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Abstract: The temperature distribution and deformation of the transformer windings cannot be
measured in a distributed manner by the traditional method and failure location cannot be performed.
To solve these problems, we present a transformer winding temperature and strain based on
a distributed optical fibre sensing detection method. The design of the optical fibre winding
composite model is developed and simulated winding temperature rise test and local deformation
test distinguish between measuring the winding temperature and the strain curve. The test results
show that the distributed optical fibre can transmit wire strain efficiently. Optical fibres, in the
process of winding, have a certain pre-stress. Using the Brillouin–Raman joint measuring method,
one can effectively extract the optical fibre temperature and strain information and measure the
length of the winding direction of the temperature and strain distribution curve to a temperature
measurement precision of ±2 ◦C and strain detection accuracy of ±50 µε. The system can carry out
local hot spot and deformation localisation, providing new ideas for the transformer winding state
monitoring technology.

Keywords: transformer winding; temperature; strain; distributed optical fibre; Brillouin scattering;
Raman scattering

1. Introduction

Power transformers play an important role in power systems and their safe operation has a direct
influence on the reliability and safety of the power supply. Statistics show that insulation damage is
the main cause of transformer failure with the winding being the part with the highest failure rate.
The winding temperature and accurate and real-time deformation checks are significant to the safe
operation of transformers.

Currently, there are several ways to check transformer temperature such as the top oil temperature
measuring methods [1–3], fluorescence optical fibre temperature measuring methods [4,5], fibre Bragg
grating methods, etc. [6–9]. The measuring scope of the top oil temperature measuring method is small
due to its low measurement accuracy; fluorescence optical fibre temperature measuring offers a higher
measuring accuracy, but it is a point-type measure and is still limited in scope since the number of
sensors has to be increased to measure different parts; the fibre Bragg grating method is a point-type
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measure though, in essence, it can make quasi-distributed measurements. The one optical fibre has a
limited number of gratings, so it is difficult to make long-distance measurements.

The main methods to diagnose winding deformation off-line are the short-circuit impedance
method [10], low-voltage pulse method, and frequency response analysis method [11]: however, it is
difficult for off-line detection to meet the development trend of on-line detection and state evaluation
of electric equipment; besides, it suffers from poor sensitivity and difficulty in recognising winding
deformation. In addition, the live detection method for transformer winding using bushing tap
injection is still under investigation [12,13]. There are some problems such as the isolation between the
external system response and the transfer function of the winding, and the impact of load variation on
the measurement results.

With advantages such as a distributed measuring method, long measuring distance, resistance
to electromagnetic interference, and high insulation strength [14], distributed optical fibre sensing
technology is widely applied to the state measuring of large matrices in architecture [15], bridges,
and slopes. In electrical engineering, it is also applied to measuring the temperature and strain
of electric equipment. References [16–18] present the structure of optical fibre composite power
cable and introduce the application of distributed optical fibre temperature sensing technology in
cable temperature detection. The integration of optical fibres to power cables is implemented as
being located in special non-magnetic tubes that are placed between screening wires of high voltage
cables. The technology to build fibre into power cables is ripe. However, compared with the cable,
the transformer size and the deformation degree is much smaller. The difficulty lies in the fibre laying
method, which should not influence the normal operation of the transformer, and ensure that the fibre
and the conductor are at the same temperature and at a synchronous deformation.

At present, fibre sensing technology has been applied in transformer detection, for example,
fluorescent fibre measurements and quasi-distributed fibre temperature measurements using fibre
Bragg grating (FBG) [19–22]. Reference [20] presents a method of combining fibre with winding
wire. However, the above methods are all point temperature measurement, so the temperature
distribution of transformer windings cannot be mastered comprehensively. There is no report on the
inspection of temperature fields and strain in transformer windings based on the distributed optical
fibre sensing technology.

In this paper, the distributed optical fibre inspection method for the temperature and strain of
transformer winding based on Brillouin–Raman joint measuring is presented, and an optical fibre
composite wire is designed and made to realise the simultaneous measurement of winding temperature
and strain, obtain a distribution curve of winding temperature and strain, and locate local hot-spots
and deformations so as to provide new research ideas for the development of monitoring technology
as applied to transformer states.

2. Detection Principle

The incident pulse light will experience Rayleigh scattering, Brillouin scattering, and Raman
scattering, as shown in Figure 1. Raman scattering is only sensitive to temperature and it is divided
into Stokes and anti-Stokes scattered light. Anti-Stokes scattered light is sensitive to temperature while
Stokes light is less affected by temperature, and the intensity of these two kinds of scattered light is in
direct proportion to the temperature change [23]:
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where Ias is the anti-Stokes light intensity; Is is Stokes light intensity; Parameters λs and λas are Stokes
and anti-Stokes optical wavelengths, respectively; c is the velocity of light in vacuo; h is the Planck
coefficient; T is the temperature; k is the Boltzmann constant, and v is the Raman offset.
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The temperature at a measuring point can be obtained by measuring and calculating the intensity
ratio between Stokes and anti-Stokes light.

