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Abstract— A moisture sensing technique for real-time 

monitoring of the moisture content in transformer oil based on 

an S-taper fiber structure, is proposed and experimentally 

demonstrated, with the advantages of high sensitivity, excellent 

repeatability, simple fabrication, compact structure and 

resistance to ambient temperature variation. By analyzing the 

physical model of the S-taper fiber, the quantitative relationship 

between the wavelength change of the transmission dip in the 

transmission spectrum of the S-taper fiber and the moisture 

content is established. Then the S-taper fibers with different 

structural parameters, such as the waist diameter and the axial 

offset, were fabricated in the lab, and actual measurements in 

transformer oil samples with different moisture content are 

carried out. The results show that the transmission dip 

experiences a red-shifts with decreasing moisture, which could be 

used to correlate/trace moisture content. It is demonstrated that 

the S-taper fiber achieves higher detection sensitivity with a 

decreasing waist diameter or increasing axial offset. For the S-

taper fiber with a waist diameter of 50 μm and an axial offset of 

110 μm, the sensitivity and the lower detection limit reach up to 

0.48 nm/ppm and 2.19 ppm, respectively. Therefore, the S-taper 

fiber sensor could effectively in-situ monitor the moisture content 

in the transformer oil in real-time, which helps to detect the 

insulation damp problem in the early stage of the transformer in 

time and ensure its long-term safe operation. 

 
Index Terms —Fiber sensor, Oil-immersed power transformer, 

Moisture content, Damp defect, Sensitivity 

 

I. INTRODUCTION 

il-immersed transformer, one of the most vital equipment 

in a power system, undertakes the function of voltage 
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transformation and energy transmission. The operational 

reliability of power transformer closely depends on its 

electrical insulation, which further determines the stability of 

the whole power system [1,2]. Especially, transformer oil 

plays a significant role in cooling and electrical insulation 

[3,4]. However, moisture is generated in the oil during the 

long-term operation and occurrence of electrical or thermal 

faults [5,6]. The increase in moisture content in oil inevitably 

reduces dielectric/insulation performance of the oil and 

accelerate the aging of oil/paper insulation system, which 

leads to the instability and potential threat [7]. Therefore, it is 

essential to detect and monitor the moisture content in 

transformer oil. 

Numerous methods for the detection of moisture content in 

transformer oil have been reported, which can be classified 

into chemical [8,9], electrical [10-12], acoustic [13] and 

optical [14-26] techniques according to the corresponding 

working principles. Chemical chromatography and Karl-

Fischer titration [8,9] are the most common moisture-in-oil 

detection methods in laboratory by virtue of their low 

detection limits and high precision. However, they are not 

suitable for online detection and oil sample contaminants 

might occur during the preparation of detection. Capacitive 

sensor, radio frequency (RF) technique and frequency domain 

spectroscopy (FDS) technique are applied as the electrical 

methods [10-12]. The key to these electrical methods is to find 

out the dielectric variance of the oil samples to calculate 

moisture content with the advantages of high sensitivity and 

low cost. Similarly, the ultrasonic method calculates the water 

content based on the principle that ultrasonic waves transmit at 

different speeds in various media [13]. However, the electrical 

and acoustic techniques suffer from cross-interference caused 

by electromagnetic radiation and environmental noise under 

actual working conditions. 

Optical methods are widely studied because of their flexible 

layout, fast response, high sensitivity, resistance to 

electromagnetic interference and non-destructiveness. Among 

them, the near-infrared spectroscopy technique (NIRS) helps 

to determine the moisture content by combining specialized 

algorithms like partial least squares (PLS), genetic algorithms 

(GA), etc. under the characteristic wavelength of the 

absorption peaks of H2O molecule [14,15]. Nevertheless, the 

low absorption coefficients, beam divergences, and free-space 

setup make NIRS not so accurate to detect gas or moisture. 

Instead, fiber-based optical approach is more practical. Fiber 

Bragg grating (FBG) sensors are usually coated with 

polyimide, poly methyl methacrylate (PMMA) or other 

moisture-absorbing materials to improve the performance of 
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moisture detection [16-18]. Nonetheless, FBG-based sensors 

are prone to be applied to relative humidity (RH) detection 

due to the sensitivity limitation, moreover, temperature cross-

sensitivity always exists. Another fiber sensor based on 

evanescent-field was also proposed to detect moisture content 

with micro/nanofiber (MNF) [19] or cladding-less sapphire 

fiber helically wound by an electrode [20], but the probe 

fabrication is complicated. 

