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ي تخلیه جزئی در روغن ترانسفورمر قدرت، با شبیه سازي و تحلیلِ حسگريِ توزیع شده
 ي اپودایز شدههاي براگ تار نوري شیفت فازیافتهاستفاده از توري

 وحید طالبی، هادي صوفی

 مهندسی برق و کامپیوتردانشگاه تبریز، دانشکده 

vahid.talebi98@ms.tabrizu.ac.ir ,  h.soofi@tabrizu.ac.ir  

شیفت  نوريِتارِ براگ هايِنوري و با استفاده از توري رتا حسگرِبرپایه  توزیع شده تخلیه جزئی حسگري يسامانهدر این پژوهش، یک  -چکیده
 تاري براگ گیرد.  اعمال شیفت فاز در تورپیشنهاد شده و مورد ارزیابی قرار میجهت تشخیص شکست روغن ترانسفورمر ي اپودایز شده فازیافته

% از 100هاي جانبی طیف تا گلبرگ ،اپودایز در توري براگ. همچنین با اعمال دهده اي افزایش میبه طور قابل ملاحظ نوري حساسیت سنسور را
 بازهتوان دهد که با استفاده از آن میشود بلکه یک درجه آزادي دیگري نیز ارائه میهاي جزئی میبین رفته که نه تنها باعث تشخیص دقیق تخلیه

 تخلیه جزئی را افزایش داد.امواج آکوستیکی و تنش حاصل از دامنه  تشخیص

 نوري توزیع شده سنسور ،نوريتارسنسور، تخلیه جزئی، روغن ترانسفورمرد واژه: توري براگ اپودایز شده، کلی
 

Simulation and Analysis of Distributed Partial Discharge Sensing in Power 
Transformer Oil, Employing Apodized Phase Shifted FBG 
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Abstract - In this research, a distributed partial discharge detection system based on optical fiber sensing, and 
employing Apodized π-Phase Shifted Fiber Bragg Grating (FBG) sensors is proposed and analyzed, in order to detect 
power transformer oil breakdown. It is shown that applying phase shift on FBG can extremely enhance its sensitivity. In 
addition, by applying a Gaussian apodizaion on the FBG, we obtain almost 100% sidelobe suppression in its spectrum, 
which not merely does result in accurate detection but also gives us another degree of freedom to manipulate the line 
width of the sensor to the desired value.  
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1. Introduction 
Electrical breakdown of the power transformer oil, 
due to the high voltage the oil is subjected to, can 
cause huge damages to the power system. One 
approach to anticipate and prevent the oil 
breakdown is to continually monitor the quality of 
the transformer oil by employing optical [1] or 
chemical [2] methods. Optical quality monitoring 
mainly involves analyzing the refractive index of 
the oil, and in the chemical method, the types and 
amounts of the chemical compounds, as well as 
gases, are analyzed through, for instance, 
Dissolved Gas Analysis (DGA) [2]. However, 
these methods are surveying the aging of power 
transformer insulation, and they are neither capable 
of detecting the exact breakdown points nor 
suitable for online monitoring. 

Partial discharge (PD) as the local electrical 
discharge in the power transformer oil is an early 
indication of severe oil quality reduction and 
dielectric breakdown. Energies emitted by PD, 
propagate as an expansion and retraction acoustic 
pressure wave, applying stress and strain to the 
transformer inner walls and coils [3]. Hence, 
recently, detection of power transformer oil 
breakdown based on PD detection and sensing PD-
induced strain has caught a great deal of interest. In 
this regard, interferometric sensors, such as Mach–
Zehnder or Fabry–Perot have been widely 
investigated [4], for instance, by using a silica 
diaphragm at the sensing head. However, 
multiplexing interferometric sensors in a single 
fiber are quite difficult, and they are not small 
enough to be implemented inside the transformer.  

In the past two decades, Fiber Bragg Grating 
(FBG) sensors have been widely used in stress, 
strain, and vibration [5], temperature [6], gas 
sensing [7], and structural health monitoring [8]. 
Similarly, a few research projects proposed FBG 
sensors for PD detection [9]. However, in some of 
these works, a mandrel has been employed to 
amplify the acoustic waves, which may cause 
problems in the case of installing the sensor inside 
the transformer. In addition, applying a phase shift 
on the FBG has been investigated in order to 
obtain higher sensitivity [10]. It is shown that the 
Phase Shifted FBG (PSFBG) offers appreciable 
sensitivity, due to the strong resonances at 
frequencies within their optical band-gap. 
Although using PSFBG removed the need for the 
mandrel, the simple PSFBG deteriorates the 
performance of the sensor, due to their low Side 
Lobe Suppression Ratio (SLSR). In addition, the 

detection range in PSFBGs is limited to ultra-small 
amounts of strains [11]. 

In this paper we propose a distributed sensing of 
PDs in transformer oil, using several numbers of 
Apodized π-Phase Shifted Fiber Bragg Gratings 
(AP-PSFBG), depending on the size of the power 
transformer. We analyze AP-PSFBG response to 
the small amounts of stresses and strains induced 
by PD, and the results justify that using a Gaussian 
apodization on PSFBG not solely improves 
performance but also broadens detection 
bandwidth. Admittedly, apodizaion curbs almost 
100% of side lobes, which is highly desirable in 
distributed sensing. Furthermore, it is shown that 
by modifying the apodization factor, it is possible 
to tune the line width of the sensor to detect larger 
amplitudes of PD-induced acoustic waves, and the 
dynamic range for strain detection is as high as 4.5 
µStrain. 