The frequency shift of Brillouin scattering is related to the speed of sound in the optical fibre.
The sound velocity can be affected by the thermo-optic effect and the elasto-optical effect which
are related to refraction rate, Young’s modulus, Poisson’s ratio, and the density of the optical fibre
material, so the temperature and strain in the optical fibre can both lead to changes of the Brillouin
frequency shift and intensity. Its result is represented by the good linearity between the axial strain
and temperature and the Brillouin frequency shift of the optical fibre, i.e.,

vB(T, ε) = vB0(T0, ε0) + CvT∆T + Cvε∆ε (3)

where, υB (T,ε) is the Brillouin frequency shift of the optical fibre with temperature T and strain ε; υB0
(T0,ε0) is the Brillouin frequency shift of the optical fibre under initial temperature T0 and initial strain
ε0; CυT and Cυε are the temperature and strain response coefficients of the Brillouin frequency shift; ∆T
and ∆ε are the changes relative to the initial temperature and initial strain.

When the temperature and strain of the optical fibre are measured with Brillouin scattering,
an effective distinction between the temperature and strain sensing information must be made. Here,
a Brillouin–Raman joint measuring method is adopted, the strain sensing optical fibre and temperature
sensing optical fibre of the same length are laid in the same thermal environment, and accurate
temperature ∆T and strain ∆ε are obtained by solving Formulas (1)–(3):{

∆T = TR − TR0

∆ε = vB(TR ,ε)−vB0(TR0,ε0)−CvT∆T
Cvε

(4)

where TR and TR0 are the target temperature and the initial temperature obtained by Raman scattering
measurements, respectively.

3. Stability Analysis of Distributed Optical Fibres within the Transformer

3.1. The Design of Optical Fibre Composite Wire

One kind of optical fibre composite wire structure is designed in this paper. A groove is cut in the
centre of the wide edge of the wire. A single-mode fibre (SMF) and a multi-mode fibre (MMF) are put
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on the groove (Figure 2). The SMF is used as the strain-sensing optical fibre and the MMF is used as the
temperature-sensing optical fibre. The fibres are fixed in the groove by insulating paint cured to ensure
that the optical fibre and wire are deformed synchronously and at the same temperature. Since the
optical fibre diameter is small and the area of the wire grooving is less than 2% of the cross-sectional
area, the current carrying capacity and mechanical strength of the wire is negligible. Apart from the
winding inside the transformer, there are mechanical parts such as the iron core, yoke, and clamping
piece as well as interference factors such as transformer oil flow and machine vibration. Traditional
electric measurements are usually affected by those factors mentioned above, thus the lower measuring
accuracy; however, the inspection frequency of optical fibre measurements is usually above 10 GHz
and is unaffected by the machine vibration signal. Meanwhile, the strain inspection optical fibre
is integrated with the wire and is deformed synchronously with the wire, and the measured strain
curve is only related to the deformation of the wire itself. To ensure the stable working of the optical
fibre in high temperatures in the transformer, a high-temperature resistant optical fibre coated with a
polyimide is used as it is stable at T > 200 ◦C.
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Figure 2. The cross-section of fibre composite wire.

3.2. The Simulation of Inter-Turn Electric Field

Since winding deformation mostly occurs in low-voltage windings, the wire used in the
low-voltage winding of an SFSZ7-31,500/110 kV transformer is modelled to establish a 2-d groove
wire model. The voltage grade of the low-voltage winding is 10.5 kV. The wire is 2 mm wide, 6 mm
high, the groove is 0.3 mm both in width and depth, and the wide surface is covered in a 0.2-mm
thickness of insulation paper. The optical fibre has a double-layer structure with 0.125 mm of fibre core
diameter and 0.25 mm of coating layer diameter. As for the 10.5 kV low-voltage winding, the potential
difference across two adjacent turns is about 40 V. The relative dielectric constant of each material
is listed in Table 1. The inter-turn electric field of the wire after optical fibre installation is shown in
Figure 3. It is shown that the maximum electric field intensity after the wire grooving is located at the
round corner of the groove (644.59 V/mm), which is 119.6% higher than the inter-turn electric field
intensity. The average value of the electric field intensity in the groove is 40% that of the inter-turn
electric field intensity. It is far from being enough to affect the insulation performance of the oil paper.

Table 1. The dielectric constants of the material.