In contrast, the S-taper fiber sensor is put forward owing to 

the advantages of high sensitivity, high repeatability, simple 

fabrication, compact structure and resistance to surrounding 

temperature change. At first, the S-taper fiber was used to 

detect surrounding refractive index (SRI), which determines 

the wavelength of the transmission dip of its transmission 

spectrum [21,22]. The refractive index induced wavelength 

shift has been validated to trace the physical quantity to be 

measured [23]. Furthermore, the S-taper fiber coated with 

polyvinyl alcohol [24], SiO2 nanoparticles [25] and graphene 

oxide (GO) [26] is proposed, for the application of RH 

detection in air. Even the GO-coated S-taper fiber sensors 

were cascaded with FBG to achieve simultaneous detection of 

temperature and RH [27]. The key problem for those 

techniques is the non-stable measurement, particularly long-

term stability due to the introduce of additional coating layer. 

However, the sensitivity should be improved compared to 

fiber sensor without coating RH sensitive layer. Moreover, the 

application of optical fiber sensor in transformer oil need to 

confront specific challenges, such as transmission loss, 

practical installation, cross-sensitivities, etc. 

Motivated by the various benefits of the S-taper fiber, a 

fiber sensor to directly detect moisture content in transformer 

oil based on wavelength analysis is proposed in this paper. 

Firstly, the optical transmission characteristic and the sensing 

mechanism of a S-taper fiber are theoretically analyzed. 

Further, S-taper fiber probes with different structural 

parameters are prepared and the platform for moisture 

detection is built. Eight sets of oil samples with different 

moisture contents are prepared and used in moisture content 

detection tests. Finally, according to the experimental results, 

the effectiveness of this scheme for moisture detection is 

verified, and the structural parameters of S-taper fiber are 

optimized, to effectively improve the sensitivity of the S-taper 

fiber for sensing moisture. It shows the potential for the on-

site determination of the moisture content in transformer oil. 

II. DETECTION PRINCIPLE OF S-TAPER FIBER PROBE 

S-taper fiber is a kind of microstructure fiber with “S” 

shape, which can be made by single-mode fiber (SMF), with 

the advantages of high repeatability, simple fabrication, 

compact size and high sensitivity. Due to its bending structure, 

the S-taper fiber produces inter-mode interference and is 

highly sensitive to refractive index (RI), so it is commonly 

applied to refractive index sensors [22]. 

The asymmetry bending structure of the S-taper fiber is 

shown in Fig. 1. There are three main structural parameters of 

the S-taper fiber: taper waist diameter (dw), axial offset (Loff) 

and structural length (Lall). And λ represents incident light 

wavelength. 

Due to the asymmetrical construction, it destroys the total 

reflection condition of the light within the S-taper fiber. When 

the incident light enters the first tapered region, a large 

proportion of the fundamental mode energy is coupled into the 

cladding from the core and propagates in the cladding in the 

form of higher order modes (also called the cladding modes). 

On the other hand, a small proportion of the fundamental 

mode energy continues to be transmitted in the core (also 

called the core mode). The core and cladding modes propagate 

through the sensing segment. During propagation to the 

second tapered region, the cladding modes are re-coupled back 

to the core and interfere with the core mode. A schematic 

diagram of light propagation in the S-taper fiber is shown in 

Fig. 1. 

 
Fig. 1.  Structural parameter and light transmission process in S-taper fiber 

The transmitted light intensity of the S-taper fiber after 

inter-mode interference can be expressed as: 

 
1 2 1 2

2 cosI I I I I = + +    (1) 

Where, I1 and I2 denote the core mode intensity and the 

cladding mode intensity, respectively; and  represents the 

phase difference between the core and cladding modes. 

The phase difference between the cladding mode and the 

core mode can be calculated as: 

 eff eff
2 n L





 =   (2) 

Where, effn is the effective refractive index (ERI) difference 

between the ERIs of the core and the cladding modes, effL is 

the effective length of the S-tapered region.  

