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ABSTRACT With the increasing demand for electricity, overheating has gradually become a common
problem for power transformers. However, the imperfect traditional monitoring method fails to detect the
whole transformer in real time, which affects the safe and economical operation of the transformer. This
paper was the first research utilizing a distributed optical fiber sensing system inside a running 35 kV power
transformer to realize the persistent temperature monitoring of the full region. The detection accuracy of
the designed winding composite sensors was also proven feasible for actual monitoring by temperature-rise
tests. The hotspots were persistently traced, fluctuating at 83 %~88 %, 84 %~89 %, and 85 %~90 % of
the high voltage winding height for phase A, B, and C of the 35 KV three-phase transformer, respectively.
Moreover, there are multiple typical models proposed by scientists to delineate the thermodynamic behaviors
of power transformers, and the hottest-spot temperature (HST) could be visualized precisely through them.
In the article, the construction of four models (IEC, Swift, Susa, and IEEE models) and their comparison
with the HST data from the optical fiber sensor were presented, which provided a scientific basis for
seeking superior thermodynamic models. According to the evaluation of the results, the Susa model was
eventually selected, which could better describe the dynamic thermal behaviors of power transformers.
(RMSE was 3.0776).

INDEX TERMS Distributed optical fiber sensor, temperature monitoring, hottest-spot temperature, dynamic

thermodynamic models.

I. INTRODUCTION

Power transformers are one of the most vital components
in power grids. The safe operation of large transformers
straightly influences the dependability and steadiness of
power grids. Over time, some fault detection methods, such as
dissolved gas analysis, partial discharge detection tests, etc.,
have been proposed to detect the operating states of trans-
formers [1]-[3]. If a transformer works persistently without
detecting the winding temperature or other aspects, the life
and dependability of it will be affected, which can induce
largescale power outages and other accidents. Hence, the
accurate speculation of the operation status of transformers,
particularly the health status of windings, can effectively
reduce the probability of transformer operating failures
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and improve the stability of power systems. Thereby,
internal thermal monitoring has aroused people’s interest
extensively [4].

The life expectancy of a transformer directly relies on its
overall insulation state which will be remarkably affected by
its internal complex environment and continuously changing
thermodynamic conditions. The increasing power failures
induced by overheated transformer windings have evoked
more and more concerns [5]-[7]. As shown in Figure 1, dur-
ing the long-term operation of transformers, the short-living
overcurrent circumstances (such as unexpected short-circuit,
load fluctuation, etc.), which usually cause the local accumu-
lation of heat generated from the abrupt current increase, will
accelerate the high-temperature cracking of insulating mate-
rials, leading to inter-turn discharge and eventual damage to
the entire winding [8]. Meanwhile, due to the uneven heat-
ing of windings, long-term overload operation or production
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flaws will also result in overheated regions, reducing the
thermal aging life of materials. These problems will gradually
develop into weak links that affect the overall insulation of
transformers. It’s thus imperative to realize the internal ther-
mal monitoring and accurate hotspot tracing for the healthy
operation of power transformers.

FIGURE 1. Transformer winding breakdown caused by overheating.

Currently, the identification approaches of transformer
hot spot temperature are mainly divided into the follow-
ing categories: empirical formula method, numerical sim-
ulation method, and direct measurement method. Among
them, the gradually matured empirical formula method has
been revised many times since it was put forward in 1911,
and has been extensively used in practical applications [9].
According to the IEC 60076 criterion, diverse coefficients
are proposed for transformers with diverse heat dissipation
methods, which can be straightly utilized for the temperature
computation of hot spots under diverse load and operation cir-
cumstances [10]. However, it turns out that in some cases, the
calculated results present evident errors compared with the
actual measurement results [11]. At the same time, it’s hard to
keep up with the transient changes in load, which unavoidably
causes insufficient real-time responses [12]. Hence, detection
methods based on empirical formulas are more appropriate
for rough and rapid calculations.

Nevertheless, the aforesaid approach merely highlights
the hot spot temperature and lacks the thermal data of the
entire interior region. The numeric emulation method of inter-
nal convective heat transfer partial differential equation is
established based on fluid mechanics, which can solve this
problem theoretically through relevant algorithms for global
calculation [13], [14]. J. Smolka obtained detailed 3D ther-
mal distributions by the combination of genetic algorithms
with multi-physics coupling [15], while J. Gas-telurrutia dis-
cussed a simplified method for the heat sources and bound-
ary conditions of oil-immersed transformers, proposing the
corresponding equivalent conditions [16] for the purpose of
reducing the difficulty and complexity of the 3D modeling
of power transformers. Limited by the simplification of the
model and the convergence of the algorithm, the numeri-
cal simulation often has deviations in reflecting the actual
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transformer status, and it can only be used as a reference in
most cases [17].

