin

Operating Conditions - Altitude, Ambient Temperature and Seasonal Adjustment
Loading Cycle with respect to the Maximum Rating — Initial Load, Equivalent Conti-
nuous Load and Overloading Requirements

Planned Loading beyond Nameplate Rating

Long-Term Emergency Loading

Short-Term Emergency Loading

Loss-of-Life Expectancy

Other Limitations than Hottest-spot Temperature (CT, Bushings, etc.)

Cooling Upgrade

Operational and Routine Maintenance Practice

Historical Loading Data
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Appendix B: Delphi 4.0 (Pascal for Windows) Program's Screen Shots

3£ Transformer Optimal Utilization Program
File Edt Bun Help

D& ||

I amimumm K344 rating

Top il ize at rated load

IEEE Clause 7 Input

Conling
04

& Fh
£~ Mon-direct FOA&
 Direct FOA

|2uut1
[55.0

Hat spat allowance at rated load |25,U

Lozs Ratio [R)
Total Lozsses [ atts]
Qil tirme canstant [hrs.]

‘Winding time constant [minz.)

|4.1 25
IEDDDD

1.25

Figure B.1: Transformer Type and Cooling

IEEE Annex G Input

Rating I Losses Datal Oither Datal Initial Temp. I

Ore Per Unit B ating B22ET ki

Rated Winding Temp. F!iSEIBE.D C

Test Winding Rise ETE
Hat Spot Temp. Rize IW C
Top Oil Rize 5RO C
Bottom Oil Rize 250 C
Ambient Temperature 300 C

— Cooling
0

i+ FA
" Mon-Direct FOA

" Direct FO&

— Winding
AL

&+ CU

Figure B.2: IEEE Annex G Input Data File
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24hrs Load Pofile Editor

Time Per unit Ambient

1.1

=
o
N

=
o
)

Loading (Per Unit)

=
~
.

ﬂ Update |

Inzert Fow

Delete Raw

Copy Chart
Frirt

E it

e [

Moo hrs. Loading Temp.
24 hr= Load and Ambient Temperature Profile 12 1033 g;i ggg
= Loading 3 EO0 055 282
—ombert] T4 |70 ez 29s
5 10:00 088 |359
E 3 1300 1.03 |398
E 7 1400 1.07 400
o B |1500 110 400
z 9 16:00 110 |396
B 10 [1=:00 1.04 368
z 11 |21:00 088 325
@ 12 |z400 073 300
o 13
14
— 5

0.5

T T T T T -10

T T
g 10 12 14 16 18 20 22 24
Time (hr)

Mate: To delete a row and the following rows,
enter 0" or BLANE, it Time colunin and
prezs Lpdate button

Figure B.3: Daily Load and Temperature Profile

12 months Load Profile Editor
I Janwar 3‘
Y = Mo,

January Load and Ambient Temperature Profile

1.1

= =
= o -
. " .

Loading (Per Unit)

=
-~
5

= Loading
— Ambiert

(20 ainpesadwa] Jusiguey

T T T T T T T
10 12 14 16 18 20 22 24
Titme (hr)

o ]

Time Per unit Ambient

hrs.  Loading Temp. Update |
1 000 i073 300 -
2 1.00 064 2395 j Copy Data |
3 EO0 056 282
4 700 062 2948 Paste
il 1000 088 354 —l
5 1300 1.03 396
7 |1400 107 400 Insert Row |
g 1500 1.10 40,0
3 1600 110 (396 Delete Fh:wl
10 1800 1.04 368
11 21.00 088 325 Copy Chart
12 2400 073 300 —l
13
4 _pint |
15
: =

Mate: To delete a row and the following rows,

enter 0" ar BLAME. in Time column and
prezs Redraw button

Figure B.4: Monthly Load and Temperature Profile
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" Lo

ad Growth Edit

Loading (per unit)

Study Period 14 years Starting year (2000 (4 digit]

