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ABSTRACT This study presents Fiber Bragg Grating (FBG) sensors coated with palladium (Pd) and
polydimethylsiloxane (PDMS) for detecting dissolved hydrogen (H2) and methane (CHy) in transformer oil,
key indicators of incipient transformer faults. Laboratory evaluations covered concentrations of 5-2146 ppm
for Hy and 3-1551 ppm for CH4 at 10-90 °C. Gas-induced Bragg wavelength shifts were validated
against Dissolved Gas Analysis (DGA) using the Transport X system. The Pd-coated H, sensors achieved
sensitivities of 0.000487 nm/ppm with 97.04% accuracy and 0.000451 nm/ppm with 99.953% accuracy,
while PDMS-coated CH4 sensors reached 0.00591 nm/ppm with 95.85% accuracy and 0.00226 nm/ppm
with 95.03% accuracy. All sensors exhibited strong linearity (R> > 0.91) and excellent repeatability
(RSD < 1% above 40 °C). Temperature compensation models were developed to ensure accuracy under
varying operational conditions. Compared with previously reported optical gas sensors, the proposed Pd-
and PDMS-coated FBG sensors demonstrate superior sensitivity, broad detection range, thermal stability, and
cost-effectiveness. These features make them highly promising for real-time, in-situ monitoring of dissolved
gases, enabling advanced fault diagnosis and condition-based maintenance in power transformers.

INDEX TERMS Fiber Bragg grating sensors, transformer oil, hydrogen and methane detection, dissolved
gas analysis, palladium (Pd), polydimethylsiloxane polymer (PDMS).

I. INTRODUCTION

Oil transformers are essential components in power systems,
serving as critical links in power transmission networks.
Their reliability depends significantly on the condition of
the insulating oil, which can degrade due to faults such
as partial discharges or localized overheating. These faults
cause thermal and electrical stress on the insulation (oil
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and paper), leading to the formation of dissolved gases,
including Hp, CH4, CoHj, CoH4, CoHg, CO, and CO; [1],
[2], [3]. Dissolved Gas Analysis (DGA) is widely used to
assess transformer condition, with hydrogen (H,) recog-
nized as a key fault indicator due to its early presence in
most failure modes [4], [5]. Although hydrogen is typically
dissolved in oil, it can also accumulate in the transformer
headspace depending on the designs. Real- time monitoring
of Hj is crucial for early fault detection and for preventing
severe damage. Several online detection techniques have been
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explored, including gas chromatography, electrochemical
sensors, photoacoustic spectroscopy, Raman spectroscopy,
infrared spectroscopy, and fiber Bragg grating (FBG) sen-
sors [6]. Gas chromatography lacks real-time capability and
has a relatively high error margin [7]. Electrochemical sen-
sors suffer from limited lifespan and stability issues in
oil-immersed environments [8], [9], [10]. Optical techniques
such as photoacoustic, Raman, and infrared spectroscopy
are sensitive to environmental factors and often exhibit low
selectivity and stability [11], [12], [13]. FBG sensors have
emerged as promising alternatives due to their fast response,
immunity to electromagnetic interference, and potential for
in-situ measurement of dissolved gases such as hydrogen
and methane [14]. Jiang et al. [15] enhanced the sensitiv-
ity of FBGs through side-polishing, albeit at the cost of
mechanical strength. Trouillet et al. [16] and Wang et al. [17]
developed long-period fiber grating (LPFG) sensors with
significantly higher sensitivity. Basumallick et al. [18] further
improved performance using Pd-coated LPFGs, although the
long-term stability remained a concern. Recent work has
focused on Pd-based and Pd-Cr alloy-coated FBG sensors
for in-oil hydrogen monitoring [19], [20], [21]. Recently,
researchers have created and modified palladium-chromium
ratios of 100:0 (Pd100) and 58:42 (Pd58Cr42) FBG sen-
sor to measure Hp and CH4 concentration in transformer
oil [21]. In this research, FBG sensors have been developed
to monitor transformer oil, and these sensors can measure
two key parameters: hydrogen (H,) and methane (CHjy)
concentration in transformer oil. The sensor’s notable fea-
ture is its ability to perform online measurements for the
two parameters mentioned. The sensors design emphasizes
simplicity and cost-effectiveness, using readily available
materials. The sensor’s theoretical background, fabrica-
tion process, and experimental procedures are explained in
Sections II and III, respectively, while Sections IV cover
the experimental results. Finally, the sensor characteristic
conclusions are presented in Section V.