Direct measuring is an approach to detecting the temper-
ature of a spot via fiber gratings, fluorescent optical fibers,
thermocouples, etc. Nevertheless, there will be large moni-
toring blind areas due to the utilization of sensors which are
unable to sense the temperature of the whole transformer.
The measurement carried out by Ribeiro of A.B.L. on a
66 kV transformer in Portugal in 2008 was an extraordinary
achievement[18]. Subsequently, A. Y. arranged substantial
fluorescent fiberoptic sensors in the oil channel between
every neighboring winding wire to detect overheated areas in
a 1.5 MVA transformer [19]. However, under the influence of
the complex internal environment of a transformer, different
sensor positions may lead to different results.

Because of the spatiotemporally persistent monitoring and
superb real-time performance [20], the distributed fiber optic
sensing (DFOS) technology has been applied in many fields
after decades of progress, like the kinetic monitoring of
cracks and deformations in buildings or highways, since it
was first put forward by Hartog in 1983 and it has displayed a
remarkable potential for the application of DFOS in electrical
equipment.

In the article, DFOS was utilized to continuously trace
and monitor the transformer winding temperature and hotspot
location, which evidenced the effectivity and stability of
the designed optical fiber sensing. According to the actual
structures of real transformers, diverse laying schemes have
been developed for optical fibers and they have been validated
by the detection accuracy assays. Through the temperature
rise test of a 35kV distributed optical fiber integrated power
transformer prototype, the online internal temperature under
actual operating conditions was acquired spatiotemporally
and persistently, and the three-dimensional visualization of
the detected data was realized. The obtained data might offer
a solid reference for the delicate administration of transform-
ers. Additionally, in the past century, several classical models,
like the IEC, Swift, Susa, and IEEE models, were purposed to
describe the thermodynamic behaviors of transformers [21].
The prediction of the top oil temperature (TOT) and hot
spot temperature (HST) by these models can help people
continuously evaluate the loading capability of power trans-
formers under different operation conditions. In this paper,
these aforesaid models were established based on the princi-
ple of distributed optical fiber sensing, the results of which
were compared with the optical fiber data to find the optimal
model.

II. ESENTIAL PRINCIPLE

A. SENSING PRINCIPLE

When light propagates in optic fiber, due to the influence of
medium molecules, light waves will encounter diverse levels
of scattering, which will cause scattering spectra of different
frequencies [22]. Therefore, elastic scattering (Rayleigh scat-
tering) and non-elastic scattering (Brillouin scattering and
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FIGURE 2. Spontaneous scattering in optical fibers.

Raman scattering) can be determined as per their frequen-
cies (Figure2) [23]. Compared with other scattered lights,
Raman scattering has been discovered to present a remarkable
temperature-dependent sensitiveness, especially in its high-
frequency region. Thereby, the optic fiber sensing approach
was put forward.

According to relevant research [24], [25], the temperature
data along the whole optic fiber can be acquired, as presented
by equation (1).

a5 (T)/ Ds(T) [ hAv (1 1 )}
22 2 —exp|l— [ = — = (D
Dps(To)/ Ds(To) k \T 1o

where Ty denotes the calibrated fiber temperature; & denotes
the Planck constant (& = 6.626 x 10734 -8); Av represents
the Raman phonon frequency (Av = 1.32 x 10'° Hz);
k denotes the Boltzmann constant (k = 1.38 x 10~23 J Kb,
and T denotes the thermal dynamic temperature. The thermal
distribution along the fiber laying path can be acquired via
merely identifying the electrical levels of ®45(T), Os(T),
D45(Ty) and Pg(Ty) posterior to the photoelectrical conver-
sion.

B. FOUR DYNAMIC THERMODYNAMIC MODELS

For the sake of describing the thermodynamic behaviors
of transformers, certain modeling methods have been put
forward, which are based on the delineation of fairly intri-
cate thermal transference scenarios via simple differential
equations. This article analyzed and compared four typical
thermal models, which used the method of thermoelectric
analogy, and a satisfactory result was obtained. These four
models were verified via experiment outcomes, including the
Loading guide (IEC) model, Swift model, Susa model, and
IEEE guiding model.

1) LOADING GUIDES (IEC)
By virtue of the real-time measurement derived from the
normal operation of a transformer, loading guides offer fairly
simple equations for the calculation of top-oil tempera-
ture (TOT) and hotspot temperature.

Loading guides offer 2 alternatives for depicting the
hotspot temperature: (a) exponential equation solution (b) dif-
ference equation solution. These methods, which have
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the same source, are appropriate for arbitrarily time-
varying loading factor K and time-varying environment
temperature 6,,.

The former approach is actually more appropriate for the
identification of thermal transference parameters by tests,
particularly for product suppliers, while the latter method is
more suitable for online monitoring owing to applied math-
ematic transformation. In principle, both methods generate
identical results, as they represent solution variation due to
the identical heat transfer differential equations. Therefore,
we selected the latter method to establish the hot-spot model.
The heat transfer differential equations are represented in the
following text.

