iriried applied
L sciences

Article
Demand Side Management Effects on Substation
Transformer Capacity Limits

Kerry D. McBee, Jacquelyn Chong and Prasanth Rudraraju *

Department of Electrical and Computer Engineering, California State University, Fresno, CA 93740, USA
* Correspondence: prasanthrudraraju@mail.fresnostate.edu

check for
Received: 24 June 2019; Accepted: 7 August 2019; Published: 9 August 2019 updates

Featured Application: The research provides insight into the effects that high penetrations of
photovoltaic (PV) systems, energy storage (ES) applications, and electric vehicle (EV) charging
systems will have on substation transformer capacity ratings. The manuscript identifies how
these applications change the operational conditions of a transformer to the point where capacity
ratings (normal and emergency) should be adjusted to account for the additional internal heating
in the windings and oil. The research also identifies how harmonic distortion induced by PV, ES,
and EV charging equipment affects capacity ratings. The results of the analysis are utilized to
describe mitigating approaches for existing units and new units being designed. The approaches
are applied to the design attributes of a 50 MVA SPX Waukesha transformer.

Abstract: In high penetrations, demand side management (DMS) applications augment a substation
power transformer’s load profile, which can ultimately affect the unit’s capacity limits. Energy storage
(ES) applications reduce the evening peaking demand, while time-of-use rates incentivize end-users
to charge electric vehicles overnight. The daily load profile is further augmented by high penetrations
of photovoltaic (PV) systems, which reduce the midday demand. The resulting load profile exhibits
a more flattened characteristic when compared to the historical cyclic profile. Although the initial
impact of PV and ES applications may reduce a unit’s peak demand, long-term system planning and
emergency conditions may require operation near or above the nameplate rating. Researchers have
already determined that a flattened load profile excessively ages a unit’s dielectrics more rapidly. The
focus of this research was to identify an approach for establishing new transformer capacity limits
for units serving flattened load profiles with a high harmonic content. The analysis utilizes IEEE
standards C57.91 and C57.110 to develop an aging model of a 50 MVA SPX Waukesha transformer.
The results establish a guideline for determining transformer capacity limits for normal operation,
long-term emergency operation, and short-term emergency operation when serving systems with
high penetrations of DSM applications.

Keywords: demand side management; electric vehicles; energy storage; harmonic distortion;
photovoltaic; power quality; power transformer; total harmonic distortion

1. Introduction

Substation planning is heavily reliant upon identifying the proper capacity for its transformers.
Substation bus work and breaker equipment is designed to support the total specified MVA output
as defined by the transformer capacity, which can vary from utility to utility depending upon
operating conditions [1]. Increased implementation of demand side management (DSM) to control
high penetrations of energy storage (ES) applications and electric vehicle (EV) charging can greatly
affect the demand profile substation transformers typically experience. When the effects of EV charging
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and ES applications are combined with the output of photovoltaic (PV) systems, the existing capacity
limits of installed substation transformers can be affected.

The nameplate rating of a transformer is based upon given criteria established by IEEE Std.
C57.91-2011 [2]. The ratings are determined by identifying the MVA output (under specific operating
conditions) that produces a specific transformer internal temperature, which dictates the normal and
emergency capacity ratings of the unit [2]. Acceptable operating temperatures are established based
upon safety limits for oil temperature and the location on the conductor windings that experience the
highest temperature, which is commonly referred to as the hottest spot. Dielectric breakdown of the
insulation occurs more rapidly at the hottest spot location. Transformer aging typically refers to the
condition of the insulation at this winding location [2]. These standards, which measure hottest spot
effects as a function of demand, allow utilities to compare the operation of units manufactured by
different companies, who still must comply with the same rating standards [1].

The utilized capacity of a transformer, which may be different from the actual nameplate rating,
is usually tied to the end of life of a given unit [1]. Utilities determine the units capacity limits by
identifying the peak output that a unit can produce without severely reducing the amount of expected
life, which is estimated at approximately 180,000 h or 25 years [2]. Many transformers in use today were
designed or specified based upon a specific peak energy demand and load factor. As the penetration of
distributed energy resources (DER) increases on the distribution system, utilities will seek to control
their usage and output through DSM programs to optimize the operation of the grid, prolong the
need for adding capacity, prevent the need to run less efficient peaking generators, and prolong the
life of distribution and transmission equipment [3]. Unfortunately, in high penetrations these energy
applications augment the load profile typically experienced by a substation transformer [4,5].

The power industry paradigm that has been in existence for nearly a century is changing from
one that leans heavily upon centrally owned power plants to one that consists of thousands of energy
suppliers in the form of residential PV and ES systems. The increased number of sources, which are
not directly controlled by utilities, introduce uncertainty in the stability of the system. To promote
stability and increase overall system efficiency, utilities and government agencies implement numerous
programs to indirectly control residential generation and energy usage. For cases where the penetration
of customer participation is high, substation transformers may experience operating conditions
sufficient to lower existing capacity limits [6]. Substation transformer derating due to a DSM program
was first documented in the publication by Staats, which attempted to address transformer capacity
derating due to high penetrations of electric vehicle (EV) charging [7].

High penetrations of PV systems, ES applications, and EV charging can severely modify the
characteristics of a power transformer’s daily load profile, which historically allowed for a cooling
down period at some point during the day [1,2,6,8]. The new load profile, which is flatter than the
historical profile, can possibly lead to increased operating temperatures given the same peak demand.
The increased transformer temperatures can lead to higher than expected losses, aging, and damage
when compared to the operation of a power transformers serving a historical cyclic load profile.