When   is equal to (2k+1)π, the transmission dip 

wavelength of the S-taper fiber transmission spectrum can be 

expressed as: 

 eff eff
2

2 1
m

n L

m



=

+
  (3) 

Where, m  is the interference order. 

The cladding modes are sensitive to the change in SRI, 

unlike the core mode [21]. Furthermore, effn  is positive with 

the SRI increasing due to higher-order cladding modes, 

excited by the bending structure [22,28]. For the S-taper fiber 

applied to the detection of moisture content in transformer oil, 

the RI of the moisture-in-oil sample increases with the 

moisture content decreasing, leading to the increment of effn . 

According to Equation (3), the transmission dip wavelength of 

the S-taper fiber transmission spectrum would shift to longer 

wavelength. This red-shift varies with the moisture content, 
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thus the S-taper fiber can be used potentially for moisture 

detection in transformer oil. In addition, both effn  and effL  

are affected by the structure parameters of S-taper fibers, such 

as the taper waist diameter and the axial offset. Hence the 

optimization of these two parameters is one of the effective 

ways to improve the detection sensitivity. 

In order to study the quantitative relationship between 

moisture content in transformer oil and the wavelength shift of 

the transmission dip, and to investigate the effect of dw and Loff 

on the detection sensitivity, it is necessary to carry out actual 

moisture detection based on the wavelength shift of the 

transmission dip as discussed in section 3. 

III. PREPARATION OF OIL SAMPLES AND S-TAPER FIBER 

PROBES 

Before conducting the experiments, transformer oil samples 

with different moisture contents were prepared, and S-taper 

fibers with different structural parameters were fabricated. 

A. Preparation of moisture-in-oil samples 

Eight moisture-in-oil samples were prepared by Karamay 

#25 transformer oil and pure water at room temperature. 

Different volumes of water were injected into the 100 mL 

transformer oil by 50 μL micro syringe. The RIs of the 

samples was measured by a 2WA-J Abbe refractometer. More 

detailed information of the oil sample is shown in Table 1. 

The analyzer (JWS-1) based on Karl-Fischer titration, with 

high detection limit and resolution, is used in our experiment. 

Hence the moisture detection performance of the S-taper fiber 

can be fully verified with the widely used reference. 

TABLE I 

MOISTURE CONTENT AND RIS OF THE OIL SAMPLES 
Sample S1 S2 S3 S4 

Moisture 
content (mg/L) 8.3 19.7 27.4 38.5 

RI 1.4572 1.4571 1.4570 1.4568 
Sample S5 S6 S7 S8 

Moisture 
content (mg/L) 49.6 60.8 78.9 89.2 

RI 1.4567 1.4566 1.4564 1.4562 

B. Fabrication of S-taper fiber probe 

In this study, Corning 28 SMF with 9/125 μm was used to 

fabricate S-taper fiber by a special fusion splicer platform. The 

fabrication of the S-taper fiber involves four steps, as shown in 

Fig. 2. 

 
Fig. 2.  Fabrication steps of S-taper fiber 

In Step 1, the outer coating layer of the SMF was removed, 

then it was fixed on the fiber clamps to keep it straight without 

additional stress. In Step 2, the relative axial offset of the two 

fiber clamps was manually adjusted horizontally. During Step 

3, the electrode was continuously discharged at a certain 

intensity for a period of time (1.4~2.2s), leaving SMF in a 

molten state. Step 4, fiber clamps were moving in reverse by 

non-axial pull. Then a S-taper fiber was obtained, its waist 

diameter and axial offset can be controlled by adjusting the 

axial offset of fiber clamps, the discharge current and 

discharge time. 

The S-taper fibers, with dw from 35 to 50 μm and Loff from 

50 to 110 μm, were fabricated for moisture detection. A glass 

micrometer and electron microscope with camera function are 

used to measure the waist diameter and axial offset. Figure 3 

shows microscope image of the fabricated S-taper fibers. 