The differential equation for TOT (inputs K, 6,,
output 6,) is:

L+ KRY (Abor) = k P 19,-00 @
— | x = k117, X —
1+R or 11to dt 0 a
The differential equation for hotspot temperature rise
(input K, output A6y) is solved as the sum of 2 differential
equation solutions, in which

Abp = Abp1 — Abpp 3)
The two equations are
' dA
ka1 x K¥ X (Abpr) = ko X Ty X d—fhl + Abh (4)
dA6Gn
(k21 — 1) X K¥ X (Abny) = (To/k22) x P Abrz  (5)

The solutions of these two equations are combined as per
Eq (3). The eventual equation for the hotspot temperature is

0p =0, + A6y, 6)

where 6, denotes TOT (in the tank) at the load considered;
0y denotes the winding hotspot temperature; A6, denotes
TOT rise in stable status at the rated losses (no-load losses +
load losses); A6, A6y, Abpy denote the hotspot-to-top-oil
(in tank) gradient at the load considered; A6y, is the hotspot-
to-top-oil (in tank) gradient at rating current; 6, is the ambient
temperature; K denotes the loading factor (load current/rating
current); R denotes the ratio of load losses at the rating current
to no-load losses at the rated voltage; 7, is the oil time
constant; 7, is the winding time constant; k;;, k27, k22 is the
thermal model constants.

2) SWIFT MODEL

The establishment of the Swift model started with the prin-
ciple of natural thermal advection and this model offered a
differential equation that considered the environment tem-
perature for the computation of HST and TOT. In [26], [27],
by virtue of thermal transference principles, Swift model has
been established. The differential equations of the top oil
temperature model and hotspot model are as follows.

Dt [lguﬁ +1

Do, =
4 ﬂ+1

~m%mm—m—%wﬂ 7

Toil
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where I, is the load current per unit (a forcing function vari-
ate set as 1 herein); B is the ratio of copper loss to iron loss at
the rating load; 7,;; denotes the top oil time constant; 7,4 g is
the winding time constant; m, n are exponential because of the
non-linear thermal transference relationship; F(x); denotes
the TOT at every timestep as computed from (7); M; denotes
the identified TOT at every timestep.

3) SUSA MODEL

Susa in [28] offered kinetic TOT and HST models as per
the principle of natural thermal advection for more precise
temperature computation in instantaneous states.Moreover,
he took the oil viscosity variations and loss variations with
temperature into consideration. The modeling methods are as
follows.

1+R-K?
EY I '“Zu - AByil, rated
n dBoir
= Mpy Toil,rated * 7
0.1 —0 1+n
+ ( oil . amb) (10)
AQoil,mted
{K2 . Pcu,pu (ehA)} . ,U«;u : Aehs,mted
n Oy
= Mpu * Twdg,rated * 7

(ehs - eoil)n—H

n
Aehs, rated

(11)

where 1, is the oil viscosity (per-unit value); Tois, rared
denotes the rated oil temporal constant; Ty,qg, rared denotes the
rated winding temporal constant; Py, p,(6ps) denotes the load
loss’s reliance on temperature; n is a constant set as 0.25; 6,;;,
Ohss Oambs Aboil rated > AOhs,rared denote the same definition as
80, On, Ba, Oor, Onr, respectively.

4) IEEE GUIDING MODEL

As per the principle of thermoelectrical conversion, the
approach of calculating the oil temperature and winding tem-
perature in the IEEE model does not require iteration when
the load changes. At the same time, the method not only
takes into account the influence of environmental temperature
changes but covers the load loss and oil viscosity changes
induced by resistance and oil temperature changes [29]. The
models are as follows.

Oy = 64 + Abro + Aby (12)
__t

Abro = (Abro,u — Abro,i) (1 —e TTO) + Abro,; (13)

AOy = (AOy.u—A.) (1 - e‘ﬁ) YA (14)

where 64 denotes the ambient temperature; Afro denotes the
top-oil rise over environment temperature; Ao,y denotes
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the eventual top-oil rise over environment temperature for
load L; Af10,; denotes the original top-oil rise over environ-
ment temperature for t = 0; Ay denotes the winding hottest-
spot rise over TOT; A6y y denotes the eventual winding
hottest-spot rise over TOT for the load L; A8y ; denotes
the original winding hottest-spot rise over TOT for t = 0;
170 is the oil temporal constant of the transformer for any
load L and for any specific temperature differential between
the eventual top-oil rise and the original top-oil rise; Ty is the
winding temporal constant at the hotspot location.

Ill. DEVELOPMENT OF OIL-IMMERSED TRANSFORMER
WITH BUILT-IN DOFS

A. DESIGN OF DOFS LAYING SCHEME

There are basically four types of conductors used in trans-
former windings: round copper conductors, flat conduc-
tors, composite conductors, and transposed conductors [30].
Round or flat copper conductors are designed for certain
low current occasions, while composite conductors, made
up of multiple flat wires winded in parallel, are applied in
transformers with larger capacity. With a further increase in
load current, transposed conductors are utilized to reduce
circulating current. The high voltage (HV) winding of the
35 kV/200 kVA transformer studied in this paper had a rated
current of 3.3 A and round copper wires were utilized, while
the rating current of the low voltage (LV) winding was 288.7A
and composite wires were utilized. In this paper, the optical
fiber laying scheme on the windings of a 35 kV oil-immersed
transformer is shown in Figure 3 and Figure 4.