Load Growth Chart

2000 2004 2008 20!z
ear

Growth R ate Selection
% Use flat growth rate |2-DD far |14 Vear

" Ize growth rate formn table

Load 2 Growth

Mo, Wear [pu]  Rate

1 2000 (1100 | 200 « Update |
2 2001 (1122 | 2.00

3 2002 [1.744 | 200

4 2003 (1067 | 2.00 Ml
3 2004 (1191 | 200

B 2005 [1.214 | 2.00 Ml
7 2006 [1.233 | 2.00

g 2007 [1.264 | 2.00 Copy |
3 2008 [1.289 | 2.00
10 2003 [1.315 | 200 it |
11 20010 [1.341 | 2.00
12 2011 [1.368 | 2.00 )
13 2012 [1.395 | 2.00 Ll
14 2013 |1.423
15 2014
16 2015
17 2016
18 2017
13 2018
20 2019 LI

Figure B.5: Annual Load Growth Data
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IEEE AnnexG Run [ x|

Tirne IncrementID_ED mirz. Load Scaling |1_E|IJD Save to File |
Printing interyal timelsu_u inE. Print | Plat |

Transformer Thermal Loading Progran = Ok |

Load Cycle Study using IEEE innex G thermal model
Calculation is performed at 11:20:19 AM, 4/15/01

k¥4 base for loss input data = Z5000 kVi
Tewperature base for loss input data = 75 C — Initial Temp.
Winding I*ZR loss = 51690 watts & Automatic
Winding eddy laoss = 0 watts |
Stray losses = 21078 watts
Core loss = 36965 watts " Preset values
Total losses = 109754 watts
WMinding conductor is copper — Print & Plat
FPer unit eddy loss at hot spot location = 0.000
Winding time constant = 5.0 minutes |7 Hat zpot temp.
Per unit winding height to heot spot = 1.000

¥ Top oil temp.
Weight of Core & coil = 75500 lbs.
Weight of tank & £ittings = 31400 1lbs. ¥ Eottom ail temp
Fallons of fluid = 4910 gallon
Cooling f£luid iz oil ¥ winding temp.
One per unit load = 52267 EKVA W Ambient temp.

Cooling mode is Fi
¥ Plot 110 C Line

At thiz F¥i losses at 95.0 C avg, winding temv, are as ;I
/' Plot =
File  Edit
Temperature Profile Flots (IEEE Annex G Thermal Model)
160 =]
— Hot spot
Top oil
1404 —Winding
Bottom ail
120 4 — Ambient
— Loading

=

=

=
f

Temperature (C)
[u]
=

(pun 424) Bupeon

50

Time (hr)

Figure B.6 (a) (b): IEEE Annex G Run Data and Plot
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IEEE Clause 7 Run

Timne IncrementIE_DD mins.
Printing interval timelslj,u mhirs.

Load Scaling  {1.000

Save to File |

Pint | Plor |

model

4,125

= 1.25 hours

Transformer Thermal Loading Program
Load Cyecle Study using IEEE Classical

Calculation is performed at 11:21:19 AM, 4415701

Top o0il rise owver ambient at rated load =
Hottest spot rise owver top oil at rated load =
Loss ratio =
0il time constant

[Clause 7) thermal

= DKl

Winding time constant = 5.0 minutes i Initial Temp.
Cooling mode is Fi X
@ Automatic
TINE P HS  TT0  AME B
HOURS LOAD TEMP TEMP  TEMP " Prest values
0:00 0.730 B84.8 9.6  30.0
1:00 0.640 77.6 65.2  29.5
Z:00 0.824 73.68 6l.9 8.2 _ @
300 0,608  71.1  58.8  z8.0 Pt & Flot
4:00 00592 69.1 58.3 28.7 i Hat spot temp.
5:00 0.576 67.4 57.0 2&.5
6:00 0.580 65.8 55.3 28.2 ¥ Top oil temp.
7:00 0.4620 69.5 57.9 9.5
5:00 0.707 76.7 62.5 3L.8 ¥ Ambient temp.
9:00 0.793 85.8 68.6 33.9
10:00 0.880  96.0  75.7  35.9 ¥ Plat 110 C Line
11:00 0.930 104.0 8l.8 37.1 |
A Plot =] E3
Fil= Edit
Temperature Profile Plots (IEEE Clause ¥ Thermal Model)
160
— Hat =pot
Top il
140 — Aumbiert
— Loading
1204