Il. MEASUREMENT PRINCIPLE

The working principle of an FBG-based hydrogen and
methane gas sensors relies on the change in strain or temper-
ature induced by chemical interactions between the gases and
the sensor’s sensitive coating materials. These interactions
cause shifts in the Bragg wavelength (Ap), governed by [21],
[22], [23], [24], and [25]:

hp = 2 ngg A (M

where n. is the effective refractive index of the guided
mode in the fiber, and A is the grating period. When the
FBG sensors are exposed to Hy or CHy, coatings such as
palladium (Pd) and polydimethylsiloxane (PDMS) undergo
expansion or contraction, applying strain on the FBG, leading
to a measurable shift in Ap. This strain-induced wavelength
shift is described as the fractional wavelength shift (Alp/Ap)
due to Hy and CHy4 strain on the FBG, which can be given
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by [21], [22], [23], [24], and [25]:

AMp
—=10-P)e=K;e 2)
AB
where ¢ is strain caused by gas absorption, K, is the strain
sensitivity coefficient (& 0.78 for silica at a wavelength of
1550 nm), P is the effective strain-optic constant (=~ (.22 for
silica at A = 1550 nm). In thermally sensitive environments,
the Bragg wavelength also shifts due to changes in both
the fiber’s physical length and refractive index. Thus, the
fractional wavelength shift (AAp/Ap) due to the temperature
change can be expressed as follows [21], [24], [25], [26]:
AAp
— =(a+¢)dT =Ky 3)
A
where « is the thermal expansion coefficient of the fiber
(= 6.5 x 107° /°C forssilica), ¢ is the thermo-optic coefficient
(7 0.17 x 107% /°C), and Ky is the thermal sensitivity
coefficient (= 10 pm/°C for silica at 1550 nm).

According to [21], when the sensor is deployed in min-
eral oil containing hydrogen or methane, the gas-induced
expansion or absorption causes a measurable shift in the
Bragg wavelength, where o6 is thermal expansion coefficient
temperature influence on the FBG sensor, «6 =7 x 10-%/°C,
and @ 4+ ¢ = 6.67 x 1070 /°C. The factor is compensated for
in the calculation of the strain. The strain (¢) can be calculated
as a function of temperature change (AT) in Celsius as [21]
and [25].

S _ 4SAT
B

TR @

Thus, theoretical Bragg wavelength shift AAp is given by
Arp = Ap(Kee + a8 AT) 5)

In this study, the experimental Bragg wavelength shift AAp is
obtained from the difference of the Bragg wavelength when
the sensor is submerged in oil and without oil (in air), as given
by:

ALB = AB,in 0il — AB,in air (6)

where Ap in oir and Ap i 4ir 1 the Bragg wavelength when the
sensor is in oil and in the air (without oil), respectively.

The resonance is often expressed in relative terms as a
chemical shift value, defined with respect to the resonance
frequency of a standard reference compound. The chemical
shift for a specific spin-1/2 nucleus is expressed in parts
per million (ppm) using the sample and reference resonance
frequencies (in Hz) [27]. Analogously, the fractional wave-
length shifts caused by H, and CHy-induced strains on the
FBG sensor are also expressed in parts per million (ppm).
The numerical value of the wavelength shift (¢) is defined as
the ratio of the Bragg wavelength shift (AAp) to the original
Bragg wavelength (Ap), as shown in (7) [27].

Alg 6
¢ = — x 10°(ppm) @)
AB
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Changes in the calculated strain values resulting from Hp
and CHy absorption in oil are used to evaluate and classify
the performance of each Bragg grating (FBG) sensor. This
study utilizes the advantages of FBGs, known for their high
sensitivity to strain, alongside palladium’s effective hydrogen
absorption and PDMS’s ability to absorb methane, to cre-
ate miniaturized, in-situ sensors for precise gas detection.
As illustrated in Fig. 1 and supported by theoretical analysis,
when dissolved hydrogen and methane are absorbed by their
respective sensitive films (palladium for Hy and PDMS for
CHy), the resulting external strain alters the FBG structure.
This strain alters the optical properties of the fiber, causing a
shift in its resonance wavelength.
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FIGURE 1. Principle of FBG-based hydrogen and methane sensors.