Material Transformer
Oil

Insulation
Paper

Insulation
Paint

Optical Fibre
Core

Optical Fibre
Coating

Relative
dielectric
constant

2.2 3.6 3.0 3.5 2.9
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3.3. The Power Frequency Resistance Test of the Groove Wire

To check the influence of actual wire grooving on insulation, an inter-turn power frequency voltage
breakdown test is conducted on the wire before and after grooving. Three layers of insulation paper
are added between the wires (Figure 4). The power frequency voltage breakdown test is conducted on
the wire before and after grooving and the mean value of ten test results is taken. The test shows that
the mean values of power frequency breakdown voltage before and after wire grooving are 6.82 kV and
6.75 kV, respectively, the breakdown positions are all at the edge of the wire and there is no breakdown
at the groove. Therefore, it can be considered that the grooving of the wide side of the wire has no
influence on winding insulation performance.
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4. Optical Fibre Strain Transfer

4.1. The theoretical Calculation of Embedded Optical Fibre Strain Transfer

Since the current direction in high- and low-voltage windings is opposite when the transfer is
subject to a short-circuit electromotive force, the direction of action of the axial short-circuit force
between two windings mutually repels it [24]. The low-voltage winding is subject to an inward
compressive stress around its whole circumference. Since the winding often is wound on the stay,
the wire between two adjacent stays will also produce bending stress under the action of axial
short-circuit force. When the fibre is deformed synchronously with the wire, the fibre will be subjected
to the combined action of compressive and bending stress.

There has been some research into the strain transfer calculation produced by the uniform axial
force applied to the embedded fibre and matrix [25]. When the distance from the end is more than
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0.0125 m, the optical fibre strain transfer coefficient is 1. According to the theory of material mechanics,
since the diameter of the transformer winding is much greater than the wire width and thickness,
the wire can be taken as a small curvature beam to calculate the normal stress in bending [26].

Now the bending strain transfer coefficient is calculated and the following assumptions are made:

1. Each interface of the sensor is always tightly connected under bending.
2. Materials of different layers are all isotropic, linear elastic, bodies.
3. The optical fibre centroid coincides with that of the glue layer.
4. Both the wire and groove have no rounded corners.

When the wire is subject to axial short-circuit action, the parameters of the embedded optical fibre
wire are shown in Figure 5. The intersection of the axis of symmetry and the neutral axis layer of the
model section is taken as the origin of the coordinates. To simplify the calculation, the wire section is
divided into five areas and y1, y2, y3, y4, and y5 are the distances from the centroid of each part to the
wire bottom, thus y2 = y3 = y4 = y5.
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Accordingly:

σi =
Eiy
ρ

(5)

where, σi (i = 1, 2, . . . , 5) is the stress in the corresponding number of area; Ei (i = 1, 2, . . . , 5) is the
elastic module of the corresponding area, and, obviously E1 = E2 = E5; ρ is the radius of curvature of
the optical fibre composite wire; y is the distance between any layer and the neutral axis layer.

In combination with the definition of the static bending moment, the distance yc from the neutral
layer of the optical fibre composite fibre to the bottom is

yc =

5
∑

i=1
Ei Aiyi + E2 A2y2 +

5
∑

i=4
Ei Aiyi

5
∑

i=1
Ei Ai + E2 A2 +

5
∑

i=4
Ei Ai

(6)

Accordingly, the strain in any layer of the model is

ε =
y
ρ
=

yM
5
∑

i=1
Ei Ii + E2 I2 +

5
∑

i=4
Ei Ii

(7)
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where, Ii (i = 1, 2, . . . , 5) is the second moment of area about the x-axis of each area:

I1 = d(h−d2)
3

12 + d(h − d2)(y1 − yc)
2

I2 =
d1d3

2
12 + d1d2(y2 − yc)

2

I3 =
d3d3

2
12 + d3d2(y3 − yc)

2 − 2(I4 + I5)

I4 =
πd4

4
64 +

πd2
4

4 (y4 − yc)
2 − I5

I5 =
πd4

5
64 +

πd2
5

4 (y5 − yc)
2

According to Equations (6) and (7), the strain at the optical fibre centre is as follows:

ε f =
(y5 − yc)M

5
∑

i=1
Ei Ii + E2 I2 +

5
∑

i=4
Ei Ii

(8)

The strain at the wire surface is

εm =
(ym − yc)M

5
∑

i=1
Ei Ii + E2 I2 +

5
∑

i=4
Ei Ii

(9)

where, ym is the distance from the wire surface to the bottom.
As indicated, the optical fibre strain is related to the distance from the optical fibre centroid to the

neutral layer. When the optical fibre is closer to the wire surface, the strain increases and the detection
sensitivity to wire deformation is higher. Since BOTDR has a certain spatial resolution, the strain
measured in the length of the spatial resolution is the average strain along the gauge length and,
therefore, the average value of the strain transfer rate in the perceived length is given by

α =

∫ L
−L ε f (x)dx∫ L
−L εm(x)dx

(10)

4.2. Strain Transfer Test

A groove with a 0.3 mm side-length is cut on the wide side of a straight copper bar which is 1 m
long, 30 mm wide, and 3 mm thick according to the method above, and insulating paint is applied
to fix the distributed optical fibre in the groove. Both ends of the copper bar are fixed. A vertical
downwards force is applied at the centre in 10 N increments over four steps each with an accuracy of
0.01 N (Figure 6). The Brillouin optical time domain reflectometer (BOTDR) system is used to measure
the strain at a constant room temperature. The measurement spatial resolution is 2 m, and the sampling
resolution is 0.2 m. Finally, the strain value corresponding to the wire surface at the maximum strain
of the optical fibre is taken to calculate the strain transfer coefficient of the fibre at different stresses
(Figure 7). The range of the optical fibre strain sensor is set to be 48~49 m.

