The effects of overload on
distribution transformers

The challenges of accurate condition assessment

ABSTRACT

Southern California Edison removes
approximately 30,000 medium voltage
transformers from service annually.
Approximately 2,000 of these units are

subjected to condition assessment
testing to determine suitability for re-
installation. The challenge in assess-
ment testing lies in accurate interpreta-
tion of the measured parameters. This
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is particularly problematic when eval-
uating distribution class transformers
which are routinely subjected to over-
loads and voltage transients. With this
challenge in mind, Southern California
Edison performed a series of energized
experiments to simulate specific trans-
former overload conditions. Trans-
formers were energized continuously
at prescribed loads, and insulation
quality tests were performed at speci-

fied intervals, incrementally document-
ing the changes in dielectric response
and insulation resistance. Upon com-
pletion of the thermal cycles, oil quality
testing and dissolved gas analysis was
performed on all units.
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1. Introduction

In 2016, Southern California Edison
(SCE) performed a protocol where 12
distribution transformers were divided
into 4 groups and loaded at 90, 112, 125,
and 135 % of rated load for a period of 6
months. In 2017, SCE performed a sub-
sequent protocol where 11 distribution
transformers were divided into 3 groups
and loaded at 115, 125, and 150 % of rat-
ed load for a period of 12 months.

Transformers were de-energized every
4 weeks and allowed to cool to ambient
temperature. A narrow band dielectric
frequency  response  measurement
(NBDFR) was performed on each
unit, measuring primary to secondary
insulation power factor (CHL) at
frequencies ranging from 1 to 1000 Hz.
In addition, the primary to secondary
insulation resistance measurement was
performed at 1000 V DC for a period of
60 seconds.
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Southern California Edison removes ap-
proximately 30,000 medium voltage
transformers from service annually

2. Effects of loading on
narrow band dielectric
frequency response

NBDFR measurements were performed
on an incremental basis for each test
specimen. By overlaying the sequential
traces, the changes in response could be
tracked over time. Traditional insulation
power factor analysis utilizes a single
parameter for trending insulation
condition, specifically the magnitude at
line frequency (60 Hz). NBDFR conversely
is not a parameter based analytical
protocol. A shape analysis of the response
trace is utilized to extrapolate information
regarding specific components of the
insulation system. The frequencies from

10 - 100 Hz are dominated by the influence
of cellulose components, while the
frequencies from 1-10 Hz are dominated
by the influence of mineral oil.

A prevailing paradigm states that if the
slope at line frequency is positive, then
the insulation system in question is
deemed to be in acceptable condition.
Although this assertion is valid, it
is a significant oversimplification
in that the slope at line frequency is
dictated by the location of the point
of minimum magnitude (trough). As
the conductive and polarization losses
increase, distortion of the response at
low frequencies pushes the response
towards the higher frequency end of
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Figure 1. NBDFR for unit energized at 115 % load for 1 year

Around 2,000 of removed units are sub-
jected to condition assessment testing
to determine suitability for reinstallation

the plot. This creates a relationship
where the trough moves as the
insulation degrades, enabling trending
of insulation condition by monitoring
the frequency at which the trough
resides [1].

Figure 1 represents quarterly changes in
NBDEFR for a transformer energized at
115 % of rated load for one year. In this case,
the oil undergoes slight degradation which
is reflected in minimal changes below
10 Hz. Any changes in cellulose insulation

are negligible as seen from 10 - 100 Hz,
and magnitude at 60 Hz is essentially
unchanged. The trough frequency shift is
minor, moving from 10 Hz to 20 Hz.

Figure 2 represents the incremental
NBDFR traces for a transformer
energized for six months at 135 % of the
rated load. In this case, the oil undergoes
accelerated ~ degradation  which is
reflected in progressive changes below
10 Hz. In this case, the magnitude at
1 Hz elevates dramatically from 0.469 to
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Figure 2. NBDFR for unit energized at 135 % load for 6 months
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Figure 3. NBDFR for unit energized at 150 % load for 6 months

3.601 %. Changes in cellulose insulation
are significant as seen from 10 - 100 Hz.
Magnitude at 60 Hz rose from 0.366
to 0510 %. More significantly, the
trough location migrated from 15 Hz
to 110 Hz. This is a strong indication
that the conductive and polarization
watt losses have increased significantly.

