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Abstract-- The aim of this work is to develop a top-oil thermal
model based on the thermal-electrical analogy and heat transfer
principles that captures the thermal influence of prevailing winds
and solar radiation which can be generally applied to large power
transformers. The key improvements of the proposed thermal
model are calculating the heat transfer coefficient of the radiator
on the air side using the Nusselt number of combined forced and
natural convection, and including the solar radiation as an addi-
tion heat source. The proposed model is validated with the opera-
tional measurements of 3 transformers that are comprised of a
120/240-MVA unit and two 90/180-MVA units. The results are also
compared with the predictions based on the IEEE-Annex G model.
The proposed model is more accurate over windy and summer pe-
riods as expected.

Index Terms—Power transformer, transformer thermal model,
top-oil temperature, winding temperature indicator.

I. INTRODUCTION

lectricity demands are increasing because of global decar-

bonization efforts to reduce emissions that have an impact
on climate change [1]. In turn, climate change also impacts on
the operation of electrical networks due to increasing ambient
temperatures and extreme weather conditions [2]. It is therefore
a challenging time for power system owners to operate their as-
sets as efficiently as possible. Accurate estimation of the hot-
spot temperature of transformers is important for protection,
condition monitoring and rating calculations. The thermal-elec-
trical analogy and heat transfer principles are often used to
model transformer temperatures [3]. The transformer thermal
models usually consist of three main components: ambient air
temperature, top-oil and hot-spot temperature [4], [5]. Inside a
transformer tank, the heat is produced by the winding and mag-
netic core. Cooling oil carries the heat generated through a
cooler bank where the heat is dissipated to the surrounding en-
vironment, cooling the oil. This cold oil is then returned to the
tank, completing the thermal circuit. This complex process is
described by two governing equations. The first is for top-oil
temperature, which is representative of the oil temperature at
the top of the transformer tank. The second is for the winding
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hot spot temperature, which is used to determine the trans-
former rating [4]. In this work the impact of solar radiation and
prevailing wind on the heat transfer from the oil to surrounding
environment is considered by modifying the governing equa-
tion for the top oil temperature.

In earlier works it was assumed that the hot-spot temperature
rise over top-oil temperature responded immediately to varia-
tion in loads [6]. Since fiber optic sensors have been developed
for thermal sensing, studies have shown that there is an over-
shooting response of the hot-spot temperature rise to a step
change in load, that means the temperature is greater than the
steady-state value during a transient period. [7].

A more accurate transformer thermal model was developed
in [8] by taking into account the oil viscosity which is shown to
vary significantly over ranges of the operational temperature.
The viscosity decreases with increasing temperature and vice
versa. The less viscous the fluid is, the more the convective heat
transfer is improved. Alternatively, a thermal-hydraulic model
has been proposed as a tool for the thermal design [9]. This ap-
proach is based on the conservation of heat and mass and pres-
sure equilibrium in closed loops. Several researchers have de-
veloped computational fluid dynamics (CFD) models as a tool
for the thermal design of transformers [10], [11]. However, this
approach requires high computational time and detailed infor-
mation of transformer design. In this work, a thermal network
model is preferred due to its simplicity and the fact that it can
be seen as an extension to existing established technigues in the
standards [5].

The consideration of environmental factors such as solar ra-
diation and wind is a way to improve the accuracy of trans-
former models of outdoor units. A previous study on distribu-
tion transformers shows that the top-oil temperature could in-
crease by 3.7°C on sunny days in summer [12]. There is no sig-
nificant research carried out regarding the impact of natural
winds on the thermal performance of transformers [13]. The im-
pact of natural winds could be significant at a number of sites,
in particular transformers installed on offshore platforms for
wind farms.

The aim of this work is to develop a transformer thermal
model based on the thermal-electrical analogy and heat transfer
principles that consider two weather factors: prevailing winds
and solar radiation and can be generally applied to any large
power transformers using readily accessible data. The key im-
provements of the proposed thermal model are calculating the
heat transfer coefficient of the radiator on the air side using the
coefficients of combined forced and natural convection and in-
cluding the solar radiation as an additional heat source.



Il. OPERATIONAL MEASUREMENTS

There were three transformers considered in these analyses.
They comprised a 120/240-MVA unit (A) and two 90/180
MVA units (B and C). Their overall specifications are shown in
the Appendix in Table V.

