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Abstract Transformer insulation aging is a critical issue for both reliable and
economic operations, and for planning of electrical systems. As insulation aging
depends on the hottest-spot temperature, transformer management can be im-
proved with a suitable model for temperature estimation and prediction. However,
the temperature inside transformers varies dynamically because of changes in both
the cooling conditions and the load cycles. Hence, this paper presents an algorithm
to estimate and predict the hottest-spot in Dry-Type distribution transformers,
so that their capability and insulation life can be assessed. This procedure is fo-
cused on transformers used to directly connect PV-inverters to the grid in order to
consider the uncontrolled power generation of distribution PV-systems. To imple-
ment the algorithm, it is assumed that records of ambient temperature, PV-system
power generation cycle, and winding temperature are available. With this data,
the parameters of an equivalent thermal circuit are fitted in order to dynamically
model the transformer hottest-spot. The method was validated using twelve-day
records of a T0 kW, PV-generation system connected to a 75 kVA Dry-Type trans-
former. Results show that an enhancement in the hot-spot estimation is reached,
and an assessment of the performance in real-time monitoring of the transformer
capacity is achieved employing the proposed algorithm.

Keywords Dry-Type Transformer, Dynamic Thermal Rating, Extended Kalman
Filter, State Estimation, Thermal transient

1 Introduction

Photovoltaic (PV) generation at the distribution level has increased in recent years.
These generation systems are usually located on the rooftops of houses or other
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buildings. When the output voltage of the PV-system inverter is different from grid
voltage, it is necessary to use transformers. Due to space restrictions in buildings,
as well as security requirements, Dry-Type transformers are frequently used for
distributed PV-generation.

One characteristic of PV-generation is its intermittent power injection. To
reduce this impact, energy storage can be used. However, this technology still
faces economic challenges for implementation at the distribution level, and so PV-
systems are often connected directly to the grid through a transformer. In those
transformers, the load varies continuously and so does the hottest-spot temper-
ature, as a consequence of the uncontrolled power injection. This temperature
presents a transient behavior, which depends on the initial thermal conditions and
the transformer cooling characteristics, as well as on power production and ex-
ternal weather, among others [17]. All those factors influence the insulation life
expectancy.

Transformer life expectancy is related to insulation aging, which is deteriorated
by the hottest-spot temperature [8]. This hot-spot is a function of the losses pro-
duced by Joule effect and therefore depends on the transformer loading. Hence,
transformer thermal capability is defined by the hottest-spot guarantying its life
expectancy. The effects of harmonics in transformer life expectancy as a result
of PV-systems with direct connection to the grid are analyzed in [3]; in the pa-
per, it is assumed that the transformer operates at rated load and under thermal
steady state (worst case loading scenario). This means that the dynamic behavior
of the power production, the ambient temperature, and the thermal transient are
not considered. According to [16], when incorporating distributed PV-generation
at the distribution level for self consumption, the transformer insulation life ex-
pectancy is extended because the daily load curve of the transformer decreases
and so does its insulation thermal stress. This occurs mainly because in summer,
when maximum load peak takes place, the self consumption PV-system is ex-
pected to produce maximum power, resulting in a transformer load decrease and
consequently in a reduction of the insulation thermal stress.

PV-systems generation depends on solar radiation, which itself varies along the
day. At night, a decrease in the transformer temperature is expected until it reaches
a stable state. This phenomenon takes place because the generation is null and
only no-load losses occur. Subsequently, the transformer temperature begins to rise
with the sunrise in a dynamic way [7]. During this thermal transient, the hottest-
spot value can increase or decrease as a consequence of the variations of both
ambient temperature and load. With these variations, the transformer probably
reaches the maximum rated hottest-spot only during few periods of time, or does
not reach it at all.