 
(a) dw=35 μm/Loff=50 μm 

 
(b) dw=35 μm/Loff=110 μm 

 
(c) dw=40 μm/Loff=50 μm 

 
(d) dw=40 μm/Loff=110 μm 

 
(e) dw=45 μm/Loff=50 μm 

 
(f) dw =45 μm/Loff=110 μm 

 
(g) dw=50 μm/Loff=50 μm 

 
(h) dw=50 μm/Loff=110 μm 

Fig.3.  Enlarged figures of S-taper fibers with different structural parameters 

In order to test the repeatability of the fabrication of the S-

taper fiber, 6 groups of S-taper fibers with dw=35 μm/Loff=110 

μm were fabricated, and their actual waist diameters and axial 

offsets were measured, as shown in Fig. 4. The average errors 

of the waist diameters and axial offsets are 0.23% and 0.12%, 

respectively. Therefore, there is a good reproducibility in the 

fabrication process of the S-taper fiber, which is prospective 

for the practical exploitation. 

 

(a) The repeatability of the waist diameters of 35 μm 
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(b) The repeatability of the axial offsets of 110 μm 

Fig. 4.  The preparation repeatability of 6 S-taper fibers with dw=35 

μm/Loff=110 μm 

IV. EXPERIMENTS OF MOISTURE DETECTION WITH S-TAPER 

FIBER 

A. Experimental Setup for Moisture in Oil Detection 

To detect moisture in the oil samples, the built experimental 

setup is shown in Fig. 5. All the experiments were conducted 

at room temperature in the lab. The light source is a broadband 

laser, Golight ASE, with the wavelength range of 1532~1564 

nm and the intensity of 20 mW. The wavelength demodulation 

unit is used to detect the S-taper fiber transmission spectrum. 

Especially, a compact oil chamber is designed to fill oils 

and install the S fiber probe. 

 

 
Fig. 5.  The configuration of moisture-in-oil detection based on S-taper fiber 

During the measurement of the moisture content in the oil 

samples, the S-taper fiber was fixed on a fiber holder to keep it 

straight. Then the sample was injected into the oil chamber 

until the S-taper fiber immediately immersed in the oil. After 

the transmission spectrum was recorded by the wavelength 

demodulation unit, the oil chamber was completely cleaned 

with ethanol. The procedure was repeated for each sample. 

B. Effect of the axial offset on the detection sensitivity 

To investigate the effect of the axial offset on the sensitivity 

of S-taper fibers, the S-taper fibers with the same waist 

diameter of 50 μm and the axial offsets of 50 μm/70 μm/90 

μm/110 μm were fabricated by setting the discharge intensity 

and time. 

In Fig. 6 (a), the transmission spectra of the S-taper fiber 

with dw =50 μm/Loff=50 μm in different oil samples are plotted, 

in which the transmission dip experiences a red-shift with 

decreasing moisture, consistent with the detection principle of 

the S-taper fiber. The maximum red-shift of the transmission 

dip with the moisture content from 8.3 to 89.2 ppm is about 

3.12 nm. In order to observe the wavelength red-shift of the 

sensors with Loff=70 μm/90 μm/110 μm more intuitively, only 

four spectral lines with large wavelength intervals are shown 

in Fig. 6 (b) (c) (d). 

 
(a) dw=50 μm/Loff=50 μm 

 
(b) dw=50 μm/Loff=70 μm 

 
(c) dw=50 μm/Loff=90 μm 

 
(d) dw=50 μm/Loff=110 μm 

Fig. 6.  Transmission spectra when the S-taper fibers with different waist 

diameters are immersed into the samples. 
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Fig. 7.  The red-shift versus varying moisture content for S-taper fibers (the 

waist diameter of 50 μm) with different axial offsets 

Fig. 7 illustrates the red-shifts of the transmission dip as a 

function of the moisture content for S-taper fiber with 

different axial offset. For the four curves, it can be found that 

the wavelength shift tends to increase with the decreasing 

moisture content. The curve of the S-taper fiber with Loff=110 

μm is entirely above that with Loff=50 μm/70 μm/90 μm, 

which illustrates that the probe with a larger axial offset is 

more sensitive. 