All three have the ability to switch between oil-natural-air-
natural (ONAN) and oil-forced-air-forced (OFAF) modes. An
ONAN model means the heat transfer occurs naturally due to
the buoyancy force on both oil and air sides while the heat trans-
fer during forced cooling modes relies on external forces from
pumps and fans. For the transformers considered here A and B
operate in an ONAN state, while transformer C continuously
operates in an OFAF state.

The measurement data comprised load profiles, winding tem-
perature indicator (WTI) measurement, wind speed, irradiance
and ambient temperature. There are weather stations at the sub-
stations of Transformer A, B and C (Fig. 1). The data were rec-
orded every 15 minutes. The analyses have been carried out
based on the measurements between July 2019 and May 2020
for Transformer A, B and C. Missing and unreliable data in any
load, hot-spot temperature, wind speed, solar radiation or air
ambient temperature were deleted from the dataset. As the hot-
spot temperature rise above the top-oil temperature is calculated
by a microprocessor in WTIs in accordance with [5], the top-oil
temperature used in the analyses could be back-calculated from
the WTI measurements. Direct oil temperature measurements
were not available as oil temperature indicators (OTIs) were not
fitted to these units The accuracy of the WTI measurement is
typically £2°C [14]. The recorded WTI measurement clearly
exhibits dependency on wind speed and solar radiation for cer-
tain units, as shown Fig. 2 and Fig. 3.

Initially, simple analyses were undertaken to illustrate that
weather factors could have significant effects on the trans-
former temperature. Daily average WTI temperature rise above
ambient temperature and load squared are calculated and then
plotted against each other as shown in Fig. 2 and Fig. 3 for
Transformer A and B, respectively. Fig. 2 shows that the daily
average WTI temperature rise is greater on sunny days than
cloudy ones, while Fig. 3 shows that the WTI temperature rise
is lower on windy days than still days. Windy days are defined
here as being those with a daily average wind speed above
4 m/s, and sunny days are defined here as being those with a
daily average solar radiation 0.4 kW/m? during daylight hours.
Fig. 2 shows that during sunny periods the load on Transformer
A is lower than average. This is as expected because sunny pe-
riods will coincide with a lower demand of electricity for heat-
ing [15]. Based on the initial analysis, the weather factors do
not have significant effects on Transformer C which is in an
OFAF state. This is likely to be because the effect of wind cool-
ing is small compared with forced air from fans and solar radi-
ation is only a small proportion of the total heating for this trans-
former which is more highly loaded. It is therefore excluded
from further investigation. But this analysis does provide moti-
vation for developing transformer thermal models for an
ONAN state that can consider these weather factors.

It is noted that imperfect measurement of WTI temperature,
ambient temperature, wind speed and solar radiation could all
be sources of errors. Nevertheless, the data clearly shows in Fig.
2 and Fig. 3 that the WTI temperature is dependent on weather

Fig. 1 Weather station at substation of Transformer B.
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Fig. 2 Daily average WTI temperature rise against load squared for normal and
sunny periods for Transformer A.
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Fig. 3 Daily average WT| temperature rise above ambient temperature against
load squared for normal and windy periods for Transformer B.

factors, with the WTI temperature dependent on solar radiation
for Transformer A and wind speed for Transformer B. The data
provides a clear justification for deriving a transformer thermal
model which can consider these weather factors.

I1l. TRANSFORMER THERMAL MODEL

A novel transformer thermal model of the top-oil temperature
is proposed by considering two environmental factors: prevail-
ing wind and solar radiation. The thermal model is based on
thermal-electrical analogy and heat transfer principle. The pro-
posed model is designed for ONAN units. The novel contribu-
tion of the research is the development of a transformer thermal
network model that can capture the influence of prevailing wind
and solar radiation, which is then tested using field measure-
ments. Direct evidence of prevailing wind impacting trans-
former temperature has also not been presented in the literature
hitherto.