As the energy demand approaches the pre-established capacity limit of a transformer, internal
operating temperatures increase at an exponential rate, which inherently increases the temperature
at the hottest spot and thereby the aging of the transformer insulation [2]. As evident in Figure 1,
which represents the aging of a 50 kVA transformer unit as a function of per unit load, aging increases
nonlinearly when the peak demand is greater than 0.95 per unit at rated ambient temperature. For a
flattened load profile, which is considered abnormal by IEEE Std. 57.91, this excessive aging occurs for
longer periods of time when compared to that of a traditional cyclic load profile [2]. For operations
beyond the established capacity limit, sustained internal temperatures beyond recommended IEEE
limits can result in equipment damage and/or catastrophic failure [2].
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Figure 1. Paper insulation aging as a function of per unit load for a 50 kVA liquid immersed transformer.

The research performed by McBee illustrated how a flattened load profile will increase the aging
of a 50 MVA SPX Waukesha power transformer due to increased temperatures at the hottest spot [6].
The goal of the research was to determine if high penetrations of PV, ES applications, and EV charging
would affect the aging of a typical substation transformer in the US. Utilizing the results from various
research endeavors focusing on the grid impact of PV, ES applications, and EV charging, the authors
established two test load profiles, one representing the historical load profile and a second representing
the effects of high penetrations of PV, ES applications, and EV charging. Transformer aging due to both
load profiles were analyzed and compared with the methods described IEEE Std. C57.91-2011 [2]. The
analysis revealed that given the same peak demand, a flattened profile can age transformer insulation
at a rate 50% greater than expected [6]. With aging identified previously, the author’s goal for this
manuscript is to determine how to mitigate the excessive aging induced by high penetrations of PV, ES
applications, and EV charging.

Although the initial impact of increased penetration rates of renewable energy devices and
ES applications may lower the peak energy demand on substation transformers, long-term system
planning dictates that utility companies utilize substation transformer units to their full capacity [1,9].
Consider the long-term options when a substation unit fails on a system serving flattened load profiles.
If ES applications have severely reduced the peak demand as compared to the historic demand, the
utility would have no incentive to install a unit with the same peak capacity. The load is picked up
indefinitely by a neighboring unit or the unit is replaced with a smaller and less expensive unit. From
a power system planning perspective, there are still thousands of units in existence on the grid that
should be utilized to their full potential [10-12]. Therefore, over time “underloaded” units would be
phased out as the equipment fails or is upgraded.

Integration of PV, ES applications, and EV charging requires the implementation of power
electronics, which increase the harmonic distortion on the grid. The heat generated from harmonic
distortion also contributes to the internal heating of a transformer, which increases aging and can
thereby impact capacity limits [9,13,14]. Although there are equipment standards that limit the amount
of harmonic distortion induced by a single device, system values exceeding IEEE Std. 519-2014
harmonic voltage limits have been recorded on power systems even though the induced harmonic
current levels are considered acceptable [15-18].

The goal of the described research is to develop an approach for establishing acceptable capacity
limits or design requirements for units that serve a flattened load profile with a significant harmonic
content. As with the research performed previously by the authors, a transformer aging model
based upon IEEE Std. C57.91 and IEEE Std. C57.110 was utilized to identify load profile effects on
internal temperatures and thereby capacity limits [6]. The derating and design parameter identification
procedures were applied to the same 50 MVA, 118/14.3 kV, Z = 12%, SPX Waukesha transformer
utilized to establish excessive transformer aging due to a flattened profile [6]. The model was built
utilizing data from the SPX manufactured test report. The analysis assumes the unit’s solid dielectrics
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were comprised of thermally upgraded kraft (TUK) paper and the liquid dielectric consisted of mineral
oil, both of which are considered industry standards.

2. Load Profile Development

Determining methods for evaluating transformer capacity is heavily reliant upon establishing
operating conditions that reflect the (1) historical transformer load profiles and (2) the implementation
of DSM programs applied to high penetrations of DER applications. The main difference in transformer
capacity can be characterized by comparing the internal temperatures induced by the historical load
profile to those produced by a profile flattened by high penetrations of PV, ES applications, and
EV charging.

2.1. Historical Profile vs. Flattened Profile

The research performed previously by the authors established a (1) typical load profile and (2) a
load profile that exhibits more flattened characteristics due to high penetrations of PV, ES applications,
and EV charging [6]. These profiles are utilized in this research as Profile B (typical load profile) and
Profile A (load profile with high penetrations of DER and DSM). The profiles were developed by
combining field measurements and results from numerous research projects.

A typical substation transformer load profile (Profile B) was established from load profile
descriptions given in Willis, examples provided in IEEE Std. C57.91-2011, and field measurements
acquired in McBee, which also correspond to the results presented in research by Vasudevarao, Stifter,
and Zehetbauer [1,2,8,19]. To evaluate the impact of high penetrations of PV, load profile changes
established in research performed by CalISO was applied to the typical load profile [5]. These results
also aligned with profiles developed in research performed by Fezai and Belhadj [20]. To account for
the impact of high penetrations of ES applications, the load profile changes established in Munson’s
research was applied to the typical profile [4]. These profile augmentations align with changes
produced by hybrid PV and ES systems that are utilized to improve grid stability and customer
participation [21-24]. Utilizing time-of-use practices by utility companies such as Pacific Gas & Electric
in California that incentivize customers to charge during the period between 11pm and 7am, the impact
of EV charging was applied to the typical load profile [25]. These load profile changes align with the
predictions documented in research by Rezaee, Farjah, and Khorramdel [26]. The resulting load profile
exhibits more flattened characteristics than the historical profile. Given the goal of DSM applications
and the system impact of DER applications, these profile variations should be expected if penetrations
are high.