Sensors 2018, 18, x FOR PEER REVIEW  7 of 13 

 

3
2

1 2

3
21 2

2 1 2

3
23 2

3 3 2 3 4 5

4 2
24 4

4 4 5

4 2
25 5

5 5

( )
( )( )

12

( )
12

( ) 2( )
12

( )
64 4

( )
64 4

2
1 c

2 c

c

c

c

d h - d
I d h d y - y

d d
I d d y - y

d d
I d d y - y I I

d d
I y - y I

d d
I y - y

π π

π π


= + −




= +



= + − +



= + −



= +
  

 

According to Equations (6) and (7), the strain at the optical fibre centre is as follows:  

5 5

2 2
1 4

( )5 c
f

i i i i
i i

y - y M

E I E I E I
ε

= =

=
+ + 

 
(8) 

The strain at the wire surface is 

5 5

2 2
1 4

( )m c
m

i i i i
i i

y - y M

E I E I E I
ε

= =

=
+ + 

 
(9) 

where, ym is the distance from the wire surface to the bottom. 
As indicated, the optical fibre strain is related to the distance from the optical fibre centroid to 

the neutral layer. When the optical fibre is closer to the wire surface, the strain increases and the 
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4.2. Strain Transfer Test 

A groove with a 0.3 mm side-length is cut on the wide side of a straight copper bar which is 1 m 
long, 30 mm wide, and 3 mm thick according to the method above, and insulating paint is applied to 
fix the distributed optical fibre in the groove. Both ends of the copper bar are fixed. A vertical 
downwards force is applied at the centre in 10 N increments over four steps each with an accuracy 
of 0.01 N (Figure 6). The Brillouin optical time domain reflectometer (BOTDR) system is used to 
measure the strain at a constant room temperature. The measurement spatial resolution is 2 m, and 
the sampling resolution is 0.2 m. Finally, the strain value corresponding to the wire surface at the 
maximum strain of the optical fibre is taken to calculate the strain transfer coefficient of the fibre at 
different stresses (Figure 7). The range of the optical fibre strain sensor is set to be 48~49 m. 
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Figure 7. The fibre strain curve (a) and central strain transfer rate (b) under different pressures.

As shown in Figure 7, since a BOTDR system is limited by its spatial resolution, the strain
measured by the optical fibre is actually the comprehensive strain within the spatial resolution length
with the measuring point as the start point [27]. The strain on the wire surface can be transferred to the
fibre when the test fibre is in synchronous deformation with the wire. The strain curve detected by the
optical fibre can reflect the strain state of the winding. The strain variation region is 45~51 m, the pulse
width of BOTDR is 20 ns, and the spatial resolution is 2 m, so there is a strain transition distance of
approximately 2 m at both ends of the 1 m sensing fibre. Meanwhile, when the measured strain in the
optical fibre is smaller than the actual strain, the strain transfer rate increases with increasing stress
and it is asymptotic to its theoretical value.

5. Detection of the Temperature of, and Strain in, the Transformer Winding

5.1. Building the Test Platform

A spiral winding model is made according to the size of a low-voltage winding of SFSZ7-
31,500/110 kV transformer. For convenient deformation setting, eight pieces of wires are wound in
parallel and the outermost wire is changed to an optical fibre composite wire made according to the
above method. Finally, a winding model with an outer diameter of 700 mm, composed of 40 cakes
with a total length of about 90 m is made (Figure 8a). To eliminate the measurement error caused by
the head-end blind area and tail-end reflection, a 20 m optical fibre pigtail is connected to the head-
and tail-ends of the model. To simulate the uneven distribution of the winding temperature and local
overheating in a real transformer, one resistance wire is parallel wound and attached to the outermost
wires of the No. 10–12 and 30–32 cakes, over about 20 m in total length. A thermocouple is used to
measure the wire surface temperature for comparative measurement (Figure 8b).
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Figure 8. (a) The optical fibre winding composite model and (b) measurement system.

BOTDR technology uses a single mode fibre as the sensing element. Due to differences in the
optical fibre material and process, the performance parameters of the single-mode tightly buffered
optical fibres from different manufacturers, modes, and sheathing materials are different. Therefore,
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temperature calibration and strain calibration tests have to be conducted. Multiple calibration tests
have been conducted for the single mode optical fibre used here: the temperature and strain coefficients
obtained are 1.32 MHz/◦C and 0.0528 MHz/µε respectively.