A. Proposed Top-Oil Model

The proposed model is based on Swift’s model [3] but the
top-oil thermal resistances are explicitly split into two regimes:
between the oil and the radiator interior and between the radia-
tor exterior and the ambient. For the interior regime, the thermal
resistance depends on the oil movement. For the exterior re-
gime, the natural and forced convection due to the air move-
ment and the radiation from the radiator wall are explicitly con-
sidered simultaneously. This is especially necessary when the
thermal resistance of the air and oil are similar. For example, it
is a reasonable assumption to consider only thermal resistance
of the air when operating in an ONAN mode because the oil has
much lower thermal resistance than the air [3]. However, the
situation has changed when fans are working or there is sub-
stantial wind as the air’s thermal resistance is significantly de-
creased and is therefore closer to the oil’s thermal resistance.
The thermal resistance of the radiator steel is neglected as the
radiator wall is a good thermal conductor [3].The heat sources
are comprised of the magnetic core, winding losses and solar
radiation. Fig. 4 illustrates the proposed top-oil thermal circuit.
The governing differential equation is as follows:
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where Qg are the magnetic core losses [W], Qc, are the wind-
ing losses [W], Qso1ar is the total received solar radiation [W],
Co is thermal capacitance [W-s/K] and calculated in accordance
with [5], Ry o is the thermal resistance between the oil and the
interior of the radiator which considers the natural convection
of the oil [K/W], Ryra is the thermal resistance between the
exterior of the radiator and ambient comprised of the forced and
natural convection due to the air (Ry ) and the radiation from
the wall (RR), 8, is the top-oil temperature [°C] and 6, is the
ambient temperature [°C]. Necessary thermal properties of the
air and oil are derived from [16]. It should be noted that all ther-
mal resistances are temperature dependent.

To calculate the effective thermal resistance on the air side
and the oil side (Rvg 4 and Ry o), it is necessary to calculate the
temperature at the wall of the radiator (6yy). This can be calcu-
lated by iteratively solving the following equation, which en-
sures the continuity of heat flux:
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Fig. 4 The proposed top-oil thermal model network that explicitly includes im-
pacts of wind and solar radiation.

B. Oil-to-Wall and Wall-to-Air Convection

The heat transfer due to convection exists as a result of fluid
movement. Within the radiator, the convection occurs due to
the oil movement while the convection arises between the exte-
rior of the radiator and ambient due to air movement. The con-
vection can be improved by applying external force, e.g. pumps
and fans. The prevailing wind could be considered as external
force that improves the heat transfer rate of the radiator.

The thermal resistance due to convection is inversely propor-
tional to heat transfer coefficient and cooling area, it is defined
as [17]:
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where h is a heat transfer coefficient [W/(K-m?)], A is cooling
area due to convection [m?], L is characteristic length of heat
transfer [m], k is thermal conductivity of the fluid which will
be air or oil [W/(m-K)] and Nu is the Nusselt number.

The Nusselt number (Nug), Reynold number (Re,), and
Prandtl number (Pr ) of forced convection for constant heat flux
on a vertical plate with a laminar flow are based on empirical
correlations as follows [17]:

Nug = D,Pr/*Re,'/? (4)
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where D, is an empirical constant, Lg is characteristic length for
forced convection [m], u is wind speed [m/s], u is dynamic
viscosity of air [kg/(m-s)], p is density of air [kg/m®] and « is
thermal diffusivity of air [m?/s].

The Nusselt number (Nuy) and Rayleigh number (Ra;) of
natural convection on a vertical plate with a laminar flow based
empirical correlations are expressed as [17]:
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where D, is an empirical constant, Ly is characteristic length
for natural convection [m], u is dynamic viscosity of the fluid
which will be air or oil [kg/(m-s)], c, is specific heat of the fluid
[W-s/(kg-K)], g is gravitational constant [m/s?], p is density of
the fluid [kg/m3], A6 is the temperature difference over the fluid
medium which will be a temperature difference of the oil above
radiator wall for the interior of the radiator and a temperature
difference of the radiator wall above air the exterior of the ra-
diator [K]. B is thermal expansion coefficient of the fluid [1/K].



The heat transfer coefficient of mixed forced and natural
convection of air is expressed as follows [18]:

1
hya = (hF,A3'2 + hN,As'Z)ﬁ

©)

where hg 5 is the heat transfer coefficient of forced convection
of air [W/(K-m?)] and hy 4 is the heat transfer coefficient of
natural convection of air [W/(K-m?)]. hy 4 is then used to de-
termine the thermal resistance through (3).

As the radiators of transformers are not perfectly planar the
values of empirical constants (D, and D,) are treated as free pa-
rameters. The fitted values are determined using trust-region-
reflective algorithms [19]. To avoid the fitted values becoming
unrealistic, both constants are restricted to between 0 and 1. A
comparison of the fitted values is made against literature values,
[17], which are 0.68 and 0.59 for D, and D, respectively.