100

Temperature (2
o0
=

B0

(un Jad) Bupeo

Time chr)

Figure B.7 (a) (b): IEEE Clause 7 Run Data and Profile




A Life Cycle Study [_ O] %]

File Edt BRun Plot

Geptember 0,937 27,59 252 134.6 95.9 79.601 13.83
October 0.255 27.438 251 1z1.0 3.1 79,858 13.87
owvenber 0.143 Z7.42 Z51 115.7 §Z.9 G0.004 13.70
Decenher 0. 040 27.40 251 10z.4 TZ.8 G0, 044 13.71

Mawimum Loading= 1.395 Used Life= 13.71 years(l20066 hrs)

Tear 2013

% Loss Femain FRemain Ma. Max. Lo, Used

of Life Tensile DP Hot Zpot Top 01l *LOF Life(yrs)
Jaruary 0.007 27.40 251 g85.8 6l.1 G80.051 13.71
February 0.024 27,39 251 Q7.8 70,5 50,074 13.71
March 0.069 27,36 251 107.4 76,8 G60.143 13.72
April 0.073 Z7.33 250 108.2 7.6 G0.216 13.74
May 0,257 27021 250 1z0.9 g7.0 50,474 13.78
Jutne 1.334 Z6.65 246 138.5 101.7 G51.807 14.01
July 11.9584 Z2.05 Z15 lg5.2 121.5 93,791 16,06
Lzt 14,045 17.66 183 167.2 123.5 107.836 15.47
September 1.273 17.31 180 138.1 101.3 109.109 18.68
October 0,345 17,22 150 1z24.2 90.3 109,454 15.74
Howvenher 0.z201 17.16 1739 119.0 85.0 109.654 15.78
Decenber 0.054 17.15 179 105.3 74,7 109,708 15.79

Maximum Loading= 1.423 Used Life= 15.79 years(ledi63 hrs)

Figure B.8: Life Cycle Analysis Calculated Data

Life Cycle Study Chart _ O] x|

Fil=  Edit Display
Loss of Transfarmer Life {in years) Remain Degree of Polymerization (OF)

o B Annual LOF 1,400 15 = Remain 0P
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£ 90 15 B |- Moo LOF B Top Oil
5 B0 Iz
= 14~
7 70 ] F12 2
L i}
5 80 10 o
5 504 Sil
£ 40 6 @
[ =
£ 30 : 3
2 2 &
20 = . 0
2000 2005 2010 2002 2004 2006 2008 2010 2012 2014
e Year

Figure B.9: Life Cycle Study: Composite Chart
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ﬁ' Utihties Financial Data & Energy Cost Input

Mikirnum Tranfarmer Size I 250 MvA Energy Price I 0.035 | $lwh
b aximum Tranformer Size I 300 MY Energy Escalation Fate I 200 %

Load Growth Rate after dth year I 200 % Demand Charge I 120 &lkw
Fieturn on E quity Fate 1600 Demand Charge I 200 %
E zcalation R ate
00 @ o
Benrai e etz (HEle Peak Responsibilit Factorl 0.80
i 0.30
Dbt Ratia Randam Failure R ate I 050 %

Tax Rate BOO0D 2
b arket Walue Rate 10.00
Inflation B ate 0.00

— Emigting Tranzformer
Size 2000 by

P

i

Years in Service 25 | pears

L4 :

(25}
[mm]

Book Life FEars Remaining Life 025 | per unit

Transformer Price 40000 © %
b arket Y alue Bate 10.00

EEN

i

Figure B.10: Utility Financial Data and Energy Cost Input Data

ﬁ' Transzformer Sizing

File Datalnput Bun

Transformer Zizing Frogram for new application only

Z25.00MVA Path No.51 done.
Z6.00MVA Path No.Gl done.
Z27.00MVA Path No.51 done.
Z8.00MVA Path No.51 done.
Z9.00MVA Path No.Gl done.
30.00MVA Path No.51 done.
Efquivalent Rewvenus Requirement (ERER)
Jize ERE