When making coils, the wire and optical fibre will be influenced by positional changes and pulling.
In order to ensure that the optical fibre is not damaged during winding, BOTDR is used to monitor
the optical fibre strain. A Raman optical time-domain reflectometry (ROTDR) is used to measure the
temperature curve on the winding wire and temperature compensation applied according to Equation
(4). BOTDR and ROTDR are produced by WEIHAI BEIYANG OPTOELECTRONIC INFO-TECH
CO.LTD. The settings of the instrument parameters are shown in Table 2. The temperature sensing
length of the optical fibre is set as 100 m, and the ROTDR system measurement error is ±1 ◦C in the
range of 20–90 ◦C, as shown in Figure 9a. The optical fibre strain sensor range is set to be 105~120 m,
and the measurement error of BOTDR is ±50 µε in the range of 0~5000 µε as shown in Figure 9b.
Figure 10 shows that during the winding of the coil, the strain change is smaller than 1400 µε. It is far
smaller than the range of optical fibre strain measurement. It suggests that the distributed optical fibre
sensor maintained its good strain monitoring performance.

Table 2. The parameter settings.

ROTDR BOTDR

Temperature range/◦C −190~700 Strain range/% ±1.5
Accuracy/◦C ±1 Pulse width/ns 20

Resolution/◦C ≤0.5 Frequency sweep step/MHz 5
Response time/s 2~10 Calculation times 213

Measuring distance/km 2 Measuring distance/km 1
Sample interval/m 0.4~0.8 Sample interval/m 0.2

Sensors 2018, 18, x FOR PEER REVIEW  9 of 13 

 

BOTDR technology uses a single mode fibre as the sensing element. Due to differences in the 
optical fibre material and process, the performance parameters of the single-mode tightly buffered 
optical fibres from different manufacturers, modes, and sheathing materials are different. Therefore, 
temperature calibration and strain calibration tests have to be conducted. Multiple calibration tests 
have been conducted for the single mode optical fibre used here: the temperature and strain 
coefficients obtained are 1.32 MHz/°C and 0.0528 MHz/με respectively. 

When making coils, the wire and optical fibre will be influenced by positional changes and 
pulling. In order to ensure that the optical fibre is not damaged during winding, BOTDR is used to 
monitor the optical fibre strain. A Raman optical time-domain reflectometry (ROTDR) is used to 
measure the temperature curve on the winding wire and temperature compensation applied 
according to Equation (4). BOTDR and ROTDR are produced by WEIHAI BEIYANG 
OPTOELECTRONIC INFO-TECH CO.LTD. The settings of the instrument parameters are shown in 
Table 2. The temperature sensing length of the optical fibre is set as 100 m, and the ROTDR system 
measurement error is ±1 °C in the range of 20–90 °C, as shown in Figure 9a. The optical fibre strain 
sensor range is set to be 105~120 m, and the measurement error of BOTDR is ±50 με in the range of 
0~5000 με as shown in Figure 9b. Figure 10 shows that during the winding of the coil, the strain 
change is smaller than 1400 με. It is far smaller than the range of optical fibre strain measurement. It 
suggests that the distributed optical fibre sensor maintained its good strain monitoring performance. 

Table 2. The parameter settings. 

ROTDR BOTDR 
Temperature range/°C −190~700 Strain range/% ±1.5 

Accuracy/°C ±1 Pulse width/ns 20 
Resolution/°C ≤0.5 Frequency sweep step/MHz 5 

Response time/s 2~10 Calculation times 213 
Measuring distance/km 2 Measuring distance/km 1 

Sample interval/m 0.4~0.8 Sample interval/m 0.2 

 

Figure 9. (a) The temperature measurement error of the Raman optical time-domain reflectometry 
(ROTDR) system and (b) strain measurement error of the Brillouin optical time domain reflectometer 
(BOTDR) system. 

0 20 40 60 80 100
-2

-1

0

1

2

Te
m

pe
ra

tu
re

/℃

Sensing fibre length/m

(a)

106.6 109.2 111.8 114.4 117.0

-53

-27

0

27

53

St
ra

in
/μ

ε

Sensing fibre length/m

(b)

Figure 9. (a) The temperature measurement error of the Raman optical time-domain reflectometry
(ROTDR) system and (b) strain measurement error of the Brillouin optical time domain reflectometer
(BOTDR) system.Sensors 2018, 18, x FOR PEER REVIEW  10 of 13 

 

 
Figure 10. The original strain and temperature of the optical fibre at room temperature. 

5.2. Temperature Rise Test 

The voltage of the resistance wires on wires of the No. 10–12 cakes and the No. 30–32 cakes 
increased with a voltage regulator so as to increase the winding temperature to 40 °C and 60 °C, and 
the temperature of the corresponding wire is measured by thermocouple as a reference. The Brillouin 
frequency shift curve as measured by the BOTDR system after the winding temperature increase is 
shown in Figure 11a. Figure 11b shows the optical fibre temperature and strain curve after the 
temperature compensation with the Raman temperature measuring technology. 

  
Figure 11. (a) The frequency shift curve of BOTDR and (b) the temperature and strain curves. 

To analyse the measurement results, the actual winding temperature rise and actual 
measurement position, the mean temperature measured by distributed optical fibres for the 
temperature rise, and the mean temperature measured by the standard thermocouple are compared 
(Table 3). 

Table 3. The comparison of results. 