At 150 % load the effects of increasing
conductive and polarization losses are
accelerated further as represented in
Figure 3. Magnitude at 1 Hz exceeds 5 %
after I month and 8 % after 6 months. The
location of the trough migrates from 20 to
222 Hz after one month and all the way
to 446 Hz at six months. In this case, the
movement of the response towards the
high frequency end of the plot results in a
condition where the magnitude at 60 Hz
actually decreases despite an exponential
increase in watt losses (see inset diagram
in Figure 3). In this scenario, the power
factor at 60 Hz is no longer a valid
parameter for use in condition assessment
[2]. This concretely demonstrates one
of the most serious shortcomings in the
use of a single frequency in conventional
insulation power factor testing.

3. Trending of the key
response parameters in
relation to loading

CHL at line frequency is a common
reference for all methods of insula-
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Power factor at 1 Hz is extremely sensitive
to changes in conductive and polarization
losses, and provides a notification of
changes to the insulation system long
before they are detectible at line frequency

tion power factor tests, however, for
distribution class transformers this
may be an unreliable parameter for the
reasons previously outlined. For 95 kV
BIL class windings, the frequency at
which the trough resides will supersede
the 60 Hz magnitude in most cases.

Since the magnitude of winding capaci-
tance dominates the CHL measurement
at 60 Hz, a moderate increase in insula-
tion conductivity may have a negligi-
ble effect on CHL at 60 Hz. However,
as frequency decreases, the capacitive
current decreases proportionally, mak-
ing changes in conductivity increasing-
ly visible. Therefore, while the CHL at
60 Hz may be ambiguous, the power
factor at 1 Hz accurately reflects the
condition of the oil and the presence of
degradation by-products. Power factor
at 1 Hz is extremely sensitive to chang-
es in conductive and polarization watt
losses, and provides an early notifica-
tion of changes to the insulation system
long before they are detectible at 60 Hz.
This parameter provides crucial clar-

ification if trough location and 60 Hz
CHL are ambiguous.

As illustrated in Figure 4, the change
(A) for CHL at 60 Hz after six months
is minimal at up to 115 % load. (The A
CHL values referenced are the averages
for each given loading group.) The rate
of change increases slightly at 125 %
load. When load is increased to 135 %
resulting in a temperature increase of
approximately 10°C, the change in CHL
power factor is significant. At 150 %
load, the average winding temperature
jumps to 118°C, accelerating oil degra-
dation exponentially. As previously dis-
cussed, this creates the conditions where
CHL at 60 Hz actually decreases due to
severe response distortion.

While magnitude at 60 Hz may be
deceptive or ambiguous, the measured
response at 1 Hz is a reliable indication
of transformer condition. As load and
winding temperature increase, CHL at
1 Hzincreasesexponentiallyasillustrated
in Figure 4. These changes at 1 Hz drive

87



DIAGNOSTICS

Established criterion for the upper limit of
power factor at 1 Hz for single phase distri-
bution transformers is 2.0 %
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Figure 4. A CHL at 1 and 60 Hz vs percent load after 6 months
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Figure 5. Trough movement expressed in terms of A Hz vs percent load through six months
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Figure 6. Ratio of 6 month / initial resistance vs percent load

the low frequency distortion and trough
movement. SCE is increasingly using
this parameter to critically evaluate
transformer condition. At this time, SCE
has established an upper limit of 2.0 %
power factor at 1 Hz for single phase
distribution transformers.

The third NBDFR parameter used in
condition assessment is the trough
location. As seen in Figure 5, the
group averages for trough movement
(expressed in Hz) are plotted against
the percent load. After six months, the
trough movement is minimal for the 90
and 115 % loading groups. Migration is
significant for the 125 and 135 % groups,
indicating that this loading would not
be sustainable in the long term. Trough
migration at 150 % load indicates very
rapid degradation of oil.

4. Loading vs decrease in
insulation resistance

Insulation measurements were
performed from the primary winding to
the secondary winding at the end of each
monthly heat cycle with the transformer
cooled to ambient temperature. The
initial and 6 months measurements
were corrected for temperature using a
nomograph as per IEEE 62- 6.1.5.1. The
6 months resistance values were then
divided by the initial values, and these
ratios were plotted in Figure 6. Although
the group averages correlate very well
with the load, it should be noted that
measurements performed on a singular
basis may be problematic, especially
in small kVA units. Due to winding
dimensions, insulation resistance values
in small units are inherently very high,
which may mask issues such as degraded
paper or contaminated oil.