Z5.00 §139,145

26.00 §139,280

27.00 $139,475

Z8.00 §139,736

259.00 §140,070

30.00 §140,485

Figure B.11: Optimum Transformer Sizing Output Data for New Procurement
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A Transformer Delay Replacement M=l E

File Datalnput  Bun

.70 pu. peak load criteria Path No.51 done. :J
.80 pu. peak load criteria Path No.51 done.
.90 pu. peak load criteria Path No.51 done.
.00 pu. peak load criteria Path No.51 done.

[ = = ]

Equivalent Rewvenues Regquirement (ERR) for Replace Now Option
Size ERR
25.00 5145,454
26.00 §145,589
27.00 §145, 754
Z5.00 $146,045
29.00 5146,373
30.00 §146,794
Equivalent Rewvenue Regquirement (ERER) for Delay Replacement Option
Peak Load ERR

0.50 $105, 631
0. 80 $97,306
0.70 §94, 797
0.80 §94,223
0.90 $94,367
1.00 $95,914

L« |

Figure B.12: Transformer Replacement Strategy Data
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Appendix C: Comparison Between IEEE Loading Guide C57.91-1995 and IEC Loading Guide IEC 354-

1991
No. Item compared IEEE C57.91-1995 IEC 354-1991 Comments
Distribution Transfor- < 2,500 kVA, 3-phase
! mer Size <500 kvA <833 kVA, single phase
Medium For IEEE’s power transformer in
<100 MVA, 3-phase excess of 100MVA overloading,
2 Power Transformer <100 MVA < 33.3 MVA, single phase refer to IEEE C57.115-1991

Size

Large
> 100 MVA, 3-phase
> 33.3 MVA, single phase

3 Average ambient temp.

24 hr. average: 30 C (40°C Max for air
cooled)

20°C (40°C Max.)

4 rise at rated load
ATyp

Average winding temp.

65°C (thermally upgraded paper)
55°C (Kraft paper)

65 C (ONAN distribution transformer)
63°C (ON.. power transformer)
63°C (OF.. power transformer)
68°C (OD.. power transformer)

Rated average winding rises in
IEC vary by cooling type.

Rated average winding temp. rise
given here is maximum design
value.

Top oil temp. rise at
5 rated load
ATTOR

55°C (45°C) for OA

50°C (40°C) for FA, < 133%

45°C (37°C) for FA, > 133%

45°C (37°C) for FOA both direct and non-
direct flow

Note: the temperature in parenthesis is for
55°C average winding rise.

55°C (ONAN distribution transformer)
52°C (ON.. power transformer)
56 C (OF.. power transformer)
49°C (OD.. power transformer)

Rated top oil temp. rises given
here are typical values.
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COMPARISON BETWEEN IEEE LOADING GUIDE C57.91-1995 AND IEC LOADING GUIDE IEC 354-

1991 (Contd.)

Hot spot allowance
(over top oil rise at rated
6 load)

AT

The standard preferably recommends using
imbedded detector for measuring hot spot
allowance. However, second alternative is
given by calculation as:

AT, = AT, — AT, +15(10)

AT, is calculated from avg. winding rise

over top oil plus 15(10) corresponding to 65°C
and 55°C winding rise respectively.

The third alternative is to assume that rated
hot spot rise is 80°C and 65 C for 65°C and
55°C average winding rise respectively.
Therefore, rated hot spot allowance can be
found by subtracting rated top oil rise by rated
hot spot rise. The results are as follows:

25°C (20°C) for OA

30°C (25°C) for FA, < 133%

35°C (28°C) for FA, > 133%

35°C (28°C) for FOA both direct and non-
direct flow

Using of direct measurement is recom-
mended for higher accuracy. However, the
simplified calculation is given as:

ATy = (ATWR _ATAVGOR)H
AT, is calculated from avg. winding rise

over avg. oil multiplied by H factor.
H factor varies from 1.1 to 1.5 depending
on transformer size and design.