The wind direction will influence the extent to which it can
penetrate the radiator. The reduction due to the alignment is
considered by treating D, as a free parameter. Generally, the
wind has a prevailing direction at any given site so the value of
D, for any given location, radiator type and orientation should
remain roughly constant.

Ry a 1s expressed in terms of a combination of forced and
free convective thermal resistance of the air by substituting (9)
in (3) as follows:

1
Rus s =
A Achma

(10)

where A¢ is cooling area [m?] and hy 4 is the heat transfer co-
efficient of mixed convection of air [W/(K-m?)].

Ry o is calculated in the same way as Ry 4, replacing the air’s
thermal properties with the oil’s properties. Ry 4 is calculated
as the total resistance of two thermal resistances connected in
parallel as follows:

11\
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where Ry is a thermal resistance due to radiative heat transfer
of the radiator wall [K/W].
C. Radiative Heat Transfer

Transformers are not only receiving heat from the sun, but
they also transfer heat to the surrounding environment via radi-
ation. The radiative thermal resistance (Rg) is [20]:

1
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(12)

where & is emissivity, ¢ is the Stefan-Boltzmann constant
[W/(m2-K#)], Ag is the radiating area [m?], 9y is the radiator
wall temperature [K] and 6, is ambient temperature [K]. As the
paint color of the transformers is typically grey, a value of 0.9
for € is considered reasonable [16].

D. Additional Heating Due to Solar Radiation

As the global solar radiation is only recorded on a horizontal
surface, the global solar radiation on vertical surfaces is esti-
mated based on the solar radiation on the horizontal surface.
The global solar radiation of a tilted surface is estimated as fol-
lows [21]:

qglobal = Qdier + O-Sqindir(1 + COS@)

+0-5pgr (qdir + Qindir)(1 - COS@) (13)
where qg; [W/M?] and g;nqir [W/m?] are the direct and indirect
radiation on a horizontal surface, respectively, R,is the ratio of
the direct radiation on the tilted surface to that on a horizontal
surface, pg, is albedo factor and @ is tilted angle with respect to
the ground [rad]. A value of 0.3 for p,, is typically found for
weathered gray concrete [22]. The R,, is dependent on the alti-
tude and azimuth angles and the location of the surface and is
expressed as follows:

Ry =

cos® + sin@ tan(ZN) cos(AZ — 9) a4

where ¥ is the surface azimuth rotation angle [rad], ZN is zenith
angle [rad] and AZ is azimuth angle [rad]. The azimuth and zen-
ith angles are dependent on the time of the year and location of
the transformer. Detailed calculation for the altitude and azi-
muth angles can be found [23].

The indirect radiation for the UK could be estimated as fol-
lows [24]:
(15)

Gindir =  qglobal HKindir

Kingir = 0.89kZ — 1.185k, + 0.95 (16)

where k;,q; is the monthly-averaged ratio of the indirect to
global radiation, ggjoba1 1 is the global radiation on a horizontal
surface measured by the local weather station, and k, is the
monthly-averaged clearness index. k, used in this work is de-
rived from [21], see Table VI.

The direct radiation on a horizontal surface is expressed as

follows:

ddir = 9global H — Jindir 17)
where ggionaru IS the global radiation on a horizontal surface
measured by the local weather station [W/m?] and gj,q;, iS in-
direct radiation on a horizontal surface [W/m?].

Solar radiation is accounted for using the same approach sug-
gested in [12], taking into account the fact that for the larger
power transformers considered in this work comprise of a tank
and a cooler bank. In [12] only smaller power transformers were
considered, where solar radiation on a main tank and fins at-
tached to it was considered. For the inner of radiator plates, the
surface areas are decreased due to shadow of the adjacent
plates. The value of the direct radiation on the remaining areas
that are not in the shadows is corrected as follows [12]:

Qairi = (1 — 1) qair (18)



where 7; is the ratio of the shadow to the total area.

There are seven surfaces that receive the solar radiation in
total: two vertical surfaces of the radiator, four vertical surfaces
of the transformer tank and the horizontal surface of the trans-
former tank. This is shown in Fig. 5. The total received solar
radiation is;

7
QSolar = Z asolarAnglobal i
i=1
where ., 1S the solar radiation absorption, A; is the receiving
area on each surface [m?], dglobal , is the global radiation on

each surface [W/m?]. A value of 0.9 for ag,,, iS considered
reasonable for transformers painted with gray color [16]. If the
transformer tank is indoor, the tank surface is excluded.