Due to winding di-
mensions, insulation
resistance values in
small units are inher-
ently very high, which
may maskissues such
as degraded paper or
contaminated oil
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5. Oil quality and dissolved
gas analysis

The data in Table 1 was collected from
12 transformers energized for 6 months
at loads ranging from 90 to 135 % in the
2016 study. Oil samples from each unit
were extracted at the end of the heat run
and quality tests, along with dissolved
gas analysis, were performed. The results
from the individual units were averaged
by loading group and tabulated as
displayed in Table 1.

Dielectric  strength  of oil trends
downwards as load is increased, but the
changes are incrementally small, making
this a potentially ambiguous indicator.
Power factor, on the other hand, trended
upward very well with load. Interfacial
tension, which indicates the presence
of hydrophilic polar contaminates, did
not change for the first 3 groups, but
decreased noticeably at 135 % load.
The acid number, which is an effective
indicator of oil degradation, trended
upward very consistently as load
increased. In the studies performed by
SCE, the acid number has proven to be
the most consistent loading indicator of
all of the oil quality tests. Dividing the
interfacial tension by the neutralization
number provides a calculated parameter
which is an excellent indicator of oil
condition. This parameter is known as
the Oil Quality Index Number (OQIN)
or Meyers Index Number (MIN). This
parameter also trended very well as load
was increased.

Dissolved carbon dioxide was a very
strong indicator of load. Significant
increases in CO: generation were
observed as load increased. These
levels jumped exponentially when load
increased from 122 to 135 %. Carbon
monoxide, on the other hand, remained
fairly static through 125 % but jumped
conspicuously at 135 %. Both of these
gasses are commonly associated with the
degradation of cellulose.

6. Subsequent investigations
regarding power factor
temperature correction

Temperature correction for insulation
power factor can be very problematic,
depending on the condition of the trans-
former. Accuracy of the temperature
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Dielectric strength of oil trends downwards
as load is increased, but the changes are
incrementally small, making this a poten-
tially ambiguous indicator

Table 1. Oil data by group

Quality Test 90% 110% 122% 135%
Dielectric Strength - kV 50.5 51.75 50 49
Percent Power Factor 0.0295 | 0.02775 | 0.03725 | 0.0455
Moisture - ppm 9 9 9 8
g;fg;iﬁ' Tension (IFT) 283 | 27.425 | 27.45 | 23.65
?'Nuﬁ;rﬂga}(tgﬂ /';'“mber 0.014 | 0018  0.0235 | 0.027
OQIN / Meyers Index 2085.42 | 1539.79 | 1198.73 | 912.358

Dissolved Gases (ppm) 90% 110% 122% 135%
Hydrogen 0 1 0.25 1
Carbon Dioxide 2233 3813.5 | 43475 9868
Ethylene 0 10 8.5 11
Ethane 0 8.75 11 13
Acetylene 0 0.75 0 0
Methane 7.5 10.25 9.25 10.5
Carbon Monoxide 251 282.75 | 277.75 | 373.5
Combustables 259 313.5 305.5 410

2-Furfural 90% | 110% | 122% | 135%
ppb <10 10 22.25 55.5
89
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Figure 7. New vs degraded response

In our studies, the acid number has proven
to be the most consistent loading indicator
of all of the oil quality tests

correction factor (TCF) is further com-
plicated when temperature gradients ex-
ist within the transformer.

The blue trace shown in Figure 7
represents the dielectric response from
the initial condition of a unit loaded at
135 %. Because of negligible conductive
losses, the response is dominated by the
influence of static charge polarization
losses [3]. In this condition, the
response trace will be remarkably
linear above and below 60 Hz. This
linearity results in a relationship where
the applied correction is proportional
to the response movement driven by
temperature variation. The slope at line
frequency is positive for a transformer
in good condition, therefore the
applied correction shall be upwards as
temperature increases.

Conversely, the dielectric response for
the overloaded unit is shown as the red
trace in Figure 7. Since this response is
biased due to elevated watt losses, there
is significant distortion of the trace,
especially at the lower frequencies.
This results in a relationship where the
applied correction is not proportional
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to the response movement driven by
temperature variation. Since the trough
has migrated to 110 Hz, the slope at
line frequency is negative. Therefore, as
temperature increases and the response
shifts to the right, the applied correction
must be downward.