23°C (ONAN distribution transformer)
26°C (ON.. power transformer)
22°C (OF.. power transformer)
29°C (OD.. power transformer)

See IEC thermal diagram from
Figure 3.4.

Rated hot spot
temp. rise

65°C (55 C winding rise)
80°C (65°C winding rise)

78°C

Rated hot spot temp. rise given
here is maximum design value.

Hot spot temp. rise
ATy

AT, = ATy, + AT,

AT, = ATy, + AT,
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Rated hot spot

95°C (55 C winding rise)

98°C
110°C (when thermally upgraded paper is

As IEC 76-2 does not consider
thermally upgraded insulation for
oil-immersed transformer, temper-
ature rise limits and improvement
in thermal behavior may be taken
into account by agreement be-

temperature 110°C (65 C winding rise) used.) tween the manufacturer and user.
A normal life expectancy at hot
spot temperature of 110°C is used.
Rated hot spot temperature given
here is maximum design value.
ON.. cooling The oil exponential, », of IEEE
K2R +1) and IEC loading guide is the same
ATy, = AT, pp| ——— for all cooling types.
TO T()R( R+1 J g yp
n = 0.8 for ONAN distr. transformer
= 0.9 for ON. power transformer
AT — a7 | K°R+1 ' OF.. & OD.. cooling
| o TRl R4l Top oil rise is calculated from bottom oil
Top oil temp. rise . . . il ri
10 P . Same equation is applied for all cooling type. & avg. oil rise.

ATy

n =0.8 for OA
=0.9 for FA
=1.0 for FOA

2 n
AT, AT[MJ .

R+1
Z(An VGOR ™ AT, BOR)K 2

n=1.0
m = 0.8 for OF..
=1.0 for OD..

2(AT ,y60r — ATs0r) is @ calculated value
of top oil rise over bottom oil.
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Hot spot allowance

AT, = AT K"

AT, = AT K*"

The winding exponential, m, of
IEEE and IEC loading guide is the

1Az, m = 0.8 for OA, FA, NDFOA m = 0.8 for ONAN, ON.. & OF.. same for all cooling types.
= 1.0 for DFOA =1.0 for OD..
Top oil temp. rise follows exponential equa- Top oil rise in ON.. cooling and bottom oil | IEEE’s oil time constant, 7, , has
tion. rise in OE..&OD.._ cooling also follow to be corrected if oil exponential,
exponential equation. / n, is not equal to 1.0, but IEC does
AT =AT, + (ATT(),u - ATTO,i)(l_ eit/m) ATy = ATy, + ATy, — ATy, )= ") not mention this issue.
1 Top oil temp. rise where ATy = ATyo, +(ATy, = ATy, )L—e'")
ATy, 7, is oil time constant (~ 3 hrs.) The second term of AT, for OF.. and
OD.. cooling, 2(AT,ycon—ATpo) K",
follows exponential equation but at faster
winding time constant. IEC recommends
neglecting this time constant.
For 110°C rated hot spot No absolute life is mentioned in the IEC IEC doesn’t give absolute life.
{ 15000 } standard but relative aging.. IEEE no longer specifies absolute
Per Unit Life = 9.80x1071 ¢l 5777 life, however, still gives various
[@ 15000 ] Relative aging rate is double for every absolute life from different end of
Relative aging rate (F,,) = et Tm5+%7 fixed 6'C increase in hot spot temperature. | life criteria for information only.
For 95°C rated hot spot
{ 15000 } Relative aging rate = 2579/
13 | Loss of insulation life Per Unit Life = 2.00x10 8l Tns+27

15000 15000 }

Relative aging rate = e[ 38 Tase273

Aging rate is double when hot spot tempera-
ture increases about 7-8°C in the hot spot
temperature ranges from 110-140°C.
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