Test Results First Measurement Second Measurement
Temperature rise position/cake 10–12 30–32 

Actual position/m 22.5–29.5 67.5–74.5 
Measurement position/m 21–31.5 65.6–76.0 

Mean optical fibre temperature/°C 39.2 59.6 
Mean thermocouple temperature/°C 40.1 61.2 

The measured position of the temperature change is slightly higher than the actual position 
because the spatial resolution of the ROTDR system is 2 m and the measured data are the mean 

0 15 30 45 60 75 90
200

400

600

800

1000

1200

1400

 Initial strain
 Initial temperature

Sensing fibre length/m

St
ra

in
/

με

0.0

6.7

13.4

20.1

26.8

33.5

Te
m

pe
ra

tu
re

/℃

0 15 30 45 60 75 90
10.86

10.88

10.90

10.92

10.94

10.96

10.98

Fr
eq

ue
nc

y 
sh

ift
/G

H
z

Sensing fibre length/m

 The 10th to 12th cakes heating up
 The 30th to 32th cakes heating up

(a)

20

40

60

80

100

0 15 30 45 60 75 90

400

800

1200

1600

Te
m

pe
ra

tu
re

/℃

 Initial temperature
 The 10th to 12th cakes heating up
 The 30th to 32th cakes heating up

(b)

St
ra

in
/μ

ε

Sensing fibre length/m

 Initial temperature
 The 10th to 12th cakes heating up
 The 30th to 32th cakes heating up

Figure 10. The original strain and temperature of the optical fibre at room temperature.
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5.2. Temperature Rise Test

The voltage of the resistance wires on wires of the No. 10–12 cakes and the No. 30–32 cakes
increased with a voltage regulator so as to increase the winding temperature to 40 ◦C and 60 ◦C, and the
temperature of the corresponding wire is measured by thermocouple as a reference. The Brillouin
frequency shift curve as measured by the BOTDR system after the winding temperature increase
is shown in Figure 11a. Figure 11b shows the optical fibre temperature and strain curve after the
temperature compensation with the Raman temperature measuring technology.
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Figure 11. (a) The frequency shift curve of BOTDR and (b) the temperature and strain curves.

To analyse the measurement results, the actual winding temperature rise and actual measurement
position, the mean temperature measured by distributed optical fibres for the temperature rise, and the
mean temperature measured by the standard thermocouple are compared (Table 3).

Table 3. The comparison of results.

Test Results First Measurement Second Measurement

Temperature rise position/cake 10–12 30–32
Actual position/m 22.5–29.5 67.5–74.5

Measurement position/m 21–31.5 65.6–76.0
Mean optical fibre temperature/◦C 39.2 59.6

Mean thermocouple temperature/◦C 40.1 61.2

The measured position of the temperature change is slightly higher than the actual position
because the spatial resolution of the ROTDR system is 2 m and the measured data are the mean
temperatures within that spatial resolution. Therefore, there is a temperature response transition
distance of 2 m at the sudden temperature change position. The discrepancy between the measured
temperature where the winding temperature rises based on the distributed optical fibre sensing and
the measured value of the standard thermocouple is <±2 ◦C. The system is able to locate the point
where the winding temperature changes. Meanwhile, the system response time is about 2 to 10 s
and it has a fast response to winding temperature change and can reflect the real-time winding
temperature distribution.

As shown in Figure 11, the frequency shift curve as measured by the BOTDR system before
temperature compensation changes greatly and it has a higher measurement sensitivity to the
temperature change in the optical fibre. After temperature compensation by Raman temperature
measuring system, the winding strain curve is the same as the original strain, the correlation coefficient
reaches 0.999 and the strain error is less than 50 µε.
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5.3. Winding Temperature Rise and Deformation Test

When the transformer encounters a short-circuit failure, the wire will experience sudden
temperature changes due to the thermal effect of the short-circuit current while the winding is
deformed due to the action of the short-circuiting electromotive forces. Therefore, the voltage of
the resistance wires on the wires of the No. 30–32 cakes increases so as to increase the wire temperature
to 40 ◦C and radial bulging deformation is set on the wire between two the adjacent stays of the
No. 30–34 cakes. Figure 12a shows the frequency shift measurements before and after temperature
compensation in the BOTDR system. The comparisons between the ROTDR measured temperature
curve and compensated stress measuring curve and the original curves are shown in Figure 12b.
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Figure 12. (a) The frequency shift curve of BOTDR and (b) the temperature and strain curves.

As shown in Figure 12, the frequency shift curve as measured by the BOTDR system is affected by
temperature and strain. After a temperature curve is obtained from the ROTDR system measurements,
the real strain curve is found. As shown in Table 4, the winding deformation, as measured by the
BOTDR system, is greater than that of the temperature rise, which is consistent with the actual test
settings. However, since the spatial resolution of the BOTDR system is set to be 2 m, the scope of
measured sudden strain change is larger than the actual setting. Besides, since the measured optical
fibre strain is the average strain within the spatial resolution, the measured optical fibre strain is much
lower than the actual wire strain. In the next step, the relationship between system spatial resolution
settings and measurement location accuracy will be studied so as to locate positions undergoing
deformation more accurately.