The goal of DSM is to augment the energy demanded by customers so that it is economically and
operationally efficient. With high penetrations of DER, including EVs operating as vehicle-to-grid (V2G)
devices, the impact is sufficient to change the characteristics of a transformer’s load profile [27-29].
Many utility companies utilize load profile characteristics to establish capacity ratings [1,2]. Therefore,
changing a unit’s load profile can inherently change its effective rating.

The penetration of ES applications is expected to continue to grow [27]. One of the main goals of
applying ES applications is to diminish the need to operate less efficient “peaking” generators when
customer demand is high. In high penetrations, this peak shaving application severely augments
the historical load profile during the peaking period [1,28]. Most energy supplied to ES applications
originates from PV systems, residential and utility owned. In high penetrations, PV systems will also
augment the historical load profile [3,4,28].

PV systems are becoming more popular as home builders and local governments drive to install
more net zero homes [30-32]. Energy generation from PV systems is a function of sunlight, and
therefore peak generation occurs from sunrise to sundown. In high penetrations, PV generation
reduces the energy consumption during this period, which causes the 24 hr load profile to resemble a
“duck curve” [5]. Due to economics and system stability, some energy generated by PV systems is
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stored in ES applications and released during the peaking period. This application further flattens the
load profiles experienced by substation transformers.

Due to the amount of energy required to charge EVs, many utilities utilize time-of-use rates to
influence customers to charge their vehicles during off-peak hours, which occurs between the period
of 11 pm and 7 am [33,34]. This energy shift increases a power transformer’s load profile during this
period, which is historically low. As the penetration of EVs increase, it is expected that the nightly
energy demand will continue to grow.

The combined effects from high penetrations of ES applications, PV systems, and nightly EV
charging will make the historical load profile flatter. A load profile is quantified by the term “load
factor” (LF), which is measured by dividing average demand (L4y¢) by the peak demand (Lpk), as
illustrated in (1). A typical historical load factor ranges between 0.50 and 0.75. Increased penetration
of ES applications, PV systems, and EV charging systems can result in LF values in excess of 0.80.
The new load profile, which reflects the effects of high penetrations of DSM and DER applications, is
flatter, illustrated in Figure 2, and designated as Profile A in this research. To identify the appropriate
capacity limit, the authors analyzed the effects of Profile A with varying peak energy demands
(range: 75-1.20 per unit). Unlike the historical load profile, which is illustrated as Profile B in Figure 3,
the LF for the flattened profile ranges between 0.835 and 0.913 depending on peak demand.
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Figure 2. DER effects on historical load profile that result in a flattened load profile (Profile A).
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Figure 3. Historical cyclic load profile (Profile B) experienced by substation transformers.

The historical load profile utilized in the comparison analysis possessed the typical characteristics
historically experienced by substation power transformers [1,2,7]. The period between 12am and 6am
illustrates the lowest demand, while the peak demand occurs near 6 pm. The peak demand for the
profile was varied for the analysis so that aging comparison could be performed for varying loads.
As with peak load augmentations with Profile A, increases in demand were performed by equally



Appl. Sci. 2019, 9, 3266 60f19

increasing the energy demand for all hours. The load factor for the profile utilized for the analyses
ranged between 0.65 and 0.78 depending upon energy peak (range: 0.90-1.50 per unit).

2.2. Harmonic Distortion Evaluation

Derating distribution, industrial, or commercial transformers due to heating induced by harmonics
distortion is a well-documented application [35-39]. As defined in Faiz, Ghazizadeh, and Oraee,
the four methods applicable to derating transformers include IEEE recommendations, analytical
methods, experimental approaches, and finite elements [14]. Depending upon the application, load
type, and available transformer and system information, each approach possesses disadvantages
and advantages. Within these classifications, researchers have developed numerous approaches for
derating transformers serving nonlinear loads [40-43]. However, as defined by the research in Das and
Radakovic, not all transformers serving nonlinear loads must be derated. Derating is dependent upon
the transformer’s top oil temperature rise (TOR), which is a function of ambient temperature, loading,
solid and liquid dielectric properties, and transformer construction [9].

Historically, most system problems caused by harmonic distortion originate at a single source
or customer, which prompts mitigation efforts to be directed exclusively at one location, bus, circuit,
or subdistribution circuit. In fact, most research endeavors focus on derating transformers rated
less than 2 MVA that serve mostly dedicated nonlinear loads [9,35-43]. For substation transformers
that serve a combination of residential, industrial, and commercial loads, accounting for harmonic is
typically ignored due to the low levels of distortion and isolation of problems [1]. As the penetration
of nonlinear loads increase on the grid in the form of DER power electronics, computer supported
equipment, and electronic devices, should harmonic distortion be accounted for in determining
substation transformer capacity?

The heat generated by harmonic distortion—both current and voltage—can accelerate the aging
of transformers depending upon it effects on TOR and the surrounding ambient temperatures [9,13,17].
The research performed previously by the authors identified additional heating as an effect of serving
a flattened load profile due to high penetrations of PV, ES applications, and EV charging [6]. Therefore,
combining the heat produced by nonlinear devices and the heat produced by a flattened load profile
can accelerate insulation aging when compared to that induced by a historical demand.

