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FIBER OPTIC SENSORS FOR ON-LINE, REAL TIME 
POWER TRANSFORMER HEALTH MONITORING 

 

Bo Dong 

Electrical Engineering 

(ABSTRACT) 

High voltage power transformer is one of the most important and expensive components in 

today’s power transmission and distribution systems. Any overlooked critical fault 

generated inside a power transformer may lead to a transformer catastrophic failure which 

could not only cause a disruption to the power system but also significant equipment damage.  

Accurate and prompt information on the health state of a transformer is thus the critical 

prerequisite for an asset manager to make a vital decision on a transformer with suspicious 

conditions. 

Partial discharge (PD) is not only a precursor of insulation degradation, but also a primary 

factor to accelerate the deterioration of the insulation system in a transformer. Monitoring of 

PD activities and the concentration of PD generated combustible gases dissolved in the 

transformer oil has been proven to be an effective procedure for transformer health state 

estimation. However current commercially available sensors can only be installed outside 

of transformers and offer indirect or delayed information. 

This research is aimed to investigate and develop several sensor techniques for transformer 

health monitoring. The first work is an optical fiber extrinsic Fabry-Perot interferometric 

sensor for PD detection. By filling SF6 into the sensor air cavity of the extrinsic 

Fabry-Perot interferometer sensor, the last potential obstacle that prevents this kind of 

sensors from being installed inside transformers has been removed. The proposed acoustic 

sensor multiplexing system is stable and more economical than the other sensor 

multiplexing methods that usually require the use of a tunable laser or filters. Two 

dissolved gas analysis (DGA) methods for dissolved hydrogen or acetylene measurement 

are also proposed and demonstrated. The dissolved hydrogen detection is based on 

hydrogen induced fiber loss and the dissolved acetylene detection is by direct oil 

transmission measurement. 
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CHAPTER  1 1.  

Introduction 

 
 

 

 

High voltage transformer is one of the most important and expensive devices in the power 

industry. In high voltage transformers, a decisive significance is attributed to a secure and 

permanent insulation. However, under operating conditions the electrical, thermal and 

mechanical aging affects the insulating medium inside a high voltage transformer. Partial 

discharge (PD) is not only a precursor of insulation degradation, but also a primary factor 

to accelerate the deterioration of the insulation system in a transformer. If this incipient 

omen were missed or ignored, the direct incoming consequence could be a possible 

succeeding insulation breakdown and catastrophic failures, and the cost of each failure can 

easily drive the total cost of a single transformer failure into multi-million dollars. 

Therefore, to accurately monitor the health state of transformers and predict incipient 

fatal failures has always been a primary goal for the transformer industry to pursue. 

1.1   Background of Transformer Health State 
Monitoring 

Although in a high voltage power transformer the insulation system, which includes both 

the structures and materials, is carefully designed with sufficient margins, the numerous 

inevitable mechanical, thermal, and electrical stresses that these transformers undergo 

during their entire life of service often give rise to a degradation of the insulation system. 

Thermal faults (hot-spots) and electrical faults (PDs) are the two major mechanisms that 

can lead to premature insulation breakdown and catastrophic transformer failures.  The 

consequence of an unexpected transformer failure or outage can be dire in both safety and 
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financial terms. From 1997 to 2001, the average age of the transformers that failed by 

insulation failures was 18 years and its average cost was more than six million dollars[1]. 

Therefore research is important on the detection of hot-spots and PD activities to identify 

incipient insulation problems so that remedial action can be taken to prevent catastrophic 

failures. 

The insulations inside a high power transformer, such as the transformer insulation liquid, 

the bonding epoxy, and the coating of the windings, experience tremendous electrical stress, 

and sometimes thermal stresses. Due to the aging effect, the electrical strength of these 

insulations gradually deteriorates. When the dielectric strength decreases to a certain level, 

partial discharge occurs; therefore, by detecting the activities of partial charges in a 

transformer, the risk of an imminent transformer failure can be evaluated. Not only do 

partial discharge activities provide early warning of imminent transformer failures, but 

they also accelerate the breakdown process. For example, the repeated arcing between the 

ground and the conductor will reduce the mechanical strength of the bonding between the 

coating and the winding and also reduce the dielectric strength of the insulation. 