(19)

IVV. RESULTS AND DISCUSSION

The proposed model is validated with the operational meas-
urement of Transformers A and B. The data comprised WTI
measurement, load, tap position, ambient temperature, wind
speed and solar radiation. The analyses have been carried out
based on the measurements between July 2019 and May 2020
for Transformer A and B. The total numbers of the data points
for Transformer A and B are 25622 and 17796 points with 15-
minute sampling interval. The first half of the operational meas-
urement is used to adjust the D; and D, by solving a nonlinear
least square problem to minimize the error between measure-
ment and simulation, using trust-region-reflective algorithms
[19]. The other half of the data is used to evaluate the model
accuracy. The results are provided and discussed in this section.

A. Transformer Thermal Parameters

Table | shows the results of the thermal parameters derived
based on the first half of the operational measurement. The val-
ues of D, are slightly different from the value derived from the
literature [17]. It could imply that the wind may not evenly pen-
etrate through the whole areas of the radiator. The values of D,
that are derived from the measurement are slightly higher than
the value in the literature [17]. This is probably because the
plates of the transformer cooler banks are optimized to increase
heat transfer coefficient in comparison with a plain plate. The
thermal parameters associated with geometry of transformer are
provided in Table Il. It was found that the average contribution
of the radiative losses from the tank and coolers for a whole
year is about 12% and 2% to the total losses for Transformer A
and B, respectively. The reason that the contribution of Trans-
former B is relatively smaller is because the main tank is in-
doors. The contribution of the radiative heat transfer to the total
heat transfer varies with transformer designs and operating con-
ditions.

TABLE |
THERMAL PARAMETERS DERIVED FROM THE OPERATIONAL
MEASUREMENT
Transformer D, D,
A 0.69 0.62
B 0.45 0.85
Literature 0.68 0.59

Radiator

Transformer tank

Fig. 5 Surfaces of a transformer tank (left) and radiator (right) subjected to solar
radiation. This figure is not drawn to scale.

TABLE 11
THERMAL PARAMETERS
Thermal Parameters Transformer A | Transformer B
Ly [M] 2.09 3.74
Ly [m] 5.1 4.0
Cooling areas [m?] [Ac] 1364.5 2573.0
North and south-facing gadla- N/A N/A
tor surface areas [m?]
East and west-facing radiator
surface areas [m?] 10.66 14.96
North and south-facing Trgns- 248 116
former surface areas [m?]
East and west-facing tranzs- 15.3 8.3
former surface areas [m?]
Top transformer
surface areas [m?] 286 226
Radiating areas [m?] (Ag) 130.12 29.92
Co [W-s/K] 24012600 194174400
Ry [KW] 1.82x10° 9.19x10°
Rura [KIW] 1.83x10°* 1.03x10™*
Rya [K/W] 2.25x10% 1.06x10*
Ry [KIW] 9.84x10* 4.4x103

*For Transformer B, radiating areas are accounted for radiator surface areas
only because the tank is indoors. Ry o, Rur 4 Rma @nd Ry, are determined at
6, 0f 40°C, 1 p.u. ONAN rated and no wind and solar radiation.

B. Comparisons between Measurement and Prediction

The other half of the operational thermal measurements of
the two transformers is compared with the predictions made by
the proposed model as well as the Annex G in the IEEE guide
[5], referred to as the IEEE-Annex G model hereafter. To im-
prove the accuracy of the IEEE-Annex G model the top oil tem-
perature rise at rated load, a key model input, was adjusted to
reduce the error between simulated and measured data instead
of using the original value derived from the heat run test. This
was based on previous investigations by the authors [25]. It
should be noted that the set of equations of the IEEE-Annex G
model are not modified but only the top-oil temperature rise at
rated load is tuned to fit the operational measurement.

Comparisons of the accuracy of the predictions between the
IEEE-Annex G and the proposed models on sunny periods for
Transformer A that dependency on solar radiation is identified



are provided in Table Ill. The results on windy periods for
Transformer B that dependency on wind speed is identified are
provided in Table IV. In general, the accuracy of the proposed
model is not significantly different from the traditional model.
However, the improvement of the prediction made by the pro-
posed model is significant when the transformers are subjected
to substantial prevailing wind or solar radiation for extend pe-
riods of time. The predictions made by the proposed model
without considering solar radiation and wind speed intention-
ally are also included in the results to highlight the improve-
ment due to the consideration of the weather factors.