DER applications, residential and utility owned, rely upon inverter based power electronics,
which introduce harmonics onto the system they are connected with. The increased implementation of
DER applications contribute to the existing levels of harmonic distortion, which is a result of consumer
electronic devices, fluorescent lighting, high efficient appliances, and computers. Although several
industry standards limit the amount of harmonic distortion produced by individual nonlinear devices
(inverters, CFLs, etc.), the overall accumulation of distortion may still rise above acceptable limits
listed in IEEE Std. 519-2014 [15-17,44,45]. Before one can determine how severe harmonic distortion
will become due to high penetrations of DER devices, one must first answer the question: “What are
the typical existing levels of harmonic distortion?”

To identify an existing harmonic distortion baseline for the transformer capacity analysis,
the existing harmonic distortion on a 15 kV distribution system located in an urban area
(>750,000 end-users) was evaluated by the authors. The results of the analysis are to be utilized
to develop the appropriate harmonic spectrum for the transformer capacity analysis. The assessment
included analyzing voltage and current harmonic distortion measurements acquired during 401 quality
service investigations performed by the utility company at end-user service meters between 2009 and
2015. The assessments, which were performed on seventy-four different 13.2 kV feeders, led to the
identification of four substation power transformers that serve feeders possessing low (<3%), medium
(3-5%), and high (>5%) levels of voltage total harmonic distortion (THDy). Moving forward these
transformers are referred to as XFMR 1, XFMR 2, XFMR 3, and XFMR 4.

Because transformer aging is a function of current harmonic distortion, the harmonic current
spectrum of the load on each substation transformer was monitored for ten consecutive days. The
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results indicate that even at today’s low levels of DER penetration, current total harmonic distortion
(THDy) at substation transformers can fluctuate between 3 and 9% during peak load conditions even if
THDy is below the IEEE Std. 519 limit of 5% [15]. These results suggest that increased penetrations of
PV, ES applications, and EV charging may easily push the average THDy above 10%. Tables 1 and 2
list the results of the substation transformer monitoring analysis. Figure 4 illustrates the harmonic
spectrum of XFMR 4.

For the capacity limit analysis of the 50 MVA SPX transformer, the harmonic distortion was varied
throughout the 24 h period to mimic the typical distortion experienced by the evaluated units. The
distortion consisted of the 3rd, 5th, and 7th harmonic frequencies and matched the harmonic composite
illustrated on XFMR 4. As THD; is increased between 0 and 35%, the contributions of the 3rd, 5th, and
7th harmonics were increased equally to maintain the percent contributions. For example, at 4am the
contribution from the 3rd harmonic distortion is always 3.75 times greater than the contribution from
the 5th harmonic distortion.

Table 1. Harmonic voltage monitoring results.

Average THDvy during

Substation Transformer  Average THDy (%) Peak THDvy (%) Peak Load (%)
XFMR 1 1.62 2.76 1.46
XFMR 2 4.53 5.52 4.40
XFMR 3 4.89 5.23 4.76
XFMR 4 5.33 7.84 4.83

Table 2. Harmonic current monitoring results.

Average THDj during

Substation Transformer Average THDj (%) Peak THDy (%) Peak Load (%)
XFMR 1 2.68 4.38 2.78
XFMR 2 10.17 15.79 9.18
XFMR 3 6.74 8.49 6.01
XFMR 4 10.45 15.13 7.67

25%
20%
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Figure 4. Current harmonic spectrum for XFMR 4.
2.3. Transformer Thermal/Aging Model Description

A transformer model based upon the IEEE Std. C57.91-2011 transient model (Annex G) was
evaluated to assess how a transformer’s solid dielectric (paper insulation) is aged by Load Profiles
A and B with varying levels of harmonic distortion. Most substation transformers are balanced
so that the voltage between phases does exceed a 3% difference. With smart grid monitoring and
switching capabilities, ensuring system balance between phases is achieved easier when compared
to past systems. The transformer model applied in the research assumes the substation transformer
serves a balanced load, which nullifies the disadvantage of applying the IEEE method for derating [14].
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Analysis of this model with varying load profiles identifies the peak demand that produces internal
transformer temperatures that meet the limits set forth by IEEE Std. C57.91-2011 for normal and
emergency capacity limits.

In accordance with IEEE Std. C57.91-2011, this paper refers to transformer aging as the mechanical
degradation of a unit’s solid dielectric by means of thermal stress that is generated from the current
flowing through the windings and leads [2]. Reducing the tensile and dielectric strengths of insulation
reduces the material’s ability to withstand short circuit stress and the associated mechanical movement,
which increases the possibility of a failure during a downstream fault event. The models utilized in
the analyses assume the transformer overall dielectric protection consists of TUK paper insulation
submerged in mineral oil, which is consider the industry standard [2].

The IEEE Std. C57.91-2011 transient model calculates temperature of the transformer winding
hottest spot, which is the area that experiences the most paper insulation aging and is considered
the “weak link” of the unit regarding potential failure. The model calculates internal temperature
variations in 30-second increments utilizing demand, ambient temperature, cooling system, winding
properties, altitude, tap position, tank configuration, rated losses, and oil properties [2]. Because
the research goal was to identify how a flattened load profile with a high harmonic content affects
transformer temperatures, derating factors such as altitude adjustment and tap position were ignored
so that a true measurement of the load profile effects could be identified. Unfortunately, the IEEE Std.
(C57.91-2011 model does not account for harmonic distortion, which is known to create additional
internal heating [13]. To account for harmonics, the harmonic loss factors described in IEEE Std.
C57.110-2008 were applied to the IEEE Std. 57.91-2011 transient model [13].