Commonly, power and distribution transformers are designed for a rated load,
assuming certain conservative conditions such as the maximum and average ambi-
ent temperature, a constant load, specific cooling conditions, altitude of operation,
operation at thermal steady state, among others. The fulfilment of those condi-
tions ensures a transformer reaches its normal life expectancy [8]. However, these
can vary during transformer operations. Hence, by knowing or monitoring these
conditions, together with an accurate dynamic model by which transient thermal
phenomena are described, it is possible to predict transformer load capability [5].
Such strategy allow enhancing transformer operation and planning [10], without
sacrificing the asset life expectancy [23]. For instance, IEEE Std C57.159™.2016
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[7] suggests considering the rate of the PV-transformer based on the load profile.
In [13,11] the numerical methods Finite Element Analysis (FEA) and Computa-
tional Fluid Dynamics (CFD) were used to model the temperature distribution
in dry-type transformers. In [4], overloads in dry-type transformers were assessed
running multiple CFD simulations in order to obtain relations between the hottest-
spot, time, and load; each simulation lasted 3 h. Therefore, CFD is not suitable
for real-time thermal monitoring and assessment, because it demands a lot of
computational resources and processing time. For this reason, in oil-immersed
transformers, both the top-oil and the hottest-spot temperature are modeled by
equivalent thermal circuits [20]. These types of thermal circuits are used to dynam-
ically assess load capability of transformers [14]. However, these equivalent circuits
depend on constant values, which are assumed or given by standards, resulting in
inaccuracies in transformer dynamic thermal modeling. In order to reduce those
inaccuracies, experimental tests can be employed to obtain thermal constants. For
instance, in [24], an algorithm to estimate the oil exponent of traction transformers
is proposed. In [21], both thermal oil exponent and time constant are estimated
using a non-linear integral-squared error objective function.

This paper proposes a methodology to assess load capability of Dry-Type
transformers using estimations of hot-spot temperature. The methodology uses
an equivalent thermal circuit and assumes that the values of solar radiation or
PV-generation and ambient temperature are provided, either via measurements
or from weather forecast models. The temperature is estimated by an Extended
Kalman Filter (EKF) using field measurements; the procedure proposed in [1] for
oil immersed transformers is followed. Using the EKF, the core temperature and
the hottest-spot are estimated, and the parameters of the assumed equivalent ther-
mal circuit fitted. With this methodology, the decision making can be supported
during transformer operation and planning, in particular for PV-generation sys-
tems. For instance, transformer design criteria can be changed using radiation and
ambient temperature, PV-generation systems with more panels can be linked to a
same transformer, transformer overloading can be managed in order to reduce the
load shedding, among others. Finally, the proposed methodology can be used for
dynamic thermal rating.

2 Dry-Type Transformer Thermal Model

According to IEEE Std C57.96T7™-2013 [8], thermal transients in dry-type trans-
formers can be modeled by a differential equation. This equation is a function of
the losses, the thermal conditions prior to the transient and the transformer cool-
ing characteristics. The transformer cooling depends on both the geometry and
the material physical parameters. Using this standard and a transformer equiva-
lent thermal circuit, as proposed by Susa [20], the simplified thermal circuit shown
in fig. 1 can be used, where ©pg is the hottest-spot winding temperature, O, is
the ambient temperature, A@gs = Ops — O, is the hottest-spot temperature
rise above ambient temperature, and R is the equivalent non-linear thermal resis-
tance of the entire transformer [19]. This resistance depends on the transformer
operating temperature and its characteristics, including cooling type. At rating
conditions, the resistance can be estimated using transformer nameplate or tem-
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Fig. 1: Equivalent thermal circuit used to model the dynamic behaviour of trans-
former temperature

perature rise test. Finally, C' is the effective thermal capacity of the winding and
core.
The hottest-spot of the circuit shown in fig. 1 is determined by:

dOys PC+PW(|ZT‘|’@HS)7

. c )

where P¢ are the core losses or no-load losses and Py (|ir|, ©ng) are the wind-
ing losses, also known as the load losses. Py (Jir|,Ong) varies with the average
temperature of the conductor and with the current intensity that flows through
the windings (|é,|). Commonly, this current intensity is expressed in terms of the

load. The variation of the electrical resistance, and therefore of the load losses, as
a function of the hottest-spot can be approximated by the following equation:

Peaday,r
Kr

Py =1L° <Pi2R,RKT + (2)

where L is the per-unit load; Pi2g g and Peqay,r refer to DC losses and eddy
losses in the windings (load-losses) at rated load condition and known reference
temperature, respectively. Peqqy can be estimated using factory test, and corre-
sponds to the difference between load and DC resistance losses. K is the temper-
ature correction factor, that takes into account resistance variation with temper-
ature. This factor is approximated by:

Ty + Omus

- 7" 3
Tk+9ref ( )

T

where T}, is the conductor temperature constant [8] (225 for aluminum and
234.5 for copper) and O,y is the losses reference temperature. Voltage harmonics
as well as current also have an impact on core and winding temperatures. In IEEE
Std C.57.110-2010 [12], this impact is modeled by an increase in both i*R losses
and eddy losses. The thermal performance of the PV transformer operating under
reverse power flow will depend on the same conditions that in normal operation,
such as the current magnitude, harmonic content, voltage value, etc, and thus can
be modeled by eq. (1).
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According to eq. (1), thermal resistance varies as a consequence of the tem-
perature dependence of cooling properties. This thermal resistance is a black box
model of the cooling properties, describing the heat transfer by conduction, con-
vection and radiation. For power transformers immersed in oil, the variable with
the highest influence on the cooling regarding the temperature is the oil viscosity
[20]. Nevertheless, according to [4], in dry-type transformers, the variable with the
highest influence on the cooling in relation with the temperature is the air den-
sity. Based on the modeling of transformers immersed in oil, this paper proposes
modeling the influence of temperature on the air physical parameters in terms of
an equivalent thermal resistance by through the following equation:

(4)

R(@us) = Ro.r (p(@iHS))yn

p(Ous,r

where p (Opng) and p (Ons,r) are the air density at current temperature and at
rated conditions, respectively, and m is an empirical constant, which describes the
behavior of the thermal resistance as a function of the temperature. In this paper,
m is assumed unknown and constitutes therefore a parameter to be estimated.
Ry r is the thermal resistance at rated condition given by:

AOgs r

Ro » =
0,R PR

()

where ABps g is the rated hottest-spot temperature rise over ambient and
Ppg, are the transformer losses at rated load. In [4], the influence of temperature in
the air density is approximated as follows:

p(Ons) =2.711—0.006711 - Opg + 5.364 x 107° - O s* (6)

where @y g must be in K.

Finally, the effective thermal capacity (C') depends on the materials physical
parameters as well as on their masses. This parameter can be estimated as the
sum of all materials masses multiplied by their specific heat according to IEEE
Std C57.96™-2013 [8], as follows:

mpcp B MeoreCeore + Mwind. Cwind. + Mins. Cins.
n n

C =

(7)

where m;, and C), are the equivalent mass and specific heat of the entire trans-
former, which includes the core (mcore, Ccore), the windings (mwind. , Cwind. ), and
the insulation (mins., Cins.). Transformers are manufactured with different materi-
als such as copper, aluminum, magnetic sheets, insulating materials, among others,
but their respective masses are usually unknown by owners and operators. There-
fore, this work proposes using a constant n to represent the thermal capacitance
uncertainty, as a consequence of unknown values in both the masses and specific
heat of the transformer materials. That constant must be evaluated within the
model using measurements. The procedure is addressed in the below section.
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3 Proposed Procedure

This section presents the algorithm proposed to estimate the load capability of
Dry-Type transformers used in PV-generation systems. The algorithm is based on
an Extended Kalman Filter (EKF) [18]. To implement the algorithm, both the
transformer nameplate and measurements of ambient temperature, hot-spot and
loading should be provided. As the assumed dynamic thermal model is non linear,
EKF was chosen instead of the standard Kalman Filter (KF). The performance of
EKF to estimate and predict thermal states in power systems assets was addressed
previously in [1,9,2].