A variety of physical-chemical diagnostic methods have been developed and introduced 

into regular use to determine the health condition of power transformers. One of these 

methods is dissolved gas analysis (DGA) that makes use of the fact that gas is generated 

when an electrical arc or overheating develops inside the transformer.  In this method 

sampling of transformer oil as well as the gas analysis can be carried out during the 

operation of the transformer. Although laboratory DGA has been the traditional practice, 

there is a drawback related to this method:  the method is time consuming. The process 

involves sampling, shipping, and analyzing in lab; it may take several days to complete the 

test and obtain the result. Moreover, the cost for a test is high because of the complicated 

procedure and the involvement of much labor resource. The prevailing of portable DGA 

instruments, to some extents, shortens the timeframe between samples, but some critical 

rapid developing faults, which deteriorate in a few days or weeks, still can be missed by the 

relatively long sample periods. 

Another category of methods for transformer health assessment is to monitor the partial 

discharges on line with different built-in sensors directly in the transformers. When a 



3 
 

partial discharge occurs inside a transformer, the electricity emitted from the conductor 

disturbs the molecules of the transformer liquid and therefore generates ultrasonic waves, 

which are transmitted throughout the transformer via the oil medium.  The ultrasonic 

waves provide an effective means for on-line partial discharge monitoring. Presently 

commercial available detectors for this purpose are piezoelectric acoustic sensors. Because 

of the strong electromagnetic interference (EMI) inside transformer tanks and short circuit 

potential, these sensors have most commonly been mounted on the outside wall of the 

transformers which makes them suffered from 20dB acoustic wave energy loss due to the 

reflection on the oil and steel interface[2]. 

1.2   Advantages of Fiber Optic Sensors 

Fiber-optic sensors are an excellent candidate for on-line monitoring of both the acoustic 

waves and the dissolved gasses inside a power transformer. Fiber-optic sensors made from 

dielectric materials, such as fused-silica glass, are inherently immune to the EMI. Many 

fiber-optic sensors have been developed for measurement of acoustic waves and gases. 

Besides the advantages of small size, light weight, and high sensitivity, these sensors have 

a potential to be placed inside the transformer tank without affecting the performance of the 

sensors and the insulation integrity of the transformers.  This is of great importance as for 

both the gas and acoustic wave detections. The gases can be monitored on-line and in real 

time. The result can be intermediately and continuously obtained and the cost is much 

reduced by eliminating the sampling, shipping, and lab work in the traditional DGA 

process. The partial discharge detection is more sensitive as much stronger ultrasonic 

waves are present inside the transformer. Moreover, fiber-optic sensors have the great 

potential of multiplexing which means that distributed electrical and thermal fault 

detection could be achieved with a single signal conditioner, providing the temperature 

profile of the winding and enabling the localization of the partial discharge origin.  

Furthermore, the multiplexing capability may significantly reduce the system design 

complexity and cost. 
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1.3   Outline of the Dissertation 

The ultimate goal of this Ph.D. dissertation is to design, fabricate and test fiber optic 

sensors that can be installed inside power transformers to realize on-line and real time 

monitoring of partial discharge events by acoustic signal and dissolved gases detection at 

the first locale. The corresponding data acquisition systems and signal processing 

methods are also researched to increase detection sensitivity and reliability and, 

meanwhile, decrease the system cost.  

On-line and inside-transformer acoustic partial discharge detection and dissolved gases 

analysis are the two mainly aspects of this research. In Chapter 2, the design of a 

diaphragm based extrinsic Fabry-Perot interferometer (EFPI) PD sensor that can resist 

high electric stress inside power transformers is presented. Chapter 3 gives the design of 

a low cost multiplexed EFPI PD sensor interrogation system. Chapter 4 presents the a 

fiber optic sensor for dissolved hydrogen detection and some preliminary results. In 

Chapter 5 a sensor for the detection of acetylene dissolved in transformer oil and related 

preliminary results are given. Finally, Chapter 6 presents the summary of this research.
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CHAPTER  2 2.  

EFPI Acoustic Partial Discharge Sensor  

 
 

 

 

The diaphragm based EFPI acoustic sensor has obvious advantages over other sensors for 

detection of PD events in power transformers. Current EFPI sensor designs have an 

inevitable air-filled cavity. Owing to its small dielectric strength, the air trapped in the 

Fabry-Perot (FP) cavity could potentially result in partial discharges inside the sensor and 

becomes a major barrier to the field application of this kind of sensors inside high voltage 

power transformers. To overcome this problem, an EFPI sensor with its cavity filled with 

sulfur hexafluoride (SF6) is designed, fabricated and tested. 