IEEE Std. 57.91-2011 categorizes transformer losses into three categories: (1) no-load losses
(excitation losses), (2) load losses (impedance losses), and (3) total losses (sum of no-load losses and
load losses) [10]. Load losses are comprised of I°R losses and “stray losses”, which are determined by
subtracting IR losses from the measured load losses during testing. Stray losses are comprised of
winding losses (conductor strand eddy current losses and circulating current between strands) and
component losses (core, core clamps, magnetic shields, and tank).

Testing has proven that winding losses (Pec) tend to be proportional to the square of the load
current and approximately proportional to the square of the frequency [13]. In short, the heat generated
in the windings by harmonic current increases at a rate that is the square of the harmonic frequency (k).
This is one of the reasons harmonics can rapidly age transformers.

Because other stray losses are manifested within the core, clamps, and other structural components,
the losses do not increase at a rate equivalent to winding losses. IEEE Std. C57.110-2008 recommends a
conservative exponent factor of 0.8 instead of the square of the harmonic frequency (/). Therefore, to
account for harmonics in the IEEE Std. C57.91-2011 transformer model, a harmonic loss factor (Fyp)
and a harmonic loss factor for other stray losses (Fyr-str) were applied to winding losses and other
stray losses within the transformer model. Equations (2) and (3) illustrate each of the loss factors, where
himax represents the maximum number of harmonic frequencies present in the spectrum, Ij represents
the rms current at the & harmonic frequency, and I; represents the rms fundamental current.

hm[lﬁ ]2 08
Z:h 11h h
Frr-str = (2)
hmax Ih]
hmax Ih] 2
h 115 h 3)
hmaA Ih]
h 1LhL
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3. Capacity Rating Procedure

Capacity limits are applied to existing transformer units to prevent excessive aging and/or
long-term equipment damage. For transformers being designed, capacity limits are utilized for
identifying the required design parameters. The following sections describe procedures for derating
the capacity limits (normal operations and emergency) of an installed unit that is impacted by a flattened
load profile with high harmonic content. Also provided are design specification recommendations for
new units to mitigate the effects of increased operating temperatures due to a flattened profile. Each
section describes the necessary procedures and then applies them to the 50 MVA SPX transformer
model to provide an example.

The authors do not assume that all transformers are represented by the 50 MVA SPX unit. However,
the analysis results are sufficient to provide insight into operating conditions that warrant additional
engineering analysis based upon actual equipment attributes, existing capacity limits, and significant
changes in the demand load profile.

3.1. Existing Unit Derating—Normal Operations

The goal of establishing a normal operation capacity limit is to ensure a transformer will
deliver power effectively for its entire life expectancy, which is defined by IEEE Std. C57.91-2011 as
approximately 180,000 h at full nameplate rating or 25 years given off-peak periods [2]. Given the
same peak demand, a transformer serving Profile A (flattened profile) experiences higher internal
temperatures for longer periods of time when compared to the effects of Profile B [6]. Units that are
currently installed on the grid were sized utilizing the typical historical cyclic load profile. Therefore, it
may be unlikely that the unit can deliver the same amount of peak demand without experiencing higher
than expected internal temperatures and ergo increased loss of life. The best approach for preventing
excessive aging of a unit is to derate the existing capacity limits [35-43]. Derating is established by
reducing the peak energy demand of the unit to a level that maintains the hottest spot temperature
(®n) below acceptable levels according to IEEE Std. C57.91-2011 [2].

Aging is affected by the ambient temperature surrounding the transformer unit; therefore, varying
weather conditions throughout the year may dictate seasonal capacity limits [14]. If a single limit is
satisfactory, analysis is performed to identify the time of year when daily average ambient temperatures
and load requirements produce the most extreme transformer aging and/or internal temperatures.

Derating the capacity limits for normal operating conditions consists of identifying a multiplier
that represents a “per unit” reduction in the existing acceptable peak demand, which could equal
the nameplate rating of the unit. A peak demand derating multiplier is identified by comparing the
original transformer aging [Ap] to the new transformer aging [Ay] induced by a flattened load profile.
With all environmental conditions the same (weather, season, etc.), the only variance between existing
Ao and Ay is the load factor, harmonic demand, and peak demand. The original aging (Ap) is a
function of the original load factor (/p), harmonic demand (/p), and peak demand (cp). Aging (An)
due to the new load requirements is a function of the new load factor (Iy), harmonic demand (hy),
and peak demand (cy). New aging should be equal to or less than the original aging (Ap), which is
illustrated in (4). The aging can be for a 24 h period, 1 week, or a month depending upon the desires of
the utility.

Ao(lo,ho,co,) = AN(IN, Iy, en,) 2 0 4)

The dielectric insulation aging methods described previously were applied to the 50 MVA SPX
test unit to identify aging associated with Profiles A (Ay) and B (Ap). Although variations in the new
load factor () and new harmonic distortion levels (hy) may not be controlled by the utility, the new
peak demand cy can be controlled by establishing operational capacity limits.

Applying the procedure to the 50 MVA SPX test unit results in the following; for the SPX test
unit to age at a rate equivalent to the one induced by Profile B (Ap) with a peak demand equal to 1.0
per unit, the peak demand of Profile A must be limited to 0.72 per unit. At this peak, the new load
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factor for the transformer demand is 0.881, which is much higher than Profile B at LF = 0.682. Table 3
summarizes the results of applying both Profiles. Figure 5 illustrates a comparison between Profile B
with 1.0 per unit peak demand and Profile A with varying peak demands ranging between 0.70-1.2 per
unit. The figure utilizes the aging associated with Profile B as the benchmark for aging that all other
conditions are compared with. For instance, a transformer experiencing a daily load profile similar to
Profile A with a peak demand of 1.0 per unit and THD; = 10% would age 2.10 times greater than a unit
serving Profile B with a 1.0 peak demand and THDy = 0%. Table 3 summarizes the derating analysis.