In short, EKF algorithms are based on the estimation of the current state as

well as in the minimization of the error covariance of a dynamic system. Figure 2

shows a graph explanation of the EKF: an initial estimation (i"ktl) of the dynamic

system state is assumed, and this system is modeled by a differential equation.
With this initial value and with the dynamic model of the system, a state prediction
(:f:,;) can be computed from instant tx_; to instant ¢;. This prediction depends
on the control variables, which are assumed to be known. However, during the
prediction, an error propagation occurs as a consequence of errors in: the initial
estimated value (ﬁci_l), the control variables and the model of the system. The

uncertainty in the error propagation can be modeled by the covariance (Pk_ ),

which is computed with the EKF. Next, a set of measurements (z) of the system

at instant ¢ is used to update both the estimation (:%2') and the error covariance

([:’,j) This procedure is repeated for each new measurement set.

Equation (1) is used to model the dynamic system. The hottest-spot (Opgs)
and the constants m and n of eqs. (4) and (7) are defined as the state vari-

ables (x) given the uncertainties on these values (x = [Ousm n]T) That, tak-

ing advantage of the EKF capacity to fit constants [18]. As control variables
(u), the PV-generation (L) and the ambient temperature (©,) are considered
(u = [L O4]). Finally, discrete measurements of temperature (z) at the assumed
windings hottest-spot and/or at the core (zk = [@HS;C + vk}) are made, with v
being the measurement noise. The equations developed by the authors used to
implement the algorithm can in found in the appendix section. Using this set of
equations, it is proposed to model, estimate and predict the load capability of
a PV-transformer using an EKF. A summary of the algorithm here employed is
presented in fig. 3.

4 Algorithm Validation Results

To assess the performance of the algorithm, field measurements were used to evalu-
ate the algorithm, seeking to estimate the load capability of a dry-type transformer
and, therefore, to validate the proposed procedure.
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Fig. 3: Proposed loading capability estimation algorithm
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Fig. 4: PV-System used to validate the proposed EKF algorithm

Table 1: Dry-Type Transformer’s Parameters and Characteristics

Parameter Value Units
S 75 kV A
AOgs R 180 K

Oq 30 °C
Pc 372 w
Orey 25 °C
Pop 1003 W
Pg 16 A\
mp 310 kg
Cp 15x60 Jkg™'K
Class H

Winding’s Material Al

Cooling class AN

4.1 Case Study

Figure 4 shows the PV-system used to validate the proposed algorithm. This sys-
tem is composed of 70 kW, PV-generation panels, a 60 kW inverter, and a 75 kVA-
480/220V three phase class H dry-type transformer (PV-Trans), also known as
inverter transformer [7]. The transformer cooling class is ventilated self-cooled
(AN). The inverter power rating is less than the maximum power output ex-
pected from the panels, because during the financial evaluation this was the most
cost/effective decision. In other words, the expected energy gain deriving from the
use of a higher rated inverter did not compensate the additional cost of the inverter
[15]. The PV-system is located at the rooftop of the Medicine building of the Uni-
versidad Nacional de Colombia in Bogota. The transformer outputs are connected
to the building’s bus feeder as shown in the diagram. The power generated mainly
feeds the self-consumption of the building.

Table 1 shows the PV-transformer thermal parameters and properties. This
data was obtained from the nameplate and factory test-report.

In order to implement the algorithm, measurements of temperature and load
were made in the PV-System. Figure 5 shows the use of PT-100 probes (thermore-
sistive sensors) to measure the ambient temperature, the assumed hottest-spot
temperature of the inner winding and the core temperature (center leg). Tem-
perature probes locations were chosen taking into account IEEE Std C57.134 [6]
recommendations. A power meter was used to measure the total power that flowed
through the transformer. This information was monitored in real time and stored
using the platform lab+i [22]. The sample rate was 5 min.
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Fig. 5: PV-generation system setup

The proposed EKF algorithm was implemented by using MATLAB®, Equa-
tion (1) was solved through numerical integration with time steps of §; = 30s. Co-
variance errors of diag (Q) = [Qs = 107" K? Q1 = (0.001/3)* Qq, = (1/3)*K?]
and Ry = (1/3)? K2 for the control variables and hottest-spot/core temperatures
were used, respectively. Initial values of the constants were fixed to ng = 1 and
mo = 1. To set the algorithm, a 12-day measurement window was used.