Ill. EXPERIMENTAL SETUP

A. FABRICATION OF FIBER BRAGG GRATING SENSORS
The design of the single-period Fiber Bragg Grating (FBG)
sensors is illustrated in Fig. 2(a). Key specifications a grating
length of 10 mm, a grating period of 520 nm for a hydrogen
and 550 nm for a methane sensor, and a refractive index of
the fibers core of 1.448. The striped length is 40 mm, with
a grating region ranging from 5 to 8 mm. The fiber core
diameter is 10 pwm, and the cladding diameter is 125 um and
coating jacket is 250 um as shown in Fig. 2(a)—(d). However,
the drawing is not in scale. The FBG sensor design parameters
are summarized in Table 1.

B. COATING FIBER BRAGG GRATING SENSORS

The uncoated region of the FBG sensors was coated with pre-
pared materials: 99.95% pure palladium (Pd) and 99.9% pure
PDMS polymer. Palladium, a thermally curable material,
is used for hydrogen gas detection, while PDMS is applied
for methane gas sensing [28], [29]. Both materials can be
easily deposited onto the sensors using dip- and spin-coating
methods. The palladium coating was prepared by mixing Pd
powder with a cross-linker (curing agent or hardener) in a
10:1 volume ratio. A similar process was used for preparing
the PDMS coating. The dip-coating method was selected
for its protective properties and its suitability for precise
application on microscale optical fiber structures [28]. The
step-by-step coating process is illustrated in Fig. 3. Palla-
dium powders and cross-linker were thoroughly mixed for
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TABLE 1. Fiber Bragg Grating (FBG) sensor parameters.

Parameters Values

Wavelength Ag = 1550 nm

Grating length 5-8 mm

Grating period FBG H, sensor, A = 520 nm
FBG CH, sensor, A = 550 nm

Fiber core refractive index Negr = 1.448

Wavelength tolerance +0.5 nm

Reflectance >90%

Peak width at -3 dB 0.25~ 0.35 nm

Fiber coating layer Acrylate

Fiber type SMEF28-compatible

Fiber termination FC/UPC

Pigtail length Im

Grating profile Anodized

Mechanical test >100 kpsi

Coated sensing material Palladium (Pd) and PDMS
polymer

Cladding

Bragg grating

Buffer Coating
(a)

(b)

H: sensitivity Palladium Coating

A

FBG1: 815.17 pm
FBG2: 852.27 pm

(c)

CHy sensitivity PDMS Coating
7y =

FBG1: 691.48 nm
FBG2: 528.23 pm

A4

(d)

FIGURE 2. Schematic diagram of (a) FBG sensor, (b) cross-sectional area,
(c) H, FBG sensor coated by Palladium, and (d) CH; FBG sensor coated by
PDMS polymer.

5 minutes on a microscope glass slide. The exposed core
region of the FBG sensor was cleaned with isopropanol,
dipped once, and then heat-treated in a CVMS CLIMATIC
oven at 60 °C for 6 hours. The coating thicknesses were mea-
sured using a Meiji Techno microscope (Model MT4300H).
For the palladium-coated FBG sensors, the measured thick-
nesses were 815.17 um and 852.26 um for the FBG1H,
and FBG2H; sensors, respectively. For the PDMS-coated
sensors, the thicknesses were 691.48 pum for FBGICHy
and 528.23 um for FBG2CHy, respectively, as shown in
Figs. 4(a)—(d). The coating process was performed manually;
therefore, a uniform thickness could not be achieved over the
entire 10 mm FBG region. The FBG sensors used in this
study were tested for reliability and stability at 90 °C for
1000 hours.
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FIGURE 3. The FBG sensors coating process.
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Pd-Coated FBG2H2 = 852.27 pm
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PDMS-Coated FBG2CHj4 = 528.23 pm

@

FIGURE 4. Coated FBG sensors observed under the Meiji Techno
microscope: (a) Pd-coated FBG1H, sensor, (b) Pd-coated FBG2H, sensor,
(c) PDMS-coated FBG1CH, sensor, (d) PDMS-coated FBG2CH, sensor.