Table 3. Capacity Rating (% Nameplate) for Profile A & B.

Profile A B
Load Factor 0.881 0.682
Capacity Limit 0.72 per unit 1.0 per unit
7
- - PROFILE B @ 100%
6 1.2 p.u
[ 2
= 5 1.1 p.u
% 4 2.1Times Benchmark ;g p-u.
p.u
‘;’ 3 0.8 p.u
42 =
‘ o= 0.7 p.u
{ ooasasssassans
0
0 5 10 15 20 25 30 35

THD|

Figure 5. Comparison of aging induced by Profile B with peak energy demand = 1.0 per unit and
Profile A with energy demand ranging between 0.7 and 1.2 per unit.

3.2. New Unit Design Changes—Normal Operations

Utilities frequently provide design specifications to transformer manufacturers for large units
designated for utilization in power substations. Adjusting design requirements can negate the long-term
aging effects induced by Profile A with high harmonic content. Design changes to minimize aging due
to Profile A must focus on minimizing the internal heat produced by a unit through normal operation.

The aging model defined in the previous section relies upon calculating internal temperatures
of the unit, which is a function of ambient temperatures, energy demand, unit efficiency (losses:
winding, core, and stray), thermal dielectric properties, cooling system, and tank construction [2].
The aging model converts the transformer electrical and physical components into a thermal circuit
that is utilized to evaluate how rapidly heat due to current flow is dissipated through the windings,
paper insulation, oil, and physical components of the tank. The complete thermal circuit consists
of deriving the solution to thirty seven separate equations that represent temperatures at multiple
internal locations of the transformer.

The goal of the thermal is circuit to calculate the transformer’s winding hottest spot temperature
(®p), which is considered the location most susceptible to insulation failure due to heat. The thermal
circuit determines the temperature of the unit’s hottest spot for a given evaluation period (At = 0.5 min)
by calculating winding temperature based upon current flow, unit construction, and oil temperatures
within the tank (top and bottom). The calculations also account for ambient temperature, rated ambient
temperature, and the applied cooling system affects. The magnitude of @ is applied to (5), which
calculates the per unit transformer insulation aging (F44) for At. To determine the equivalent aging
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(Fega) for a 24 h period, the calculated aging for each At is summed and normalized by the total time,
as illustrated in (6), where N represents the total number of evaluation periods.

[15000 _ 15000

FAA —e 383 Oy -273 (5)
S YN Fanubt ©)
EQA = —————
< YN At

To identify which design attributes possess the most impact in reducing aging due to a flattened
load profile, the authors applied Profile A with a 1.0 per unit peak demand to the SPX 50 MVA unit
while varying the design attributes listed below by percentages (90%, 80%, 70%, etc.) of their original
design. Without any design changes, the accrued aging for a 24 h period was calculated at 37.43 h by
(5) and (6). Figure 6 illustrates the aging for a 24 h period if each design attribute is varied exclusively.

e  Stray Losses (construction variation)

e I’R Losses (winding conductor variation)

e  Core Losses (core construction variation)

e  Hottest spot rise over ambient temperature (solid dielectric variation)

e  Average winding temperature rise over ambient (solid dielectric variation)
e  Litres/US gallons of fluid (tank size variation)

Design changes that impacted internal operating temperatures the most were (1) reducing the
rated hottest spot rise over ambient (HRA) temperature and (2) minimizing the amount of heat
produced by stray and I°R losses. Figure 6 illustrates transformer aging as calculated by (5) and (6) for
each attribute as a function of original design variation in size or quantity (20-200%).

60 Hot Spot Rise Over Ambient y
— Stray Losses
)
Q P
Ry 50 A 1R Losses
g Litres / US Gallons
g 40 of Fluid — e
I ——
£ - Core Losses
b
'én 30
< Average winding
Rise Over Ambient
20

0 50% 100% 150% 200%

% Parameter Variation

Figure 6. Aging induced by Profile A on the 50 MVA SPX unit as a function of design attributes.

HRA has a significant impact upon solid insulation aging. With 10% and 20% reductions in this
value, the aging, as identified by (6), is reduced by 15.44% and 41.33% for the 50 MVA unit when Profile
A is applied. Quantifying the trend line of (6) as a function of HRA as illustrated in Figure 6 results in
the polynomial illustrated in (7), where pj, is the percentage variation of HRA. To calculate the percent
decrease in aging as compared to the existing HRA design value with Profile B (p, = 1.0 per unit), (8) is
applied to identify the aging reduction R(py,) as a function of HRA variation.

Froa(py) = 11204p;,* — 47040p;,° — 64558p,,2 + 26747p;, — 4493 @)

_ Froano) = Froag)

R(pn) X 100% (8)

Froa(10)
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As defined IEEE Std. C57.91-2011, HRA is a function of the load current, the temperature rise
of fluid at the top of the duct over bottom fluid, and the bottom fluid rise over ambient temperature.
Improving the thermal insulation properties of the transformer would reduce these internal operating
temperatures. Thermal properties are improved by reducing the thermal conductivity of the unit’s
liquid and solid dielectrics. The two most common types of solid dielectrics (paper insulation) for
liquid immersed transformers are TUK and variations of Dupont’s Nomex (910 or 410), which are
documented as having at least 10 °C better thermal performance than the former [46—49].

Nomex, which is classified as a high temperature dielectric, has historically been utilized in mobile
transformers due to its light weight and strong thermal properties. However, in recent years utilities
have begun applying the solid dielectric to substation units to improve thermal performance.