Table 4. The result comparison.

Test Results Temperature Measurement Strain Measurement

Temperature rise position/cake 30–32 -
Deformation position/cake - 30–34

Actual position/m 67.5–74.5 67.5–79
Measuring position/m 65.8–76.5 65–82.2

Mean optical fibre temperature/◦C 48.3
Mean thermocouple temperature◦C 50.2

6. Conclusions

A distributed optical fibre detection method for the temperature and strain of transformer winding
based on Brillouin-Raman joint measuring was presented, an optical fibre composite transformer
winding was designed and fabricated, and the temperature rise and deformation measurement tests
were conducted. The following conclusions may be drawn:
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a. The wire grooving slightly increased the maximum inter-turn field strength, but was not enough
to affect the inter-turn insulation strength of the wire; the embedded optical fibre was able to
transfer the wire strain and temperature, and the change in strain, as measured by BOTDR,
reflected the change of state of the winding.

b. The optical fibre is subject to tensile and compressive forces during wire winding and a certain
pre-stress developed after the wire was wound. The optical fibre shall be laid at the pressure
withstanding side as much as possible to avoid the bending of the optical fibre.

c. Brillouin-Raman joint measuring was able to distinguish the optical fibre temperature and
strain information, and monitor (in real-time) the winding temperature and strain distribution,
and locate hot-spots and deformation positions. At the same time, the strong insulation
properties of the optical fibre determined its potential for the on-line monitoring of transformer
state and could overcome the shortcomings in traditional detection methods.

d. In future research, the correlation between the change of optical fibre strain curve and the
winding wire deformation and type, and pattern recognition will be studied so as to provide
more accurate state information for engineers responsible for transformer maintenance.

Author Contributions: Y.L. and Y.T. proposed the idea and designed the experiment; X.F. performed the
simulation; Y.B. and P.H. analyzed the data; H.L., J.Y. and X.Z. conducted the experiment; Y.T. and X.F. prepared
the paper.

Funding: This research was funded by the Science and Technology Project of SGCC (No. 5204BB1600CQ) and the
Fundamental Research Funds for the Central Universities (No. 2016XS93 and No. 2017MS102).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Nordman, H.; Rafsback, N.; Susa, D. Temperature responses to step changes in the load current of power
transformers. IEEE Trans. Power Deliv. 2003, 18, 1110–1117. [CrossRef]

2. Radakovic, Z.; Feser, K. A new method for the calculation of the hot-spot temperature in power transformers
with ONAN cooling. IEEE Trans. Power Deliv. 2003, 18, 1284–1292. [CrossRef]

3. Swift, G.; Molinski, T.S.; Lehn, W. A fundamental approach to transformer thermal modeling. I. Theory and
equivalent circuit. IEEE Trans. Power Deliv. 2001, 16, 171–175. [CrossRef]

4. Wen, J.; Pan, X.; Lin, Y. On-line temperature monitoring system of HV electric apparatus based on optical-fibre
fluorescence. J. Shenyang Univ. Technol. 2005, 27, 435–438.

5. Wang, H. Research on temperature measurement of oil immersed transformer windings based on fluorescent
optical fibre sensing. J. Xi’an Univ. 2018, 21, 23–27.

6. Koo, K.P.; Kersey, A.D. Bragg grating-based laser sensors systems with interferometric interrogation and
wavelength division multiplexing. J. Light. Technol. 1995, 13, 1243–1249. [CrossRef]

7. Deng, J.; Wang, L.; Nie, D. Development of oil-immersed transformers with built-in fibre bragg grating
sensors. Proc. CSEE 2013, 33, 160–167.

8. Picanço, A.F.; Martinez, M.L.B.; Rosa, P.C. Bragg system for temperature monitoring in distribution
transformers. Electr. Power Syst. Res. 2010, 80, 77–83. [CrossRef]

9. Ribeiro, A.B.L.; Eira, N.F.; Sousa, J.M. Multipoint fibre-optic hot-spot sensing network integrated into high
power transformer for continuous monitoring. IEEE Sens. J. 2008, 8, 1264–1267. [CrossRef]

10. Ou, X.; Ji, S.; Peng, J. Study on on-line detecting of transformer winding deformation based on parameter
identification of leakage reactance. High Volltage Appar. 2010, 46, 41–44.