2. Theory and Background 
For our non-uniform grating structure, the Transfer 
Matrix Method (TMM) is utilized to calculate its 
spectral response. Here, we employ Python 
programming in order to solve the coupled-mode 
equations and obtain FBG spectral response. 
Afterward, the captured PD-induced strain profile 
is applied to AP-PSFBG in order to observe the 
corresponding wavelength shift and reflection 
intensity variation. A complete description of 
TMM can be found in the literature [11].  
The refractive index modulation along the fiber 
axis is defined as (1). Here, 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 is the average 
refractive index of the fiber core, and Rn(z) is the 
modulation of the refractive index, defined as (2), 
where A(z) is the apodization function, 0Λ  is the 
grating period, υ  denotes fringe visibility and ∆𝑛𝑛 
is the refractive index contrast. 
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As can be perceived from equation (2), the 
refractive index modulation of Rn(z) depends on 
the apodization function (A(z)). The Gaussian 
apodization function is defined as (3), where m is 
the apodization factor and L is the grating length 
[11]. 
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Fig. 1 shows the different Gaussian apodization 
profiles which are applied on a phase-shifted FBG, 
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and the corresponding reflection spectrum. It is 
clear that by decreasing m, the FBG profile gets 
closer to the uniform profile, which results in high 
sidelobes ratio. In all simulations, the length of 
FBG is considered to be 10 mm and ∆𝑛𝑛=4×10-4. 
The Bragg wavelength displacement due to strain 
along the fiber is described by (4). Here, z is the 
longitudinal direction of the fiber, eρ is the photo-
elastic coefficient of the fiber, ℰ𝐹𝐹𝐹𝐹𝐹𝐹(𝑧𝑧) is strain 
variation along the fiber and 𝛥𝛥𝜆𝜆𝐵𝐵 is the shift in the 
Bragg wavelength [5].  
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Fig. 1: The reflection spectrum for different apodization 
factors, and Gaussian apodized FBG refractive index 
modulation for different amounts of apodization factors. 

The three most important characteristics of FBG 
sensors for three different kinds of FBGs are 
compared in Table I. It is seen that the line-width 
of FBG after applying phase shift is almost 16 
times less than uniform FBG, and this is the 
indication of their extreme sensitivity. Similarly, 
by applying Gaussian apodization with m=20, the 
linewidth is even decreased further.  
Table I. Different FBG sensors’ characteristic. 

Type of sensor Uniform FBG PS-FBG AP-PSFBG 
Line width 506.9 pm 32.4 pm 27.8  pm 
Reflectivity 100% 94.8% 93.1% 

Side lobe ratio High High 0 
 
3. Results and Discussions 
Fig. 2 depicts strain sensing using PSFBG and AP-
PSFBG. A narrowband laser can be employed to 
illuminate an optical fiber including the FBG 
sensor, and the light intensity reflected back from 
FBG can be captured through an optical circulator. 
Hence, a gradual increase in strain will result in a 
steady increase in reflection intensity. As can be 

seen, the maximum amount of stress that can be 
measured by PSFBG depends on its linewidth. For 
instance, the maximum strain that can be measured 
by PSFBG is less than 2.5µStrain, while this value 
rises to more than 4.5µStrain in AP-PSFBG (with 
m=40). To this end, the proposed PD detection 
system is based on AP-PSFBG which is 
demonstrated in Fig. 3 

 
Fig. 2: Strain sensing comparison by PSFBG and AP-
PSFBG. The dashed circle in each case shows the 
maximum amount of strain that can be measured. 

As depicted in Fig. 3, a single-mode optical fiber 
including several numbers of AP-PSFBGs is 
illuminated by a multi-wavelength tuneable laser, 
in order to achieve distributed sensing. In addition, 
a signal separation unit is employed to separate the 
low-frequency signals, due to the temperature 
variation, and high-frequency signals owing to the 
acoustic pressure waves. Finally, these signals are 
analyzed in the control unit, where the low-
frequency signals are used to tune the laser, in 
order to compensate temperature variation effect, 
and the high-frequency signals served as the 
indication of PD occurrence. A similar 
interrogation system is proposed in [10]. 
 

 
Fig. 3:  Schematic diagram of PD detection system. 

An exhaustive experimental and theoretical 
investigation of acoustic pressure waves, resulted 
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from PD occurrence can be found in the literature 
[12]. Fig. 4 demonstrates the acoustic wave profile 
and the associated captured optical signal on one of 
FBGs. Here, the black curve indicates the PD-
induced acoustic wave which applies strain on the 
fiber, and the dotted red curve is the resulting 
reflection intensity variation, which is the 
indication of PD occurrence and oil breakdown. In 
addition, the inset curve on this figure shows the 
spectrum of distributed strain sensing. Here, an 
arbitrary strain profile, starting from a peak value 
and diminishing to zero is applied to the system, 
containing four APSFBG. As can be seen, the 
wavelength shift is larger for the FBG that 
experiences higher strain, and as the strain reduces, 
the wavelength shift declines as well.  

Fig. 4: Applied PD Pressure wave to Apodized PSFBG 
and the corresponding reflection intensity variation. 

3. Conclusion 
In this paper, a distributed sensing method for the 
detection of partial discharge in power transformer 
oil is proposed. It is seen that PSFBGs can 
effectively detect the acoustic pressure wave 
emissions due to PD occurrence. In addition, we 
investigated applying different Gaussian 
apodizations on PSFBG and the simulation results 
confirmed that maximum SLSR of as high as 
100% can be achieved. Moreover, the maximum 
amount of strain that could be detected increased 
from 2.5µStrain to 4.5µStrain. Interestingly, the 
proposed method is simple that can be mounted in 
a power transformer without any disturbance. 
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