Utilizing Nomex can increase a unit’s thermal rating, which allows for the winding hottest spot
temperature to exceed 110 °C without considerable aging [49]. Because the cost of Nomex can be
twenty times greater than TUK, completely upgrading the unit’s solid dielectric may be infeasible.
However, a hybrid insulation system composed of both TUK and Nomex may be sufficient to increase
the thermal rating and regulate costs [49].

Utilizing alternative liquid dielectrics instead of mineral oil can also negate the additional heating
effects, which essentially reduces the standard HRA. Since 2016, many researchers have identified
better thermal performance utilizing mineral oil alternatives, such as natural ester and silicon [49,50].
The typical thermal class of TUK is 105 °C in mineral oil. Based upon IEEE C57.154-2012, Nomex 910
has a thermal rating of 130 °C in mineral oil and 140 °C in natural ester.

For older units that were designed with higher safety margins, improving HRA during a rewind
might be accomplished by improving the amount and type of paper insulation. For newer units with
smaller design safety margins, improving HRA during a rewind may be impossible due to the limited
space and already the possible application of high temperature dielectrics.

Reducing losses (I2R and stray) also contributes to mitigating the aging effects induced by Profile
A. Losses manifest as heat within the conductor windings, which thereby increases the hottest spot
temperature and ergo aging. The generated heat is absorbed by the bulk oil in the tank and radiator
and eventually transferred through conduction to the external environment.

Stray losses are due to stray electromagnetic flux in the core, core clamps, windings, magnetic
shields, and enclosure or tank walls. Therefore, reducing stray losses consists of minimizing the flux
flowing through these components. If the original transformer unit design was created to produce
minimal stray losses, increasing aging through these means may be impossible.

The loss of life characteristics of the 50 MVA unit when Profile A is applied is defined by (9),
which quantifies the trend line of calculating (6) as a function of stray losses (ps) of the existing
design. Equation (10) defines the percentage overall loss of life reduction as a function of the original
design’s ps.

Fpga(ps) = 25ps® — 111ps® — 190ps* — 155p5° — 66ps* — 10ps + 33 )

_ Feoaao) ~Froags)

R(ps) x 100% (10)

Fega(10)

Increasing winding conductor size is a means of reducing I?R losses. Temperature of the conductor
increases as more current flows through it. The conductor heat is emitted through the insulation
and into the transformer oil through conduction. Increasing the cross-sectional area of the conductor
reduces the total resistance of the winding and allows the same current to flow through the conductor
at a lower temperature. The loss of life characteristics of the 50 MVA unit when Profile A is applied is
defined by (11), which quantifies the trend line of calculating (6) as a function of the original design’s
winding resistance (py). Equation (12) defines the overall aging reduction as a function of the original
design’s py.

Froa(pr) = —0.86p,° + 5.4p,* — 13p;> — 15p,* — 0.6p; + 33 (11)
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_ Froano) ~Froap

R(pr) x 100% (12)

FeQa(1.0)

Increasing the winding diameter on new units is accomplished by sizing conductors based upon
a higher ampacity. Unfortunately, increasing the winding on units being rewound may be impossible
due to space limitations within the unit. Older units designed with higher safety margins might
be easily upgraded with larger windings. Newer units designed for efficiency may not possess the
additional space.

Transformer design attributes that have little effect on mitigating excessive aging due to a flattened
profile include, increased volume of oil, increased tank volume, and decreased core losses.

3.3. Derating—Long-Term Emergency Rating

Long-term emergency loading is defined by IEEE Std. C57.91-2011 as a condition where a
transformer must regularly support energy demands greater than its nameplate capacity ratings, which
forces the winding hottest spot temperature to climb above the acceptable temperature of 130 °C These
conditions are rare and are typically caused by failures occurring on others sections of the grid that
require repair lead times consisting of weeks. The two most important factors when determining
capacity limit loading are the (1) reduced lifespan of the unit and/or the (2) long-term physical damage
to the unit and/or oil.

In regards to aging, the approach defined in Section 3.1 is applicable to identifying acceptable
loading limits. However, unlike application to normal operating conditions, the value of (4) will always
be less than zero. The unit’s owner should identify a new acceptable aging (Ag) value that represents
potential dielectric damage that impacts the long-term investment. Recall that this determination is
to support an abnormal loading condition, therefore higher than normal aging is expected. The new
evaluation equation is illustrated in (13).

Ao(lo, ho, co,) —An(In, hN, cN,) = —AE (13)

Prevention of long-term equipment damage may be the most important aspect of determining
an acceptable capacity rating for a unit under these conditions. IEEE identifies controlling winding
hottest spot temperature and oil temperature as keys to preventing damage to the unit [2]. To
prevent damage and/or catastrophic failure, IEEE limits the hottest spot temperature to 140 °C and the
top-oil temperature to 110 °C. Due to the constant load above its nameplate rating, both hottest spot
temperature and top-oil temperature have higher values given the same peak demands.

Consider the 50 MVA SPX unit identified as the test unit for the analysis. If the unit serves
the historical load profile (Profile B characteristics) with a peak demand ranging between 1.0 and
1.5 per unit, the metallic hottest spot temperature will reach a maximum value between 108 °C-150 °C
depending upon THD;. With IEEE recommending a maximum value of 140 °C the maximum peak
demand this unit can serve the cyclic load with a THDy = 10% is 1.47 per unit. Figure 7a illustrates
the hottest spot temperatures induced by Profile B with peak demands varying between 1.0 and
1.5 per unit.