 
Fig. 8.  The fitting curve of red-shift of the transmission dip in the three 

sensing regions for the S-taper fiber with dw=50μm/Loff=110μm 

After optimizing the axial offset, the S-taper fiber with 

dw=50 μm/Loff=110 μm is used to investigate the relationship 

between the red-shift of the transmission dip and the moisture 

content. As shown in Fig. 8, there is an overall linear trend 

between the red-shift and the moisture content due to the 

variation of SRI, and error bars represent the distribution of 3 

tests at each concentration. In order to improve the fitting 

performance and detection accuracy, the fitting area can be 

classified into three linear sections. In the moisture content 

range of 8.3~27.4 ppm, 27.4~60.8 ppm, and 60.8~89.2 ppm, 

the corresponding average sensitivities are 0.48 nm/ppm, 0.25 

nm/ppm and 0.16 nm/ppm. The sensitivity of the S-taper fiber 

with dw =50 μm/Loff=110 μm reaches 0.48 nm/ppm, the 

highest sensitivity in the range of 8.3 ppm~27.4 ppm. 

C. Effect of the waist diameter on the detection sensitivity 

The waist diameter is also a key parameter in determining 

the sensitivity of the S-taper fiber like the axial offset. In order 

to investigate the effect of the waist diameter on S-taper fiber, 

the S-taper fibers with the same axial offset of 90 μm and the 

waist diameter of 35 μm/40 μm/45 μm/50 μm were tested. 

 
(a) dw=50 μm/Loff=90 μm 

 
(b) dw=45 μm/Loff=90 μm 

 
(c) dw=40 μm/Loff=90 μm 

 
(d) dw=35 μm/Loff=90 μm 

Fig. 9.  Transmission spectra when the S-taper fibers with different waist 

diameters are immersed into the samples. 

The curves in Fig. 9 represent cases of the S-taper fiber with 

dw=35 μm/40 μm/45 μm/50 μm in different moisture 

concentrations of oil sample, which also shows that the 

transmission dip experiences a red-shift with the moisture 

decreasing, and a smaller waist diameter leads to a larger 



IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT 6 

wavelength shift of the transmission dip. 

As shown in Fig. 10, for the S-taper fiber with dw=35 μm/40 

μm/45 μm/50 μm, the transmission dip shifts to shorter 

wavelength monotonically with the increase of the moisture 

content. In particular, the S-taper fiber with dw=35 μm with 

the higher slope is more sensitive than that with dw=40 μm/45 

μm/50 μm. 

 
Fig. 10.  The red-shift versus varying moisture content for S-taper fibers (the 

axial offset of 90μm) with different waist diameters 

 
Fig. 11.  The fitting curve of red-shift of the transmission dip in the three 

sensing regions for the S-taper fiber with dw=35 μm/Loff=90 μm 

After optimizing the waist diameter, the S-taper fiber with 

dw=35 μm/Loff=90 μm is selected to investigate the 

relationship between the redshift of the transmission dip and 

the moisture content, which is shown in Fig. 11. Error bars 

represent the distribution of 3 tests at each concentration. The 

average sensitivities in the moisture content range of 8.3~27.4 

ppm, 27.4~60.8 ppm and 60.8~89.2 ppm by linear fitting is 

0.41 nm/ppm, 0.20 nm/ppm and 0.21 nm/ppm, respectively. 

D. Comprehensive effect of the waist diameter and axial 

offset 

It should be noted that the impact of the waist diameter and 

axial offset is interactional during the fabrication of the S-

taper fiber sensor. Additionally, the actual range of waist 

diameter and axial offset is different, the relative change of the 

values needs to considered at the same time. To investigate the 

comprehensive effect of waist diameter and axial offset on 

moisture detection, the S-taper fibers with dw=35~50 μm (a 

step of 5 μm) and Loff=50~110 μm (a step of 20 μm) were 

fabricated. The maximum red-shifts of the transmission dip in 

the moisture content range from 8.3 to 89.2 ppm were 

recorded, in Table 2, to characterize the detection sensitivity 

of the S-taper fibers with different structural parameters. 

However, it was found during the experiment that the 

transmission dip was undetected when the S-taper fibers with 

dw=35~45 μm and Loff=110 μm were immersed in the oil 

sample with the low moisture content of 8.3 ppm. Herein, 

modes energy and inter-mode interference were critically 

weakened as the ERI of the cladding modes was close to the 

oil sample. As a consequence, the transmission dip became 

smaller and even disappeared, resulting in missing data in 

Table 2. 