C. EXPERIMENTAL FRAMEWORK

The experimental setup for measuring hydrogen (H;) and
methane (CHj4) gas concentrations in transformer oil is
shown in Fig. 5. The following experimental arrangement
was employed at room temperature. A 1000 mL KIMAX
KIMBLE test chamber was used and filled with 1020 mL
of mineral oil to make sure that there was no room for air
during the H, and CHy injections. The FBG sensors were
placed within a smaller, temperature-controlled test cham-
ber. The FBG1H; coating was palladium and the FBG2CHg4
coating was PDMS. Then, both sensors were spliced together
and connected to an optical spectrum analyzer (Yokokawa,
model AQ6370D). An OSA built-in light source at 1550 nm,
22 mW, 50 nm bandwidth, FC/APC connector was utilized
to interrogate the proposed FBG sensors. Temperature within
the test chambers was monitored using a HERCHR digital
thermometer. Measurements were synchronized and recorded
using a personal computer (PC). To perform dissolved gas
analysis (DGA) of mineral oil, a 50 mL DGA syringe was
used to extract oil from a sampling port located near the
sensors, allowing analysis with the TRANSPORT X system
at the corresponding temperatures.
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FIGURE 5. FBG sensors schematic circuit diagram of the experimental
setup.

D. PREPARATION OF OIL SAMPLES

A one-million part per million (1,000,000 ppm) 99.9% pure
hydrogen (H,) and pure methane (CH4) gases were obtained
from the gas sampling bags, as shown in Fig. 6 (a). The
concentration of Hy and CHy in oil was prepared by injecting
specific volumes of H, and CH4 gases from the sampling
bags into the 1020 mL mineral oil inside the KIMAX KIM-
BLE test chamber using a micro sampler microliter syringe
micro-injector equipped with both 100 nL and 1000 nL Luer
lock removable needles. The KIMAX KIMBLE test bottle
was sealed with a GL45 supplementary bottle cap, as shown
in Figs. 6 (b) and (c). After each injection of H, or CH4 gas,
the bottle was shaken for 10 minutes to ensure the gases were
properly dissolved in the oil. A total of 30 oil samples with
varying H, and CHy4 concentrations were prepared. From
each sample, 50 mL of oil was extracted for DGA testing
using the TRANSPORT X system, as illustrated in Fig. 7. The
FBG sensors response, as the wavelength shift was recorded
and matched with the TRANSPORT X results to calibrate
the manufactured sensors for detecting the H, and CHy
concentrations in the transformer oil.

FIGURE 6. (a) Gas sampling bags for H, and CH, gases, (b) Microliter
Syringe Micro-injector equipped with both 100xL and 1000xL with
removable needles, (c) The KIMAX KIMBLE test bottle sealed with a
GLA45 cap.
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FIGURE 7. TRANSPORT X for DGA test.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. PALLADIUM-COATED FBG H, SENSOR RESPONSE FOR
HYDROGEN DETECTION IN MINERAL OIL

The experimental response of the palladium (Pd)-coated
FBG1H; and FBG2H; hydrogen sensors depend on two key
factors: hydrogen concentration and temperature in trans-
former oil. The relationship between the Bragg wavelength
shift and hydrogen concentration determines the linearity and
sensitivity of the FBG Hy sensors for detecting dissolved
hydrogen gas in mineral oil. The sensors were tested using
mineral oil samples with various hydrogen concentrations
in the range of 5 ppm to 2146 ppm at room temperature.
Each measurement was repeated three times to obtain reliable
Bragg wavelength shift values corresponding to each hydro-
gen concentration. The relationship between the wavelength
shift and the H, concentration exhibited strong linearity as
shown in Fig.8. The response of the two sensors, FBG1H,
and FBG2H,;, were very close. A clear positive linear corre-
lation is observed between the Bragg wavelength shift (nm)
and hydrogen concentration (ppm), as measured by TRANS-
PORT X. For the FBG1H; sensor, the Pearson correlation
coefficient (R) is 0.9878, and the coefficient of determination
(R%) is 0.9757. At the same time, results from FBG2H,
sensor, yielded Pearson R was 0.9882, and the R? was 0.9766.
As the FBG1H, sensor shows a slightly higher R? value,
the regression model representing the relationship between
the measured Bragg wavelength shift, AAp and hydrogen
concentration obtained from FBG1H; and FBG2H, sensors
were given by

AAB FBG1H, = 0.0003 C (H>) — 0.061 (8)
AAB FBG2H, = 0.0003 C (H) — 0.078 ©))

where AAp rpgiH2 and AMp rpgom are the Bragg wave-
length shift in nm obtained from an FBG1H, and an FBG2H,
sensors, respectively and C (H;) represents the hydrogen con-
centration obtained from the TRANSPORT X (ppm). Apart
from determining the wavelength shift as a function of Hp
concentration, its relationship as a function of transformer
oil temperature was also investigated. The response of the
FBGIH, and FBG2H; sensors was evaluated by inject-
ing 200 mL of hydrogen concentration into the 1020 uL
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of transformer oil. The response was measured across a
temperature range of 10 °C to 90 °C as shown in Fig.9.
Similarly, the relationship was also strongly linear. The R was
0.9743 for the FBG1H; sensor and 0.9753 for the FBG2H,
sensor, and the R? was 0.9492 for FBGI1H; and 0.9512 for
FBG2H;. This linear relationship indicates that temperature
significantly influences the sensors response. Thus, the linear
regression representing the relationship between the mea-
sured Bragg wavelength shift and oil temperature of FBG1H,»
and FBG2H; sensor can be written as:

AAg FBGIH, = 0.0075 T — 0.1543 (10)
AAg FBG2H, = 0.0075 T — 0.1555 (11

where AAp rpciH2 and AAp ppgon2 are the Bragg wave-
length shift in nm obtained from an FBG1H, and an FBG2H>
sensors, respectively, and T is the oil temperature (°C).

0.7
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FIGURE 8. The measured Bragg wavelength shift as a function of
hydrogen concentration (Pd- coated FBG sensor).

MW FBG1H,
< FBG2H,

0.6+
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R =0.9743
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i ® +

o
o
Il

Temperature (C)

FIGURE 9. The measured Bragg wavelength shift as a function of
temperature in the range of 10-90 °C after injecting 200 L of H,
concentration into mineral oil.

It is noteworthy that the concentration of Hp decayed
rapidly, as shown in Fig.10. In this figure, the Hy con-
centration was injected into the transformer oil. Then the
wavelength shift was measured as a function of time. The
graphs indicate that the wavelength shift reached its peak
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FIGURE 10. Performance of Pd-coated FBG1H, and FBG2H, hydrogen

sensors in mineral oil after injecting 200 xL of H, concentration into
mineral oil at room temperature.

approximately 20 minutes after injection. After that, the
wavelength shift started to decay. Referred to (7), the con-
centration of gases will directly depend upon the wavelength
shift. This indicates that the concentration of H; also peaked
at about 20 minutes after injection. Therefore, for testing the
Hj sensor response, the time after injection is very important.
The average sensitivities of the FBG1H; and FBG2H; hydro-
gen sensors could be obtained from the ratio of the measured
Bragg wavelength shift (AAp, in nm) to the hydrogen con-
centration (C(H»), in ppm), expressed as (AAp/C(H3)). The
calculated sensitivities are 0.000487 nm/ppm for the FBG1H»
sensor and 0.000451 nm/ppm for the FBG2H, sensor.

The sensor percentage error was calculated by
(AAB_absoluteerror | AAB_measurea)* 100, where the absolute
error in wavelength shift is given by: AAp absotuteerror =
AMB_measured — AMB_predicted» and the predicted wavelength
shift is derived using Eqs (8) and (9). The difference between
the measured value and the calculated value from regres-
sion models was 2.964% and 0.047% for the FBG1H; and
FBG2H; sensors, respectively. However, in terms of sen-
sitivity to hydrogen gas, the FBG1H, sensor demonstrated
higher sensitivity than the FBG2H, sensor, indicating that it
undergoes a greater Bragg wavelength shift per unit increase
in hydrogen concentration. These results confirm that the sen-
sors, particularly FBG1H>, are highly suitable for dissolved
gas analysis (DGA) in transformer oil, making them effective
tools for monitoring hydrogen levels as part of transformer
health diagnostics.

B. POLYDIMETHYLSILOXANE POLYMER-COATED FBG
SENSORS RESPONSE FOR METHANE DETECTION IN
MINERAL OIL

Similar experiments were conducted to examine the response
of PDMS coated methane sensors, FBG1CH4 and FBG2CHy4,
in detecting CHy4 concentration in transformer oil. The wave-
length shifts of both sensors as function of CH4 concentration
and temperature are shown in Figs. 11-13 respectively.
In Fig.11, the wavelength shifts as a function of CH4 con-
centration in the ranging from 3 ppm up to 1551 ppm, is also
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linear, similar to the case of Hy sensors. For the FBG1CHy4
sensor, the R is 0.9715, and R? is 0.9438. For the FBG2CH,4
sensor, the R is 0.9881, and the R?%i5 0.9763. The regression
models describing the relationship between the measured
Bragg wavelength shift and CH4 concentration, as obtained
from the FBG1CHy and FBG2CHy4 sensors, are presented as

AAB FBG1cH, = 0.0005 C (CH4) + 0.2089 (12)
AAB FBG2cH, = 0.0005 C (CH4) + 0.0442 (13)
where AAp rpGica4 and AAp FpGaocH4 denote the Bragg
wavelength shift in unit of nm of FBGICH,4 and FBG2CHy

sensors, respectively, while C(CHy) is the methane concen-
tration obtained from the TRANSPORT x in ppm.