Applying the same analysis with the flattened load profile (Profile A) revealed much higher
temperatures. The transformer reaches 140 °C at a THD; = 10% for a peak demand equal to 1.18 per
unit, which is 80.27% of the peak energy demand when Profile B is served. Figure 7b illustrates the
hottest spot winding temperatures induced by Profile A for a peak demand ranging between 1.10 and
1.45 per unit.
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Figure 7. (a) Winding hottest spot temperatures induced by Profile B as a function of peak demand and
harmonic current distortion. (b) Winding hottest spot temperatures induced by Profile A as a function
of peak demand and harmonic current distortion.

The top-oil temperature analysis reveals very similar results. IEEE limits the top-oil temperature
to 110 °C [2]. The test unit reaches the IEEE limit when serving 1.46 per unit and THD; = 10% when
serving demands with Profile B characteristics. When the flatter Profile A is applied to the unit, the
IEEE limit is achieved when the peak demand reaches 1.20 per unit with THD; = 10%. Figure 8
illustrates the top-oil temperature of the 50 MVA unit as a function of peak demand, load profile type,
and THDj. One significant difference between applications of the two separate load profiles is the
effects that harmonic distortion has on increased temperature for THD; values less than 20%.

For the 50 MVA test unit, harmonic distortion has a significant effect on the top-oil temperature.
When serving Profile B, the top-oil temperature increases at a rate of 0.10 degrees per percentage
change in THD;. However, when serving Profile A, the top-oil temperature increases at a rate of
0.35 degrees per percentage change in THD;. These results suggest that utilities cannot ignore harmonic
distortion if the demand exhibits characteristics similar to Profile A and the distortion is at least 10%.
The analysis also revealed that increased THDj has little effect on winding hottest spot temperature,
which is evidence by rates of 0.05 and 0.15 degrees per percentage change in THD; for Profiles B and A.
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Figure 8. (a) Top-oil temperatures induced by Profile B as a function of peak demand and harmonic
current distortion. (b) Top-oil temperatures induced by Profile A as a function of peak demand and
harmonic current distortion.

3.4. Derating—Short-Term Emergency Rating

Short-term emergency ratings are established utilizing methods described in the previous section,
with the exception that transformer damage is only considered and the conductor winding hottest
spot temperature is increased from 140 °C to 180 °C in accordance to IEEE [2]. Ultimately, the limiting
attribute may be the top-oil temperature limit, which remains at 110 °C for this condition analysis due
to the thermal limitations of mineral oil. Of course these limits do not account for gassing that may
occur within the unit’s tank during these conditions, which limit performance and life.

Short-term emergency loading is defined as the condition where a transformer must serve an
energy demand that causes hottest spot temperatures in excess of 140 °C for a period of several hours.
These are typically caused by failures resulting in second or third restoration contingencies on the
system. Over the life of a transformer it should only experience one or two occurrences of these
emergency conditions [2].

Applying the IEEE limitations for Profile B at a THD; = 10% results in a capacity rating of 1.67 per
unit (hottest spot temperature limit) and 1.46 per unit for top-oil temperature, which is the same limit
identified during long-term emergency loading. Ultimately, the top-oil limitation dictates the rating of
the unit at 46% above nameplate capacity.

To serve a load with Profile A characteristics, the short-term emergency capacity rating is
1.43 per unit and once again 1.20 per unit due to top-oil temperature. As with Profile B loading,
the top-oil temperature dictates the ultimate capacity rating of the unit, which is only 20% above
nameplate capacity.

3.5. Overall Ratings for Test Unit

Table 4 summarizes the capacity limits associated with normal operation, long-term emergency
loadings, and short-term emergency loading for the 50 SPX Waukesha unit. Due to the flattened load
profile, all capacity ratings based upon IEEE recommended operational limits for a liquid immersed
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transformer were reduced by a minimum of 85%. Normal Operations possessed the largest derating
requirement at 72%.

Table 4. Summary of Derating Analysis for THD; = 10%.

Profile Type and
Operating Conditions Capacity Limit (p.u.) Derating (%)
B A
Normal Operations 1.00 0.72 72.00
Long-term Emergency Loading (Hot-spot temperature limit) 1.47 1.18 80.28
Long-term Emergency Loading (Top-oil temperature limit) 1.46 1.20 82.19
Short-term Emergency Loading (Hot-spot temperature limit) 1.67 1.43 85.63
Short-term Emergency Loading (Top-oil temperature limit) 1.46 1.20 82.19

4. Conclusions

The increased implementation of DSM applications to control EV charging and ES systems will
significantly change the load characteristics of substation power transformers when combined with the
effects of PV systems. The load profile will be flatter and possibly possess higher harmonic distortion
levels than the historical load profile. The new characteristics will cause excessive heating within the
unit, which results in increased aging and risk of permanent damage. If capacity limits were developed
utilizing historical load profiles with cyclic characteristics, then the units will experience higher than
anticipated temperatures for loads at or above the nameplate ratings.

Harmonic distortion may also contribute to excessive heating, which can result in excessive aging
and/or damage. Even at low penetration levels of PV, EV charging, and ES applications, current
harmonic distortion can exceed 10%.

To establish new capacity limits that reflect a flatter load profile with a higher harmonic content,
the modeling methods described in IEEE Std. C57.91-2011 and Schijndel, Wouters, and Wetzer can
be combined to identify the new peak demand limits [2,10]. Options for reducing the effects caused
by excessive internal heating include derating existing capacity limits for units still in service and
possibly augmenting the design of new units by reducing their losses and increasing their solid
dielectric characteristics.
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