2.1   Comparison of Current PD Detection Methods 

A partial discharge is a localized dielectric breakdown which occurs at a small portion of 

the electrical insulation system and it does not bridge the electrodes. Because the 

dielectric insulation, which can be composed of solid, liquid or gaseous insulators, 

usually is not homogeneous, some local weak points ionized earlier at relatively low 

electric stress that other portions can still resist. The newly formed electrons gain energy 

in the applied electric field and ionize more molecules by impact, therefore an avalanche 

is formed[3]. Because of the movement of these electrons and ions towards opposite 

electrodes, a transient current can be detected in the circuit loop which connects the two 

electrodes. Although the magnitude of PDs is usually small, they cause progressive 

deterioration on the insulation system which can lead to the ultimate failure of the 

transformer[3, 4]. 

Usually PDs in a transformer insulation system only occur under high electric stress 
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therefore the energy release during the discharge is sufficiently high to give rise to many 

detectable physical and chemical phenomena, such as electric pulses, radio frequency 

emission, acoustic emission, light, heat and chemical transformations [5, 6]. In a 

retrospect of more than four decades of PD detection history, an abundance of methods 

have been developed, but they can be simply grouped into four categories as electrical, 

optical, acoustic and chemical detection [7, 8].  

A. Electrical Method 

The electrical detection measures the apparent charge induced current impulse in a PD 

event and it can be subdivided into electric current impulse detection and ultra-high 

frequency (UHF) radiation detection. For the current impulse method known as 

conventional method, as suggested in standard IEC 60270 [9], a coupling capacitance (or 

quadrupole) is connected the to the unit under test (UUT) to detect the PD current passing 

through the network of coil and the earth line. The UHF detection relies on UHF antennas 

to capture PD induced resonance up to 1.5GHz with PD source locating capability [10, 

11]. This method is widely used by transformer manufacturers since it is sensitive but it is 

not suitable for operating transformer monitoring because of its susceptibility to noise.  

B. Optical Method 

The optical detection represents the methods that detect the optical radiation during PD 

events. For the enclosed and light tight transformer application, either a lens system or a 

special fluorescent fiber is used to couple the emitted light into the core of conventional 

optical fibers, and then the spectral and timing information of the collected light are 

analyzed to get properties of the discharge [12, 13]. Usually the sensor cannot be installed 

to have a clear view of PD sources and most of the insulation materials are lossy in the 

detection spectrum range so its application is quite limited [14].  

C. Acoustic Method 

The heat released during a PD activity can evaporate local insulating material and 

generate a small explosion which emits detectable ultrasonic waves that propagate 

throughout the insulation. Although the acoustic detection method cannot measure the 

apparent charge quantitatively [8], its attractive advantages, such as insensitivity to EMI, 
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PD source locating capability and instantaneous response to PD activities, have made it 

the first choice for on-line, real time transformer health monitoring. Traditionally, 

piezoelectric sensors are used for this purpose [6, 15], but these sensors can only be 

installed outside of the transformer which degrades their sensitivity and locating 

capability, therefore, in recent years, fiber optic acoustic sensors have been pulling more 

interests of researchers. Early fiber optic acoustic sensors for PD detection in 

transformers were based on all-fiber intrinsic Michelson or Mach-Zehnder 

interferometric (MZI) technology [3, 16, 17]. Because the fiber length in the sensing arm, 

the fiber coil, needs to be adequate long, say 10 to 100 meters, to meet the sensitivity 

requirement which is about 1 Pa, these sensors usually suffer from fringe fading problems 

due to random polarization rotation and severe quadrature point (Q-point) drifting 

problems caused by temperature induced optical path length (OPD) changes. To 

overcome these problems, people use fiber optic EFPI sensors which are implemented on 

a very small sensing element known as the Fabry-Perot (FP) cavity which is formed by 

two reflecting surfaces [7, 18-20]. Since the typical FP cavity length, or the sensing arm, 

is less than 100 microns, which is less than 10-5 of that in the previous structures, sensor 

stability has been tremendously improved. Moreover an EFPI acoustic sensor only has 

10-2 of the size of a fiber coil sensor head, which is an obvious advantage for inside 

transformer installation. 

D. Chemical Method 

One of the consequences of PDs is chemical change of material. Dissolved gas analysis 

(DAG), which analyzes the concentrations of PD generated combustible gases and their 

ratios, is still always the single best indicator of a transformer’s overall condition since its 

debut in the 1960s and many IEEE and ICE guides are formed for this purpose [21-24]. 