_~Sheath

Coating Layer
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7 Cladding
Paper Iransformer Oil
N /

Distributed Optical
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# TDiber Core
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FIGURE 3. Fiber laying scheme on low voltage winding (cross-section
structure).
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Insulating
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— £t
Qi 3 | [ ] Round
Copper
! 3 Wire

FIGURE 4. Fiber laying scheme on high voltage winding (cross-section
structure).

In the laying scheme, the low-voltage winding was com-
posed of composite conductors with the unit wound by 6 flat
copper wires in parallel, leaving no oil channels between
every neighboring wire (as presented in Figure 4). The high-
voltage winding was composed of enameled round cop-
per conductors, which meant less space and direct contact
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between wires. For temperature sensing, optical fibers were
attached to the outermost conductor surface. Additionally,
to decrease the negative measurement deviation caused by
the cooling medium, a tier of insulation paper was wrapped
around the fiber composite winding wire. By using pulley
guides, the sensor and winding wire could be highly inte-
grated into close contact, which further synchronized the
temperature of the fiber with the adjacent conductors and
enabled the real-time distributed thermal monitoring along
the entire winding. In the design, the distributed fiber optic
sensor was wrapped between the winding wire and the insu-
lation paper, which not only maintained the initial winding
structure but buffered the possible effect of transformer oil
aging (discussed in the next section).

B. STABILITY OF DISTRIBUTED OPTICAL FIBER

SENSOR IN TRANSFORMER

Due to the actual requirements that optical fibers need to have
satisfactory compatibility with transformer oil and work sta-
bly under high temperatures, corresponding tests were carried
out in our previous work [31]. In this paper, by virtue of sev-
eral materials such as Ethylene Tetrafluoroethylene (ETFE),
Nylon 12, Poly Vinyl Chloride (PVC), and Polyurethane
(PU), five kinds of aging characteristic indexes (water con-
tent, acid value, dielectric dissipation factor, volume resistiv-
ity, and infrared spectrum) of insulating oil were measured to
study the influence of the optical fiber integrated transformer
on the thermal aging characteristics of insulating oil.

Through the comparison of these parameters, ETFE exhib-
ited the most superior comprehensive performance and
was finally selected as the sheath material of the optical
fiber. Figure 5 presents the aging results of four commonly
used fiber materials which were shaped into dumbbells for
mechanical testing.

After the 24-day aging process, the water content and acid
values of the oil samples containing ETFE increased by 7.8%
and 31.5%, respectively, in contrast to the pure oil samples,
which were much smaller than those of the PU-containing
samples (20.1% and 61.3%). Additionally, material (ETFE)
still maintains a steady property posterior to the long-term
aging process of the transformer oil but has no effects on its
sensing performance. At the same time, the electric properties
of ETFE optic fibers were eligible for the real application of
transformers because of their satisfactory insulative perfor-
mances. The unit ’d’ in Figure 5 represents the number of
test days.

C. ACCURACY OF DISTRIBUTED OPTICAL FIBER SENSOR
ON TEMPERATURE DETECTION

In this paper, in order to explore the accuracy and sensitivity
of distributed optical fiber sensors in transformer winding
temperature measurements in a more detailed and in-depth
manner, the mathematical model was established and solved
by the finite element method (FEM) using the COMSOL
software, and the conclusion was drawn through the analysis
of calculation results.
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FIGURE 5. Four commonly used fiber materials during the accelerated
thermal aging test: (a) ETFE; (b) Polyurethane (PU); (c) Nylon 12; (d) Poly
Vinyl Chloride (PVC).

Distributed optical fiber sensors present a synchronous
increase of temperature by closely attaching to the winding
wire. Considering that there were multiple insulation media
between the fiber core (the actual temperature sensing area)
and copper wires, and that there was the effect of heat dissi-
pation caused by the external circulating oil flow on fibers,
the corresponding calculation of temperature detection effi-
ciency was applied to the designed fiber laying scheme by
virtue of the laminar flow module of COMSOL Multi-physics
(5.4, COMSOL AB, Stockholm, Sweden). The entire mate-
rial and mesh parameters are presented in Table 1 and Table 2,
respectively.

The wire heat rate was set as 40 W, and the oil temper-
ature was 65 °C, while the boundary conditions were set
to natural convection heat dissipation coupled with a flow
field to simulate the real scenarios inside the transformer. The
stable distribution of thermal and flow fields is displayed in
Figure 6. The mesh model and the partially enlarged view of
the critical zones of the temperature distribution profile are
displayed in Figure 7.

When the finite element method was used to calculate the
fluid-temperature field and construct the mesh model, the
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TABLE 1. Model material parameters for the thermal field simulation.