AAg =0.0005 C(CH,) +0.2089 ¢~ '0
R® = 0.9438 )
E 0.8 R =0.9715 ©
c o
2‘007‘ o «@C ©
= 05 o0 O ©
< 05 <
2 ®*
S 0.4+ <© A
g <
< 0.3+ 5
% 0
= 0.2 © .
¢ -
014 a A
00l

0 120 240 360 480 600 720 840 960 1080 1200 1320 1440 1560 1680
Concentration of CH, (ppm)

FIGURE 11. The measured Bragg wavelength shift as a function of
methane concentration (PDMS-coated FBG).

In addition to examining how the wavelength shift varies
with CHy4 concentration, we also explored its relationship
with the temperature of transformer oil. The responses of
the FBG1CH4 and FBG2CHy sensors were evaluated by
injecting 200 uL of methane into 1020 mL of transformer
oil. Measurements were taken across a temperature range of
10 °C to 90 °C, as illustrated in Fig. 12. The observed rela-
tionship was notably strong and linear. The R was 0.9854 for
the FBG1CHy sensor and 0.9847 for the FBG2CH4 sensor.
The R? were 0.9710 for a FBG1CH, sensor and 0.9763 for
a FBG2CHy4 sensor. The linear regression analysis confirms
a significant influence of oil temperature on the sensor
response. The regression models describing the relationship
between the measured Bragg wavelength shift and oil temper-
ature for the FBG1CH4 and FBG2CHjy sensors are presented
by

AMB FBGicH, = 0.0088 T —0.1514 (14)
AAB FBG2cH, = 0.0095 T — 0.2641 (15)

where AAp FpG1cH4 is the measured Bragg wavelength shift
in nm of a FBGICHy4 sensor, AAp rpGacH4 1S the Bragg
wavelength shift in nm of a FBG2CHy4 sensor, and T is the
oil temperature in Celsius.

The wavelength shifts for the two sensors as a function of
time after injecting CHy into the transformer oil are displayed
in Fig. 13. The response is very similar to that of the H case,
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temperature in the range of 10-90 °C after injecting 200 xL of CH, into
mineral oil.
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FIGURE 13. Performance of PDMS-coated FBG1CH,; and FBG2CH,
methane sensors in mineral oil after injecting of 200 xL of CH,
concentration into mineral oil at room temperature.

with the peak reached approximately 20 minutes after injec-
tion. Then, after about 100 minutes, the concentration of
CHy4 appears to be constant. Thus, the results of Figs. 11
and 12 were obtained 20 minutes after injecting CH4 into oil.
However, it is noteworthy to observe that the responses of
the two sensors differ significantly from each other. Then, the
average sensitivity of the FBG1CH4 and FBG2CH4 methane
sensors was also determined using the same principle as
the case of Hj. The sensitivity of an FBG1CHy sensor was
0.005906 nm/ppm, which exceeded that of an FBG2CHj4 sen-
sor, which was 0.002260 nm/ppm. To analyze the difference
between the two sensors, the coated film thicknesses of both
sensors were measured, as shown in Fig. 4, which revealed
that the thicknesses of the PDMS coatings were significantly
different: 691.483 pm and 528.230 pum for the FBG1CHy
and FBG2CH4 sensors, respectively. The thickness differ-
ence surely affects the sensor’s response. The film thickness
had been controlled as well as possible, but, unfortunately,
maintaining uniform thickness across both sensors proved
difficult. A thicker PDMS layer enhances gas absorption
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capacity by providing a larger interaction volume for CHy
molecules. As methane diffuses into the polymer, it induces
more significant swelling, which in turn transfers greater
strain to the FBG, resulting in a more pronounced Bragg
wavelength shifts the difference between the measured values
and the calculated values in Egs. (12) and (13) are 4.151% for
the FBG1CHy4 sensor and 4.975% for the FBG2CH4 sensor.
Therefore, the enhanced response of FBG1CHy is consistent
with the principle that increased coating thickness improves
sensor sensitivity.