It can be inferred that the boundary of the waist should be 

larger than 45 μm within the predefined axial offset of 110 μm 

in order to avoid excessive light attenuation.  

TABLE II 

THE MAXIMUM RED-SHIFTS OF THE TRANSMISSION DIP OF 

THE S-TAPER FIBER WITH DIFFERENT STRUCTURAL 

PARAMETERS 
 

The maximum red-shifts of the transmission dip (nm) 

Loff 

dw 
50 μm 70 μm 90 μm 110 μm 

50 μm 3.12 8.92 14.22 22.05 

45 μm 3.95 10.18 14.72 / 

40 μm 4.38 10.94 15.30 / 

35 μm 7.07 12.80 17.87 / 

From Table 2, without considering the S-taper fiber with 

Loff=110 μm, it can be seen that the maximum red-shift 

increases as the waist diameter decreases or the axial offset 

increases. As for the S-taper fiber with dw=35~45 μm and 

Loff=110 μm, its maximum red-shift was still in line with this 

trend. 

It can be seen that the S-taper fiber with dw=50 μm and 

Loff=110 μm shows the largest maximum red-shift of 22.05 nm 

and its moisture detection range is larger than with dw=35~45 

μm and Loff=110 μm. Therefore, dw=50 μm and Loff=110 μm 

are the optimal structural parameters optimization of S-taper 

fibers to enhance the detection sensitivity. Its average 

sensitivities in the moisture content ranging from 8.3 ppm to 

27.4 ppm is 0.48 nm/ppm. The average wavelength fluctuation 

caused by noise from the ASE laser data acquisition 

equipment and environment is about ±0.35 nm, accordingly 

the lower limit of moisture detection is calculated as 2.19 ppm, 

where 3 times of maximum wavelength variation (3 × 0.35 = 

1.05 nm) is defined as measurement limit. 

According to IEC 60422-2013 [29], for mineral insulating 

oil after filling in new electrical equipment prior to 

energization above 72.5 kV, the recommended moisture limit 

is 10 ppm. And as for mineral insulating oil in normal 

condition, in operating electrical equipment, the recommended 

moisture limit to take a remedial action is 15 ppm. By 

comparison, the lower limit of moisture detection of 2.19 ppm 

is much lower than that of the two recommended moisture 

limits. On the other hand, cross-sensitivity of temperature is 

slight owing to the offset and compromise between thermo-

optical effect and thermal expansion in S-taper fiber. In 

addition, the dissolved gases contribute nothing to the 

refractive index [30]. Therefore, the S-taper with dw=50 μm 
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and Loff=110 μm sufficiently meets the actual online 

monitoring needs of oil-immersed power transformers in 

operation. 

V. CONCLUSION 

In order to improve the ability of detecting moisture in 

transformer oil, an optical sensing scheme based on S-taper 

fiber with compact structure, fabrication simplicity, high 

sensitivity is proposed in this paper. The sensing principle, 

fabrication process and parameters optimization and sensing 

test of S-taper fiber are explored. The following conclusions 

can be obtained: 

1) S-taper fiber, in which the core mode interferes with the 

cladding mode, is sensitive to the change of SRI. The dip of 

the transmission spectrum of the S-taper fiber experiences a 

red-shift with the decreasing moisture content. Therefore, the 

moisture content in oil can be obtained by measuring the 

wavelength shift of the S-taper probe. 

2) The experimental results show that the sensitivity of S-

taper fiber could be improved by increasing the axial offset 

and decreasing the taper waist diameter meanwhile 

considering the light intensity attenuation. Therefore, it is a 

feasible method to optimize moisture detection in oils by 

increasing the axial offset and decreasing the taper waist 

diameter of the S-taper fibers. 

3) The S-taper fiber with dw=50 μm and Loff=110 μm is the 

highest sensitive among all test S-taper fibers, and its 

sensitivity can reach up to 0.48 nm/ppm in the moisture 

content range of 8.3~27.4 ppm. Its detection lower limit is 

2.19 ppm which meets the requirement of moisture detection 

in oil-immersed power transformers. 
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