Material Fiber Core! Coating Layer  Sheath Layer Insulating Paper  Transformer Oil Copper Wire
Density (kg'm?) 2300 1090 1000 1150 923 8940
Heat capacity 2 (J-(kg-K)™) 966 1970 385 1929 3639 386
Conductivity (W+-(m-K)™") 7.60 0.12 0.11 0.25 0.21 400

! Containing cladding and the fiber core which was only 9 um in diameter, and could be ignored during

the thermal simulation. 2 At constant pressure.

TABLE 2. Model mesh parameters for the thermal field simulation.

Mesh parameters mgsh units Average unit cell area ratio grid area/mm?
vertices mass
High voltage winding 23662 42472 0.7822 4.617E-7 400
low voltage winding 61109 110857 0.7838 3.203E-8 3025

emfs

BI0EDSD0BITOOTID

(b)

FIGURE 6. Thermal simulation coupled with flow field: (a) Temperature
field and flow field for LV winding; (b)Temperature field and flow field for
HV winding.

mesh was divided according to the field quantity distribution.
If the quality of the mesh is not good, numerical oscilla-
tions may occur in the calculation, which will lead to the
non-convergence of calculation results. The research showed
that the larger the Pe, the clearer the numerical oscillation
phenomenon of the finite element solution. Obviously, the
calculation formula of Pe is shown as follows.

. Uh
n(A)
where Pe is the Becquerel number; h is the characteristic

length of the grid; n is the dynamic viscosity; A is the thermal
conductivity.

Pe 5)
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(b)

FIGURE 7. Mesh model and partial enlargement: (a) LV winding;
(b) HV winding.

In this paper, the method of densifying the local grid was
used to reduce the number of Becquerels Pe and eliminate
the phenomenon of distortion oscillation. The meshing order
was determined according to the size of the geometric model.
During the meshing, the meshes between the part in contact
with the winding and the optical fiber and the inner mesh
of the fiber were refined, which could effectively improve
the calculation efficiency and ensure better convergence as
well as higher accuracy (Figure7). The calculation model
utilized a variety of meshes, among which the fluid-structure
coupling boundary was used to solve the stable boundary
layer mesh, and it improved the mesh resolution and the
convergence. Triangular meshes were utilized for the solid
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and fluid domains, which could be readily divided and had
strong adaptability to irregular areas.

The simulation only focused on the local area where the
optical fiber was applied, and a short part of the entire wind-
ing was taken for the convenience of study, which would lead
to a similar conclusion when we took the whole winding into
the calculation. The thermal simulation result showed that for
the LV winding (Figure 6(a)), the average temperature of the
winding wire was 81.90 °C while the sensed temperature of
the optical fiber (the average temperature of the core area)
was 81.53 °C. The near-range temperature distribution of
the optic fiber composite wire was uniform, and the heat
transfer efficiency between the conductor and optical fiber
was 99.55 %. For the high voltage winding (Figure 6(b)), the
copper wire exhibited an average temperature of 81.76 °C
compared to 80.82 °C of the fiber core, and the efficiency
could also reach 98.85 %.

According to the flow field results, the oil flow velocity
near the sensing fiber dropped to approximately 0 cm/s,
which formed a relatively static area with almost zero flow
and little heat loss (Figure 6(a) and Figure 6(b)). The
area with the highest flow velocity (maximum value about
1.2 cm/s) appeared at the top of the winding, while the lowest
velocity region emerged quite near the winding wire and the
insulating paper due to the boundary layer effect. The calcu-
lation result exhibited the theoretical feasibility of distributed
optical fiber sensors in identifying the real temperature of
transformer windings.

Moreover, the distribution and change of the temperature
field at the fiber can be seen through the partial magnification
of the place where the winding and the fiber were attached
(Figure7). Even though the external oil flow and insulating
materials might have some influences on heat transfer, the
optical fiber could still detect the exact winding tempera-
ture within an error of 1 °C. In addition to the small size
of the optic fiber sensor, this could also be attributed to a
relatively closed local area formed by 2 tiers of insulation
paper wrapped around the optical fiber, thus, the effect of
external oil flow could be limited at the greatest extent and
heat could be easily transferred to the fiber core.

To further examine the temperature measurement accu-
rateness of the proposed winding wire composite optical
fiber sensor, a winding model of the 31.5 MVA/110 kV
oil-immersed transformer was fabricated to perform the
temperature rise experiment.

In the experiment, the distributed fiber optic sensor was
fixed on the outermost circle of the winding with insulation
paper. To realize temperature control, the heating tape was
sampled at multiple points by thermocouples, which were
closely attached to the inside of the winding wire to guarantee
that the temperature control error was less than 0.5°C. More-
over, to simulate the actual heating process of an operating
transformer, the windings were heated from 55°C to 75°C for
30 minutes at a gradient of 5°C to ensure that the temperature
distribution reached a steady state.
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FIGURE 8. Temperature accuracy testing site and results.

The fiber measurement outcomes are presented in Figure 8.
The actual assay displayed that the average temperature error
of thermocouples was about 0.7 °C and that of the DOFS was
approximately 1 °C. As presented in Figure 8, by excluding
the systematic and accidental errors in the test, the designed
winding composite fiber could accurately reflect the real
temperature of the transformer winding.