The root-mean-square errors (RMSES) between the measure-
ments and predictions based on the IEEE-Annex G and the pro-
posed model over sunny and windy periods are used to evaluate
the accuracy. Windy periods are defined here as being those
with 6-hour average wind speed above 6 m/s and sunny periods
are defined here as being those with 6-hour average solar radi-
ation above 0.4 kW/m?. The transformers were subjected with
various load and ambient temperature.

Fig. 6 shows the RMSE against the 6-hour average total re-
ceiving solar radiation for Transformer A. There is a significant
correlation between the RMSE made by the IEEE-Annex G
model and the solar radiation for Transformer A while there is
not dependency of the RMSE made by the proposed model on
solar radiation. The RMSE of the proposed model is around
3.0°C at the solar radiation of 55 kW while the RMSE of the
IEEE-Annex G model is about 7.5°C.

The RMSEs made by the IEEE-Annex G and proposed mod-
els at various 6-hour average wind speeds of Transformer B are
shown in Fig. 7. For Transformer B, it appears that the errors
between the measurement and prediction based on the IEEE-
Annex G model increase with increasing wind speeds while the
errors for the proposed model do not vary with the wind speeds.

TABLE Il1
RMSE OF THERMAL MODEL FOR TRANSFORMER A

Model All periods | Sunny periods
IEEE-Annex G (°C) 2.96 5.92
Proposed Model (°C) 2.01 221
Improvement (%) 321 62.7
Proposed Model (NW) (°C) 2.78 4.06

Sunny periods are defined here as being those with 6-hour average solar radia-
tion above 0.4 kW/m? and no weather (NW) means weather factor ignored in-
tentionally.

TABLE IV
RMSE oF THERMAL MODEL FOR TRANSFORMER B

Model All periods | Windy periods
IEEE-Annex G (°C) 1.96 453
Proposed Model (°C) 1.77 1.99
Improvement (%) 9.5 56.1
Proposed Model (NW) (°C) 2.62 5.70

Windy periods are defined here as being those with 6-hour average wind
speed above 6 m/s and no weather (NW) means weather factors ignored inten-
tionally.

RMSE (°C)
o = N W B 0o OO ~N

0 5 10 15 20 25 30 35 40 45 50 55
Solar radiation (kW)

~IEEE-Annex G ~Proposed Model -=Proposed Model (NW)

Fig. 6 Statistical errors of the IEEE-Annex G and proposed models against the
total receiving solar radiation for Transformer A. No weather (NW) means
weather factors ignored intentionally.

1 2 3 ) 5 6 7 8 9
Wind Speed (m/s)
~|EEE-Annex G ~Proposed Model =Proposed Model (NW)

Fig. 7 Statistical errors of the IEEE-Annex G and proposed models against wind
speed for Transformer B. No weather (NW) means weather factors ignored
intentionally.

Examples of WTI measurement and prediction made by the
IEEE-Annex G and proposed models for Transformer A on a
sunny day and Transformer B on a windy day are shown in Fig.
8 and Fig. 9. The prediction made by the proposed model is
typically in closer agreement with the measurement compared
with the prediction made by the traditional model. The RMSE
of the traditional model is about 8°C at the wind speed of 9 m/s
while the accuracy of the proposed model is higher at the RMSE
of 3°C.

Fig. 10 and Fig. 11 show error duration curves of absolute
errors between the measurement and predictions based on the
IEEE-Annex G and proposed models over sunny and windy
periods for Transformer A and B, respectively. The accuracy
of the prediction made by the proposed model over sunny pe-
riods is increased by 4°C. It appears that the prediction based
on the IEEE-Annex G model is less accurate over windy peri-
ods for Transformer B. The overall accuracy of the proposed
model over windy periods is improved about 3°C for Trans-
former B.
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Fig. 8 Example of WTI measurement and prediction made by the IEEE-Annex
G and proposed models on sunny days for Transformer A.

C. Effect of Weather Factors on Loss of Transformer Life

Loss of transformer insulation life is a useful indicator to es-
timate the remaining life of the solid insulation. Ageing rate of
insulation life depends on the transformer hot-spot temperature.
According to the IEC guidelines [4], the nominal ageing rate for
non-thermally upgraded paper is referenced to the hot-spot tem-
perature of 98°C. The hot-spot temperature could significantly
decrease on windy days. Ignoring the effects of wind could re-
sult in overestimating the loss of transformer life. To illustrate
the influences of the weather on the ageing rate, the proposed
model is used to determine the hot-spot temperature over dif-
ferent loading conditions.