11. Dick, E.P.; Erven, C.C. Transformer diagnostic testing by frequency response analysis. IEEE Trans. Power
Appar. Syst. 1978, 6, 2144–2153. [CrossRef]

12. De Rybel, T.; Singh, A.; Vandermaar, J.A. Apparatus for online power transformer winding monitoring using
bushing tap injection. IEEE Trans. Power Deliv. 2009, 24, 996–1003. [CrossRef]

13. Bagheri, M.; Naderi, M.S.; Blackburn, T. Practical challenges in online transformer winding deformation
diagnostics. In Proceedings of the 2nd International Conference on Electric Power and Energy Conversion
Systems (EPECS), Sharjah, UAE, 15–17 November 2011; pp. 1–6.

http://dx.doi.org/10.1109/TPWRD.2003.817516
http://dx.doi.org/10.1109/TPWRD.2003.817740
http://dx.doi.org/10.1109/61.915478
http://dx.doi.org/10.1109/50.400692
http://dx.doi.org/10.1016/j.epsr.2009.08.013
http://dx.doi.org/10.1109/JSEN.2008.926926
http://dx.doi.org/10.1109/TPAS.1978.354718
http://dx.doi.org/10.1109/TPWRD.2009.2022674


Sensors 2018, 18, 3932 13 of 13

14. Sun, Y.; Shi, B.; Chen, S. Feasibility study on corrosion monitoring of a concrete column with central rebar
using BOTDR. Smart Struct. Syst. 2014, 13, 41–53. [CrossRef]

15. MacPherson, W.N.; Silva-Lopez, M.; Barton, J.S. Tunnel monitoring using multicore fibre displacement
sensor. Meas. Sci. Technol. 2006, 17, 1180. [CrossRef]

16. Lü, A.; Li, Y.; Li, J. Finite element analysis of the degree of anchorage of photoelectric composite submarine
cable with optical fibre strain. Trans. China Electrotech. Soc. 2014, 29, 261–268.

17. Yilmaz, G.; Karlik, S.E. A distributed optical fiber sensor for temperature detection in power cables.
Sens. Actuators A Phys. 2006, 125, 148–155. [CrossRef]

18. Saxena, M.K.; Raju, S.; Arya, R. Raman optical fiber distributed temperature sensor using wavelet transform
based simplified signal processing of Raman backscattered signals. Opt. Laser Technol. 2015, 65, 14–24.
[CrossRef]

19. Anoop, S.; Ilango, K.; Dhieep, A. Thermal stress monitoring and pre-fault detection system in power
transformers using fibre optic technology. In Proceedings of the International Conference on Intelligent
Computing, Instrumentation and Control Technologies (ICICICT), Thalassery, India, 6–7 July 2017;
pp. 886–891.

20. Deng, J.G.; Nie, D.X.; Pi, B.X. Hot-spot temperature and temperature decay rate measurement in the oil
immersed power transformer through FBG based quasi-distributed sensing system. Microw. Opt. Technol. Lett.
2017, 59, 472–475. [CrossRef]

21. Cheng, Z.; Cheng, L.; Li, W. An on-line transformer windings temperature measurement system based on
fiber Bragg grating. In Proceedings of the 5th Photonics and Optoelectronics Meetings on Optoelectronic
Sensing and Imaging (POEM), Wuhan, China, 1–2 November 2012; p. 8332.

22. Anoop, S.; Naufal, N. Monitoring of winding temperature in power transformers—A study. In Proceedings of
the International Conference on Intelligent Computing, Instrumentation and Control Technologies (ICICICT),
Thalassery, India, 6–7 July 2017; pp. 1334–1337.

23. Dakin, J.P.; Pratt, D.J.; Bibby, G.W.; Ross, J.N. Distributed optical fiber Raman temperature sensor using a
semiconductor light source and detector. Electron. Lett. 1985, 21, 569–570. [CrossRef]

24. Kulkarni, S.V.; Khaparde, S.A. Transformer Engineering: Design, Technology and Diagnostics, 2nd ed.; CRC Press:
New York, NY, USA, 2016; p. 265.

25. Wan, K.T.; Leung, C.K.Y.; Olson, N.G. Investigation of the strain transfer for surface-attached optical fibre
strain sensors. Smart Mater. Struct. 2008, 17, 035037. [CrossRef]

26. Shan, H. Mechanics of Materials (II), 4th ed.; Higher Education Press: Beijing, China, 2016; p. 22.
27. Wu, Z.; Shi, B.; Harada, T. An experimental study on the measuring characteristics of BOTDR for structure

health monitoring. China Civ. Eng. J. 2005, 38, 56–60.

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.12989/sss.2014.13.1.041
http://dx.doi.org/10.1088/0957-0233/17/5/S41
http://dx.doi.org/10.1016/j.sna.2005.06.024
http://dx.doi.org/10.1016/j.optlastec.2014.06.012
http://dx.doi.org/10.1002/mop.30320
http://dx.doi.org/10.1049/el:19850402
http://dx.doi.org/10.1088/0964-1726/17/3/035037
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Detection Principle 
	Stability Analysis of Distributed Optical Fibres within the Transformer 
	The Design of Optical Fibre Composite Wire 
	The Simulation of Inter-Turn Electric Field 
	The Power Frequency Resistance Test of the Groove Wire 

	Optical Fibre Strain Transfer 
	The theoretical Calculation of Embedded Optical Fibre Strain Transfer 
	Strain Transfer Test 

	Detection of the Temperature of, and Strain in, the Transformer Winding 
	Building the Test Platform 
	Temperature Rise Test 
	Winding Temperature Rise and Deformation Test 

	Conclusions 
	References