C. FBG H, AND CH, SENSOR REPEATABILITY

To measure the repeatability of the sensors, approximately
200 uL of Hy and CH4 were injected into the test chamber,
and the values of AAp were investigated at temperatures of
30 °C, 40 °C, 60 °C, and 90 °C. The experiment was con-
ducted continuously for 10 hours at each temperature for each
gas. Repeatability performance was assessed by examining
the consistency of the Bragg wavelength shifts. The results
revealed minimal variation in the measured shifts, indicating
high repeatability, as shown in Fig. 14. The relative standard
deviation (RSD) was calculated using Eq.(16) [30], [31],
where RSD is defined as the ratio of the standard deviation
(SD) of the recorded wavelength shifts to the mean value
(Cp), multiplied by 100 to express it as a percentage.

SD
%RSD = " x 100% (16)

m

A total of 40 samples were collected for each sensor for
both hydrogen and methane detections. According to [32],
repeatability is considered acceptable when the RSD is less
than 2%. The calculated RSD values at different temperatures
are summarized in Table 2. At 40 °C, 60 °C, and 90 °C,
the RSD values for all sensors were well below 1%, indi-
cating excellent repeatability. At 30 °C, the RSD values for
the FBG1H, and FBG2H; sensors were relatively higher
due to the small mean wavelength shifts (0.0009 nm and
0.00087 nm, respectively), as this temperature is close to
room temperature, resulting in a higher relative variation.

TABLE 2. Repeatability of Fiber Bragg Grating (FBG) Sensors at 30 °C,
40 °C, 60 °C, and 90 °C with 200 pL H, and CH, injection.

Temperature RSD (%)
©) FBG1H, | FBG2H, FBGI1CH,4 FBG2CH,4
30 5.5479 5.5523 0.0680 0.4102
40 0.2331 0.3824 0.1997 0.4208
60 0.3453 0.3294 0.2558 0.1108
90 0.5799 0.5078 0.6893 0.3414

TABLE 3. Fiber Bragg Grating (FBG) sensors senstivity at temperature.

Temperature Sensitivity (nm/C)
©) FBGIH, | FBG2H, FBGI1CH,4 FBG2CH,4
30 0.000032 | 0.000029 0.003267 0.000428
40 0.002319 | 0.002269 0.003993 0.001595
60 0.004939 | 0.004939 0.006722 0.005126
90 0.005621 | 0.005555 0.006913 0.006713
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TABLE 4. Comparative study of the proposed Fiber Bragg Grating (FBG) sensors with other similar reported sensors.

References Structure Detection range (ppm) Accuracy (%) Sensitivity (pm/ppm)
H, CH, H, CH, H, CH,
This work FBG coated by Pd and PDMS sensors 5-2146 3-1551 97.04 95.85 0.4870 5.9070
[15] FBG-based hydrogen sensor with side- 0-700 N/A 86.60 N/A 0.4770 N/A
polished and sputtered with palladium/silver.
[19] Palladium-based fiber-optic hydrogen sensor 100-50,000 N/A 96.00 N/A 0.2889 N/A
[20] Pd/Ag-coated long-period fiber gratings 4,000-11,000 N/A 95.77 N/A 0.3030 N/A
(LPFGs) hydrogen sensor
[21] The fiber Bragg gratings sensors based on 0-700 N/A 81.00 N/A 0.0369 N/A
different palladium- coatings ratios,
[29] Fiber Bragg grating hydrogen sensor based 0-10000 N/A 93.60 N/A 0.0125 N/A
on the Pd/Ni composite film
07 i~ an; FBGIH, 0.927, respectively, while those of FBG1CH4 and FBG2CH4
ool *x: s | ' Popdasata sensors are 0.974 and 0.897, respectively. These sensitivities
|y ans FBG2CH,€ were obtained from the same data measured in Section C. The
054 T Tpp——— sensitivity of each sensor clearly depends upon the tempera-
E_ fi ture, as the higher the temperature, the greater the sensitivity.
5;0.4— ‘MA*MMA For H; sensors, the sensitivities of both sensors are very close.
£ | / In contrast, the sensitivity of the CH4 sensor indicates that
203 FEREURENNE bi ; ; iV
£ J the FBG1CHy sensor exhibits a noticeably higher sensitivity
< o o | o 0 . .
S0, 30°C 40°c | 60°C 90°C value at 30 °C, and this difference decreases as the temper-
e | . . o e .
s AAAAAAAAAAN ature increases. It is noteworthy that the sensitivity of both
01{ AAAAAAAAAAY CHy sensors is very close at 90 °C.
4
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FIGURE 14. Repeatability results of the measured Bragg wavelength shift
for FBG1H,, FBG2H,, FBG1CH,, and FBG2CH, sensors at 30 °C, 40 °C

60 °C, and 90 °C.