4.2 Temperature and Parameters Estimation

Figures 6 and 7 show the measurements of ambient temperature (6 4), hottest-
spot (Ons), load (L), and the temperatures estimated with the proposed EKF at
the hottest-spot (é Hs) and core. The ambient temperature was measured with a
PT-100 probe as shown in fig. 5. According to the measured profile, the ambient
temperature varies less than 2 K during an entire day, because the transformer is
located indoors and in a tropical zone. As a result of EKF usage, the root mean
square residuals (€) obtained between estimations and measurements were 1.2 K
for the hottest-spot and 0.81 K for the temperature of the core.

Figure 8 shows the fitting of the parameters n and m for the hottest-spot
(n=4,m = 0.89) and core temperature (n = 1.3, m = 1.88), respectively. These
parameters were estimated using the previous measurements and the proposed
EKF. Both values of n and m converged to constant values, as expected. The
differences between these constants are a consequence of the different thermal pa-
rameters in the heat transfer between the windings and the core. Finally, according
to IEEE Std C57.96™ [8], if the transformer had a different cooling class, such as
ventilated forced-air-cooled (AF), the value of thermal exponent constant would
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time, in accordance with load variation (|L|)
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Fig. 7: Ambient temperature (@ 4); and residual (¢) between measurements and
estimations

be different. However, this issue must be validated using the proposed EKF in
future research.

4.3 Performance Comparison

To assess the performance of the algorithm, the proposed procedure is compared
with recommendations for loading dry-type distribution and power transformers
given by IEEE Std C57.96"-2013 [8]. The results are shown in fig. 9, where the
hottest-spot winding temperature measured, estimated with the EKF and calcu-
lated using the C57.96 -2013 recommendations are plotted. The root mean square
error obtained between the measurements and the IEEE Std. was € ~ 5.8 K which
is greater than € ~ 1.2 K obtained using the proposed procedure.

Computing the hottest-spot winding temperature with the IEEE Std thanks to
the suggest empirical exponent constant m = 0.8, an error € & 23 K was obtained.
However, according to this standard, it is possible to use a different value of m if
it can be justified by test data. Hence, to reduce this error, combinatorial method
was used to fit both m to 0.53, and the thermal capacitance. Multiplying this last
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Fig. 9: Comparison of hottest-spot measurements (@gs_w — Measured), and
estimation using the proposed model (éHS—W) and IEEE Std C57.96"-2013 rec-
ommendations (Ogs—_w — IEEE Std 57 - 96)

parameter by a constant of 1.27, a minimum error of € =~ 5.8 Kwas obtained for
this case. The differences between the exponent m suggested by the IEEE Std and
the value fitted by the authors can be associated to the indoor area, the tank wall
that influences the natural ventilation, and the altitude of the transformer under
study respecting to standard conditions described in C57.96 -2013.
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4.4 Load Capability Estimation

According to the results obtained in the previous section, the maximum tempera-
ture inside the transformer was 87°C at the winding. Under these PV-generation
conditions, the transformer can be overloaded, since for Dry-type transformers, the
rated hottest-spot must be 10 K lower than the temperature class [8]: in this case
180 °C for class H transformers. Hence, in order to estimate the maximum allowed
output power, the generation profile measured was extrapolated increasing the
power generation until the computed hottest-spot reached the maximum allowed
temperature in the insulation. This temperature was computed using eq. (1) and
the estimated constants m and n. As a result, the maximum allowed generation
estimated was 1.95 times the current generation. In other words, according to the
dynamic simulation, the 75 kVA transformer could stand approximately 140 kW of
PV-generation under the assumed conditions, without affecting the insulation life
expectancy. For outdoor cooling conditions, this overload factor can vary during
the day as a consequence of variations of ambient temperature, wind flow, and
solar radiation.