The hotspot positioning accuracy was also experimentally
explored by heating some discontinuous turns of a winding
to different stable states respectively. The experimental test
showed that the designed winding wire composite optical
fiber sensor had a spatial resolution of 0.8 m (each light band
was 3.2 m wide and consisted of four sampling points). For
the continuously winded winding inside a transformer, this
accuracy is sufficient for positioning the exact turn of local
overheating.

D. FABRICATION OF DISTRIBUTED OPTICAL FIBER
SENSOR INTEGRATED TRANSFORMER

The components of the DOFS integrated transformer system
are shown in Figure 9. The optic fiber flange was sealed
firmly on the transformer tank with the external optical exten-
sion cable connected to the data processing system for signal
extraction. The system was manufactured in strict accor-
dance with the conventional manufacturing process, which
had passed the factory test of relevant industry standards,
meeting the grid operation standards. This potently evidenced
that the fiber optic sensor presented remarkable safeness and
steadiness inside the transformer, and could be further utilized
in real industrial applications.

IV. REALTIME HOTSPOT TRACING AND ONLINE
TEMPERATURE MONITORING RESULTS

The temperature rise assay was carried out in accordance
with the IEC 60076-7: 2018[11] standard, during which
spatiotemporal temperature variations inside the transformer
were detected in real-time using distributed optical fiber
Sensors.

The temperature distribution of the entire windings was
directly and persistently monitored at the same time, as shown
in Figure 10. The hotspots of the windings were also fairly
close during the whole process, the trajectory of which was
exhibited in Figurell.
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FIGURE 10. Distributed temperature results for: (a) HV winding; (b) LV winding.
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FIGURE 11. Hotspot track of phase A after 1h for (a) HV winding; (b) LV winding.

The entire temperature rise test was carried out by the short
circuit approach, which lasted for approximately 9 hours,
and there were 2 steps: adding the test current which was in
correspondence to the total loss of the transformer, including
the load loss and no-load loss (the first 8 h); adding the rating
current which was in correspondence to the load loss of the
transformer (the last 1 h). During this period, DFOS could
realize the persistent monitoring and effective sensing of the
winding temperature.
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In general, there are two kinds of losses, or rather heat
sources, in transformers, i.e., copper losses generated from
the joule heat of the copper conductor and iron losses gener-
ated from magnetic hysteresis loss and the eddy current loss
of the ferromagnetic material. As the name suggests, the first
step of the temperature rise test was the application of both
losses on windings (by increasing current to a level where the
generated heat equaled the total heat of normal operation),
while the following step reduced the current to the rated value.
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For the three-phase windings, the optical fiber was winded
uniformly and the total sensing length for each phase was also
listed in Figure 10.

As shown in Figure 4, the fibers were uniformly wound
helically along the winding surface, so the fiber length could
be converted into the winding height for analysis (discussed
in detail later). According to Figure 10(a), the high-voltage
winding temperature of each phase displayed the incremental
tendency with the increase of fiber length, but the temperature
at the top of the winding didn’t follow this trend, which might
be induced by the comparatively good conditions for heat
dissipation.

In addition, the hottest regions progressively appeared after
we applied the total loss for 3 hours, which were phases A,
B, and C, in correspondence to temperatures of about 50°C,
49°C, and 51°C. These regions were located at about 86%,
84%, and 85% of the winding height. As time passed, the rel-
atively hotter regions started to expand, and at the end of the
first step (8h), the hot region with a temperature above 54 °C
(90 % of the highest temperature) occupied 79 %~89 %,
66 %~93 %, 66 %~95 % of the winding height, respectively.
The hotspots for phases A, B, and C during the whole
process fluctuated at around 83 %~88 %, 84 %~89 %,
and 85 %~90 % of the winding height, respectively
(Figure 11(a)).

Compared with the HV winding, the LV winding exhibited
a greater temperature because of its greater current, as pre-
sented in Figure 10(b), and the temperature increased initially
and afterward decreased with the fiber length. Moreover,
the hotspot arose earlier than 1 hour after the application of
total losses, and the part with a temperature value of 60 was
mainly distributed at 73 %~75 % of the winding height.
The hot spot persistently spread to a larger area over time,
and nearly half of the windings were over 71 °C (90 % of
the highest temperature) at 8h. The hotspots for phases A,
B, and C throughout the process fluctuated at 70 %~76 %,
71 %~75 %, and 70 %~T5 % of the height, respectively
(Figure 11(b)).

The transformer studied in this paper adopted a layered
winding structure (i.e., there wasn’t any oil channel between
every winding wire, as shown in Figure 3), and the tem-
perature along the entire winding was uniform and contin-
uous, and there was no sudden temperature jump. At the
same time, since the optic fiber was spirally wound along
the surface of the wire to form a winding-integrated sensor,
the spatial position function of the three-phase sensing fiber
could be established through the spiral equation according
to the fiber length and the winding size (Figure 12), and the
corresponding temperature data could be correlated with the
spatial location based on it. Moreover, to achieve complete
distributed temperature sensing, the temperature lying below
the spatial resolution could be estimated by interpolation
methods in the case of densely wound fibers.