Conventional temperature correction
tables are based on the assumption
that the insulation system under
evaluation is in good condition. It is
therefore assumed that the slope at
line frequency for the unit is positive,
and that the applied correction will be
reasonably proportional to response
movement. However, in the case of the
degraded response shown in Figure 7,
both the magnitude and direction of
correction will be incorrect. In order
to further investigate this relationship,
SCE performed an investigative study
where the dielectric responses of three
transformers with differing conditions
were measured as the winding
temperature was very slowly and
incrementally increased over a period
of weeks. The first specimen was a new
unit with the trough located at 10 Hz.
The second unit had been removed

from service with the response trough
located at 55 Hz. The final unit had
been subjected to overload conditions
and had a response trough located at
110 Hz.

As shown previously in Figure 7,
the dielectric response of a unit in
excellent condition is very linear
from 10 to 1000 Hz. As illustrated in
the inset of Figure 8, as temperature
is increased from 18°C, the CHL at
60 Hz remains remarkably stable up
past 45°C. This results in a linear TCF
from 18 to 45°C. Eventually, as the
response moves sufficiently for the
trough to pass 60 Hz, the TCF begins
to trend downwards.

Astemperatureisincreased in specimen
55, the CHL initially decreases slightly.
As the trough moves past 60 Hz, the
CHL then begins to increase earlier
and to a greater magnitude than seen
in the new specimen. The TCF exhibits
a hump from 18 to 30 Hz, which
corresponds to the trough moving past
60 Hz. The TCF at higher temperatures
for specimen 55 is greater than that for
the new specimen due to the moderate
distortion of the response at lower
frequencies.

The CHL for specimen 110 rises
immediately as temperature is increased
due to the fact that the trough is well
past 60 Hz. The magnitude of change for
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Figure 9. Trend lines for trough location (Hz) vs temperature °C

CHL is much greater than that generated
by specimen 55 due to significant
distortion of the dielectric response at
lower frequencies.

The plots in Figure 9 demonstrate the
changes in trough location for the
three test specimens as temperature is
increased. The magnitude of the trough
migration is heavily influenced by the
level of the conductive and polarization
watts losses within the oil and paper.
The location of the trough for the new
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specimen migrated 90 Hz upward specimen 55 migrated 167 Hz, while
as temperature is raised from 20°C  the trough for specimen 110 migrated
to 59°C. Conversely, the trough for 490 Hz.

Dividing the interfacial tension by the neu-
tralization number provides a calculated
parameter, the Oil Quality Index Number or
Meyers Index Number, which is an excellent
indicator of oil condition
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Figure 10. CHL response with high frequency dip

7. Abnormal response

Figure 10 illustrates an abnormal re-
sponse seen in approximately 0.1 %
of units returned from service for
evaluation. It should be noted that
this plot has been stretched along the
Y axis in order to make the subtleties
of the response visible. At first glance,
the red trace would appear to be that
of a degraded unit with the trough
at 1000 Hz, but the magnitudes at 1
and 60 Hz would indicate that the
unit is in excellent condition. A closer
examination reveals that a trough exists
at 30 Hz, and that the response above
70 Hz transitions into a negative slope.
This creates the appearance of a subtle
hump between 40 and 60 Hz. A very
moderate capacitive current path in
parallel with the CHL dielectric would
account for this behaviour.

A unit with this condition was included
in one of the studies, and was loaded at
90 % of rated load. After 1 month, the
trough at 30 Hz disappeared, but the
negatively sloped tail remained. Atalater
date, it was determined that this anomaly
appears to be related to component

damage and/or rough handling.

Conclusions

SCE has found that CHL at 60 Hz is a
very unreliable indicator of winding
condition for some classes of distribution
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transformers. In these cases, the NBDFR
trough location will supersede the 60 Hz
magnitude as the primary assessment
parameter. SCE is increasingly utilizing
the magnitude at 1 Hz as a significant
assessment tool, especially when trough
location and 60 Hz magnitude are
questionable.

In single phase loop feed transformers,
the primary, secondary, and ground are
common, therefore power factor and
insulation resistance tests cannot be
performed. In this scenario, the Oil Quality
Index Number (OQIN) is an excellent
indicator of general oil / winding condition.

A robust data base must be established
in order to determine ideal responses for
each of the transformer type in the utility
inventory. A critical task for the operator
is to determine normal vs abnormal re-
sponses for these units. Differing geomet-
ric influences are confronted when mul-

Author

tiple manufacturers and voltage classes
are evaluated, making interpretation am-
biguous for the novice technician. This
may be challenging when working with
distribution class units where variation
may be seen between similar units.
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