4.5 An Enhanced Transformer Load Capability Management

As the fig. 6 shows, the hottest-spot and the core temperature do not reach a
steady-state value equal to the ambient temperature during the night, although
the PV-system is not generating power. This can be explained by the occurrence
of no-load losses in the transformer, resulting from the presence of a remanent
magnetic flux within the core, which eventually keeps the transformer temperature
above the ambient temperature. Additionally, the time window during the night is
lower than the time required to reach the thermal steady-state. Figure 10 shows the
transformer losses during the time analyzed. The no-load losses (P¢) are constants
in contrast to the load losses that depend on the generation (Pg) and the conductor
temperature (Pyzg).

A simulation was performed in order to obtain the maximum transformer ca-
pability, providing that the transformer is disconnected from the the grid during
the nights or during non-radiation hours. Figure 11 shows: the simulated tem-
perature during the analyzed load profile window for both cases (connected and
disconnected). The maximum allowed capability obtained without exceeding the
transformer design hottest-spot (180°C) was the same in both cases: 1.95 times.
However, disconnecting the transformer during non-generation periods means that
the system efficiency is increased. The authors suggest disconnecting the PV-
transformer at night in accordance with IEEE Std C57.159™-2016 [7], in order
to increase the system efficiency, providing that the PV-inverter does not supply
ancillary services.

5 Discussion
The proposed methodology can be used at the transformer design stage, the oper-

ation assessment of PV-Transformers, or the expansion planning of PV-Systems.
In the course of the design stage, the algorithm can be used during the factory
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Fig. 11: Maximum transformer overload allowed using the studied PV-generation
profile, for the system connected and disconnected to the PV-transformer during
no-load generation

load test of a transformer sample in order to obtain the transformer dynamic
thermal model under different PV-generation conditions. With this model, the re-
quired rated power of the transformer can be estimated, allowing the selection of
a more efficient and cheaper transformer. Depending on the PV-generation loca-
tion, the selection of the transformer rating can be optimized. During operating
assessment, the dynamic thermal behavior of the transformer can be modeled by
means of real-time measurements and the proposed algorithm, in order to assess
overloads and estimate the transformer remaining life. Transformer aging can be
estimated using hot-spot temperature and the Arrhenius equation. Finally, amid
expansion planning of PV-systems, the historic of both PV-generation and trans-
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former temperature can be used to enhance the transformer rating, foreseeing a
future expansion.

For small PV installations without temperature nor power monitoring, the
thermal performance can be estimated employing the proposed thermal circuit
and using historical records, maps or extrapolations of measurements of near areas
of both ambient temperature and solar radiation, providing that constants n and
m were estimated during factory test.

6 Conclusion

This work addresses a state estimator algorithm, which allows obtaining the load
capability of Dry-Type transformers used in PV-systems to connect the inverter
to the grid. With this algorithm, both transformer winding and core temperature
are estimated in order to compute a dynamic thermal rating.

The algorithm is based on an Extended Kalman Filter and uses the generation
cycle of the PV-system, as well as measurements of ambient temperature, windings
and core. With this information and the transformer thermal characteristics, the
proposed algorithm is implemented in order to fit the parameters of an equivalent
thermal circuit. An accurate model of the thermal transient is thus obtained.

According to the results obtained in this work, a dynamic thermal model can
be used to assess PV-transformer capability. In this case study, the maximum
allowable PV-capability estimated for the 75 kVA Dry-type transformer, without
affecting its normal life expectancy, was 140 kW. This capability can vary according
to different environmental conditions, for instance locations with different patterns
of ambient temperature and solar radiation. Finally, using this algorithm, overloads
above the acceptable hottest-spot can be assessed and managed. This is open to
future research. In this work, the thermal constants were fitted using data from a
tropical zone, where small variations in profiles of both ambient temperature and
radiation are expected. Therefore, the algorithm still needs to be validated with
temperate conditions.
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Appendix

In order to implement the proposed EKF, the following set of equations were derived, where
the subscript , R is related to the rated condition.
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