The transformer studied in this paper adopted a lay-
ered winding structure (i.e., there was no oil channel
between every winding wire, as shown in Figure 3), and the
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FIGURE 12. Spatial position function for three-phase sensing fibers of
(a) HV winding; (b) LV winding.

temperature along the entire winding was uniform and con-
tinuous, and there was no sudden temperature jump. At the
same time, since the optic fiber was spirally wound along
the surface of the wire to form a winding-integrated sensor,
the spatial position function of the three-phase sensing fiber
could be established through the spiral equation according
to the fiber length and the winding size (Figure 12), and the
corresponding temperature data could be correlated with the
spatial location based on it. Moreover, to achieve complete
distributed temperature sensing, the temperature lying below
the spatial resolution could be estimated by interpolation
methods in the case of densely wound fibers.

By applying the distributed optical fiber sensors to the
transformer online monitoring area, the actual temperature
distribution inside the transformer could be obtained in a
continuous distribution manner, and the hotspots could be
closely tracked in real-time, which provided a new vision for
power online monitoring and reliable data-based standards
for the management of power transformers.

In addition, evaluating and analyzing the thermodynamic
models of transformers based on the data obtained from
distributed optical fibers can provide new perspectives and
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methods for analyzing their thermodynamic phenomena and
comparing their strengths and weaknesses.

V. COMPARISON BETWEEN DISTRIBUTED OPTICAL
FIBER SENSOR AND SEVERAL THERMAL MODELS

A. DYNAMIC COMPARISON CHART OF FOUR TYPICAL
MODELS BASED ON DISTRIBUTED OPTICAL

FIBER DATA

For the sake of describing the thermodynamic behaviors
of transformers, certain classical modeling methods have
been put forward, which can describe fairly intricate thermal
transference circumstances based on simplified differential
equations.

Based on the aforesaid analysis, it can be found that DOFS
can realize the real-time and accurate monitoring of trans-
former HST. Since the sensing fibers were not arranged in all
transformers, the accuracy of the existing transformer hotspot
models was studied based on the test results, and the model
prediction results were compared with DOFS test results.

When we compared and analyzed the hotspot data obtained
by distributed optical fibers and dynamic models, we could
not only further verify the correctness and accuracy of the
hotspot tracking method using distributed optical fibers but
could find the most suitable model to delineate the ther-
modynamic feature of the transformer. In this section, our
team analyzed and compared four typical thermal models
with the optical fiber data acquired from the temperature rise
tests of a 200-KVA-ONAN-cooled unit and the hottest spot
temperature data were derived from the low voltage winding.

The following figures show the comparisons between the
TOT and HST of the IEC, Susa, Swift, and IEEE models and
the fiber data.
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Since the temperature rise test was divided into two stages,
the total loss was applied to the transformer at the first
stage. At this time, the test current was greater than the rated
current. In the second stage, the rated current was applied to
the transformer for 1 hour. Therefore, the TOT and HST of the
latter part of the transformer would descend. As shown in the
figure, at about 480 minutes, both the data of the four classical
models and the temperature data measured by the fiber began
to decline. Through the comparison and evaluation of the
four top oil model diagrams, it can be seen that the model
results and the optical fiber data exhibited a high degree
of fitting in the transient and steady-state links, which was
additionally the end result of a giant margin for the degree of
oil temperature change.

It can be found from Figure 13(a) that in the transient part
of the IEC HST model, the model data were higher than
the optical fiber data, which might be due to the model’s
unthoughtful consideration of the temperature-varying oil
viscosity, the influence of the driving force on oil viscosity
and the hotspot heating rate in the case of a large load rate.
In the steady-state part of the model, it can be seen that it fitted
well with the fiber data, and the sensitivity of the model was
also high when the load changed.

As presented in Figure 13(b), the estimated TOT rise of
the Swift model coincided well with the data. Moreover, the
transient temperature calculated in the HST model responded
faster to the load, and the time required to reach the stable val-
ues of the TOT and HST was shorter. At the same time, there
was a certain deviation between the estimated value of the
HST and the optical fiber data, which was mainly reflected
in the early transient process. It was related to the fact that
the nonlinearity of the Swift model didn’t completely offset
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the influence of the viscosity and heat dissipation efficiency
changes caused by oil temperature.

It can be determined from Figure 13(c) that Susa’s HST
model not only agreed well with the optical fiber data in the
transient and steady-state parts, but had high accuracy and
sensitivity in the process of altering with the load, which
might be due to the fact that natural heat transfer and dynamic
oil flow were included in the construction of the Susa model,
with oil viscosity and temperature-dependent load loss as
additional parameters. At the same time, the thermal resis-
tance of the transformer was treated as a constant in the same
way as the Swift model.