It is assumed that Transformer A continuously carries a load
of 1.0 p.u. of the ONAN capacity over 24 hours at daily average
ambient temperature of 40°C. It is worth noting that the loading
condition is a hypothetical example for the sake of simplicity.
Under typical operation transmission transformers do not oper-
ate at this level for extended periods of time. The solar radiation
profile is derived from a typical sunny day on summer periods
of the historical measurement. The peak solar radiation is about
0.8 kW/m? on the horizontal surface. The hot-spot temperature
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Fig. 9 Example of WTI measurement and prediction made by the IEEE-Annex
G and proposed models on windy days for Transformer B.

and loss of transformer life are 99°C and 27.1 hours without
solar radiation and 104.7°C and 43 hours with solar radiation
respectively. It shows that the solar radiation increases the loss
of life by 60% and the hot-spot temperature by 5.7°C for Trans-
former A.

The hot-spot temperature and loss of life at 1.0 p.u. of the
ONAN capacity and various wind speeds for Transformer B are
also investigated. The aim is to demonstrate that a substantial
prevailing wind could decrease the transformer temperature sig-
nificantly. It is noted that the actual wind speed usually varies
throughout a year and not sustained for extend periods of time.
To estimate actual cumulative loss of life, the historical meas-
urement of wind speed will be required. The results are shown
in Fig. 12.

The transformer temperature and the loss of life for Trans-
former B is decreased by approximately 5% and 30% at wind
speed of 5 m/s, and 15% and 60% at wind speed of 10 m/s, re-
spectively. The calculation made by the IEEE-Annex G model
may be a relatively conservative estimation for transformers in
windy locations, e.g. wind farms and could lead to a decision to
replace the transformers earlier than necessary on the loss of
life criterion.
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Fig. 10 Error duration curve of absolute errors between the measurement and
prediction based on the IEEE-Annex G and proposed models over sunny peri-
ods for Transformer A.
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Fig. 11 Error duration curve of absolute errors between the measurement and

prediction based on the IEEE-Annex G and proposed models over windy peri-

ods for Transformer B.
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Fig. 12 The calculated hot-spot temperature at rated load and the loss of life
with various wind speeds for Transformer B. Note that the average wind speed
at this location is 3 m/s, the wind exceeds 5 m/s 10% of the time.

V. CONCLUSION

A top-oil thermal model that considers the thermal influence
of prevailing wind and solar radiation is proposed in this work.
The thermal model is based on heat transfer theory and the ther-
mal-electrical analogy. The prevailing wind is considered as an
additional forced convection and solar radiation is treated as an
additional heat source. The average heat transfer rate can be im-
proved in windy periods resulting in transformer operating at a
lower temperature than expected. Solar radiation can cause a
measurable increase in temperature particularly for lightly
loaded units.

The IEEE-Annex G and proposed models are used to deter-
mine the hot-spot temperatures of two different transformers
over various conditions. The results show the better agreement
between the operational measurement and prediction made by
the proposed model over all periods especially windy and sunny
periods while the IEEE-Annex G model appears to overesti-
mate the hot-spot temperature during windy periods and under-
estimate the hot-spot temperature over summer periods. The re-
sults show the prevailing wind has less effect when cooling fans
are in operation.

In general, environmental effects should be taken into ac-
count if attempting to compare the as-installed transformer per-
formance with factory heat run measurements.

V1. APPENDIX

TABLE V
TRANSFORMER PARAMETERS

Transformer
Quantity
A B&C
HV and LV Voltages, in kV 400/132 275/66
Rated load for ONAN
and OFAF in MVA 120/240 90/180
ABg rateq for ONAN and
OFAF. in °C 40.7/41.4 41.5/39.4
Load losses at rated load for
ONAN and OFAF, in kW 202/810 2481992
No-load losses, in KW 55 130
Mass of coil and core, in kg 109000 128000
Mass of tank and fitting, in 103750 69200
kg
Mass of oil, in kg 108850 78250
TABLE VI

MONTHLY-AVERAGED CLEARNESS INDEX FOR THE UK [21]

Month | Jan | Feb | Mar | Apr | May | Jun
024 | 029 | 034 | 035 | 039 | 043

k, Jul | Aug | Sep | Oct | Nov | Dec
04 | 039 | 039 | 035 | 031 | 025
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