The use of FBG1H; and FBG2H; sensors at 30 °C can be
considered carefully and may be unnecessary, given that the
normal transformer’s operating temperature is significantly
higher. These findings confirm that the Pd- and PDMS-coated
FBG sensors exhibit strong repeatability under controlled
conditions, reinforcing their reliability for continuous, real-
time monitoring of dissolved hydrogen and methane gases in

transformer oil.

D. SENSITIVITY CALIBRATION AT DIFFERENT
TEMPERATURES

To measure the sensitivity of the sensors, approximately
200 ppm gas concentrations of Hy and CH4 were injected
into the test chamber separately for each sensor. The oven
temperature was set at 30 °C, and the Bragg wavelength
shifts were later observed and recorded. The sensor sensi-
tivity is defined as the ratio of the Bragg wavelength shift
to the test temperature, expressed in nm/°C. The furnace
temperature was adjusted progressively, starting at 30 °C and
subsequently increasing to 40 °C, 60 °C, and finally 90 °C.
The corresponding sensitivity values across this temperature
range are presented in Fig. 15. The sensor sensitivity in this
figure is best described by a logarithmic relationship with the
temperature. The R? of FBG1H, and FBG2Hj are 0.930 and
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FIGURE 15. FBG H, and CH, sensors sensitivity as a function of
temperature.

E. FBG H, AND CH, SENSORS PERFORMANCE

The developed FBG sensors achieved sensitivities for Hy and
CHy4 concentrations as given in Section IV. The sensor
sensitivities at different temperatures, presented in Table 3,
surpass those of many previously reported FBG-based and
Pd-coated sensors in terms of sensitivity, detection range,
and accuracy. Table 4 presents a comparative analysis of
various FBG-based sensors used for 2 and CHy detection
in transformer oil. In contrast, other sensor types including
side-polished FBG-based hydrogen sensors [15], palladium-
based fiber-optic hydrogen sensors, and long-period gratings
(LPGs) coated with Pd/Ag layers [19], [20], as well as
FBG sensors using different palladium (Pd) coating ratios
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and Pd/Ni composite films [21], [29] generally demonstrate
lower sensitivities, narrower detection ranges, and moderate
accuracy. The proposed Pd- and PDMS-coated FBG sen-
sors demonstrate advantages in sensitivity, repeatability, and
environmental stability, making them strong candidates for
continuous, accurate monitoring of hydrogen and methane
concentrations in transformer oil, thereby contributing to
improved transformer health diagnostics.

V. CONCLUSION

In this study, Fiber Bragg Grating (FBG) sensors coated
with palladium (Pd) and polydimethylsiloxane (PDMS)
were successfully developed and evaluated for the detec-
tion of dissolved hydrogen (H;) and methane (CHj) in
transformer oil. The sensors exhibited excellent linear sen-
sitivity across wide concentration ranges, 5-2146 ppm for
H and 3-1551 ppm for CH4 and maintained consistent
performance under varying temperature conditions. Temper-
ature correction models were established to ensure accurate
gas detection under practical transformer operating envi-
ronments. The sensors demonstrated high sensitivity and
strong linearity, with sensitivities of 0.000487 nm/ppm and
0.000451 nm/ppm for the FBG1H, and FBG2H, sensors,
respectively, and 0.005906 nm/ppm and 0.002260 nm/ppm
for the FBGICH4 and FBG2CH4 sensors, respectively.
Repeatability tests showed excellent consistency. The Pd
coated sensors showed superior performance in H detection,
while the PDMS-coated sensors were effective for CH4 moni-
toring. Compared to other optical fiber-based gas sensors, the
proposed FBG sensors demonstrated enhanced sensitivity,
broader detection range, and improved response stability.
These findings confirm the suitability of the developed sen-
sors for real-time, long-term monitoring of dissolved gases
in transformers, contributing to enhanced fault diagnostics
and operational safety. Future work will focus on integrating
the developed sensors into commercial transformer systems
for field validation and long-term durability assessment. Key
challenges include improving coating uniformity, enhancing
sensor selectivity in multi-gas environments, and developing
multiplexed FBG arrays for simultaneous detection of multi-
ple dissolved gases.
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