As shown in Figure 13(d), although the IEEE TOT model
coincided well with the data, the accuracy of its HST data
was not satisfactory in the transient aspect, which might be
due to the overcompensation for the influence of oil viscosity.
When the load changed, it could be considered that the change
of the HST model was approximately exponential, which was
associated with its unique algorithm and approximate data
processing. Moreover, the IEEE model had an unique advan-
tage in that the structure was almost linear, and the linear
least squares could be effortlessly used and integrated into the
monitoring system, which could adjust the transformer with a
forced cooling system to enhance the accuracy of the model.

B. COMPARISON AND ANALYSIS

It is worthwhile to summarize and contrast the heat models
and study the method of distributed optical fiber sensors.
The following two diagrams show the comparison of TOT
and HST data between the distributed optical fiber and four
classical models.

From the comparison of the above four models and the
optical fiber data, although the Susa model and IEC model
exhibited great differences in structures, the temperature
response curves calculated by the two models were similar
to the optical fiber data. In order to evaluate the accuracy
of the model and find the model with superior performance,
this article calculated the root mean square error (RMSE) to
compare and analyze the data obtained by the model and the
optical fiber data set. The result is as follows:

The RMSE of the IEC, Susa, Swift, and IEEE models were
5.1039, 3.0766, 4.0267, and 3.1016, respectively.

It can be discovered that the RMSE of the Susa model was
the smallest, which indicated that the fitting degree of the
Susa model’s data and the optical fiber data was the best and
the error was the smallest. Moreover, the accurateness of the
Susa model was greater in contrast to the other three models
in Figurel4 (b), whereas the structures of the calculation
equations for the temperature in the Susa model were com-
plex, which would limit their application in rapid engineering
calculation.

Figure 14(b) reveals that there was a certain deviation
between the dynamic temperature calculated by the Swift and
IEEE models and the measured value. Relatively speaking,
the former presented a larger error. According to [32], due to
the structural defects of the Swift model, i.e., A6y, was not
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considered in the denominator when the time constant of the
windings was estimated. The result was approximately twice
the results of the other models, so the fitting results of the
Swift model were poor. To sum up, despite certain shortcom-
ings, Susa model is more suitable for the HST modeling in
terms of accuracy, stability, and sensitivity.

VI. CONCLUSION

In this paper, a distributed optical fiber temperature detection
system was established as per the principle of Raman scat-
tering, and the optical fiber was applied to the transformer
winding temperature detection, hot spot location tracking,
and so on. The distributed optical fibers were fabricated in the
double-winding oil-immersed transformer with a rated volt-
age of 35KV and a rated capacity of 200K VA in operation.
The transformer prototype has passed the power grid opera-
tion test and factory test. By virtue of the DFOS system, the
internal hotspot data could be obtained in real-time, includ-
ing the temperature information and spatial information.
Four kinds of thermodynamic models for the transformer
(IEC, IEEE, Swift, and Susa) were constructed, and the data
obtained by distributed optical fiber sensors were compared
and analyzed based on the model results. The RMSE values
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of different hotspot models were also calculated to find the
optimal model.

The determination of the DFOS system and the optimal
HST model has great significance and effect on the internal
thermodynamic analysis of the transformer, real-time detec-
tion of winding temperature, hot spot tracking, and practical
engineering applications. At the same time, the data obtained
by optical fibers revealed the phenomena which is different
from traditional theories. It is believed that this could provide
other researchers with new directions and inspirations.

The relevant conclusions are as follows.

I. The as-designed optical fiber laying scheme can hold a
steady status for the normal operation of transformers and
exhibits satisfactory compatibility with transformer oil.

II. The optical fiber can effectively detect the real temper-
ature of the windings due to its relatively small size and close
contact with the wires. Hence, a spatiotemporally continuous
temperature distribution can be obtained.

III. According to the experimental findings, the real-time
temperature distribution of the transformer windings showed
an increasing trend with the increase of height in all windings
of all phases, apart from the top regions (with a decreasing
trend), which might be due to the relatively good thermal
conditions.

This new finding contradicts with the conventional wisdom
that the hottest areas always arise at the top of windings,
where heat tends to accumulate. However, it ignores the
heat dissipation conditions that obviously exert great influ-
ences on temperature distribution, which can cause different
shifts of hotspots according to our experiments and detection.
Thereby, to build a more accurate calculation model, much
deeper studies are warranted in the future.

IV. The actual hotspots of different windings inside the
power transformer were persistently located and traced. They
fluctuated at 83 %~88 %, 84 %~89 %, and 85 %~90 % of
the high voltage winding height for phase A, B, and C, and
they fluctuated at 70 %~76 %, 71 %~75 % and 70 %~75 %
of the low voltage winding height for phases A, B, and C,
respectively.

V. After calculation, the RMSE values of the four trans-
former hotspot models (IEC, Susa, Swift, and IEEE) were
5.1039, 3.0766, 4.0267, and 3.1016, respectively, which
proved that the Susa model had the highest fitting degree and
the strongest sensitivity. Through the comprehensive compar-
ison and analysis of four classical models, the Susa model was
determined as the best one, which was the most appropriate
to model describe the dynamic thermal behaviors of power
transformers.
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