Chemical testing has some limitations that prevent it from being the only method used for 

PD detection. The first, it does not instantly response to the PD activities. Lab DAG or 

current on-line DAG equipments take oil samples from the maintaining port of the 

transformer, so the PD generated gases need to accumulate to the detectable level and 

circulate with oil to the maintenance port to be detected. The second, chemical testing 

does not provide any information about the position of the PD. Therefore it is better for the 
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transformer asset manager to collect both the DAG and PD events information to 

diagnose faults occurred in transformers and prevent the catastrophic failures.  

Based on the comparison above, it can be easily seen that the fiber optic EFPI acoustic 

sensor is the most promising sensor that can be installed inside transformers to realize 

on-line and real time PD activities monitoring.  

2.2   Theoretical Analysis of Sensor Breakdown Stress 

As shown in Figure 2-1, current EFPI acoustic sensors have an inevitable air-filled cavity. 

Owing to its small dielectric strength, the air trapped into the FP cavity of an EFPI sensor 

could potentially result in partial discharges inside the sensor and become a major 

concern on installing this kind of sensors inside high voltage power transformers. Sulfur 

hexafluoride (SF6), the most commonly used insulation gas in industry, has a dielectric 

strength 2.5 times as that of dry air. In addition to its high electric strength, SF6 has 

excellent arc-quenching properties and is colorless, nontoxic, and non-inflammable, and 

it has no absorption line around the working optical wavelength of 1550nm. All of these 

make it a good choice to fill in the FP cavity to increase the dielectric strength of the 

sensor head. 

 

Figure 2-1: Traditional EFPI acoustic FP sensor structure. 
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Because the FP cavity is in the shape of a very thin circular disk, when the applied electric 

field is perpendicular to the axis of the disk, the field inside the void is approximately the 

same as that in the transformer oil [25]. But when its axis is parallel to the field, the ratio 

between the electric stress in the void and that in the transformer oil is inversely 

propositional to the ratio of their permittivities. Given that the relative permittivity of 

transformer oil is around 2 and typically, the electric filed intensity, E, in an operating 

power transformer is less than 6kV/mm [26], the void should be able to resist stress of at 

least 12 kV/mm. If a factor of safety of 3 is applied, the designed stress for the FP cavity is 

not less than 36kV/mm at power frequency.  

 

Figure 2-2: Breakdown voltage versus pd characteristics (Paschen curves) for SF6 and dry 
air. 

Paschen’s law indicates that the breakdown potential varies as the product of gas pressure, 

p, and electrode separation, d in uniform field gaps. Figure 2-2 shows the Paschen curves 

of SF6 [27] and dry air [28] at 20°C with lines of E/p at three different levels. The 

parameters of interested crossing points are given in the graph. Within the range of Figure 

2-2, it is obvious that if the pressure of the gas keeps constant, the breakdown electric filed 

intensity increases as the gap distance decreases. 
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Table 2-1: Parameters of crossing points under interest. 

Points U (V) E (kV/mm) pd (kPa·mm) p (kPa) d (mm) 

A 315 36 0.88 100 0.009 

B 762 36 2.2 100 0.02 

C 483 36 4.0 300 0.01 

D 3060 36 25 300 0.09 

E 3060 36 55 642 0.09 

 

At atmospheric pressure, the maximum required gap distances to resist stress of 

36kV/mm for air and SF6 are 0.009mm and 0.02mm respectively, which are very difficult 

to control in the sensor fabrication because during the laser bonding process, the 

diaphragm can easily deform and contact the ferrule top which makes no room for the 

diaphragm to respond to the pressure variation applied on it. To our best estimation, gap 

distance around 0.1mm is feasible, which corresponds to points D and E in Table 2-1. 

Obviously, the pressure of SF6 at point D, which is around 3atm, is of more operability 

than that of the air at point E, which is more than 6atm.  Because the breakdown stress 

of SF6 between dielectric coated electrodes, which is similar to the condition of fused 

silica sealed void, is 30~88% higher than that with bare electrodes [29], the theoretical 

breakdown stress for the optical PD sensor with a 0.1mm FP cavity filled with SF6 at 

300kPa is more than 47kV/mm.  

2.3   Improved Sensor Structure Design 

Since sensor heads composed from parts with different materials usually suffer thermal 

stress and temperature instability, as shown in Figure 2-3, the new sensor head is designed 

to be made with only fused silica parts, including a piece of wafer, a sleeve and a ferrule. 

Furthermore CO2 laser thermal welding technique[30] is used to minimize the sensor 

cavity drifting caused by bonding adhesives, such as epoxies or borosilicate powders[19]. 

Because it is rather difficult to bond these parts in a 300kPa SF6 environment, we propose 

to use a piece of special fiber, a side-hole single mode fiber (SMF) as the lead in fiber to 

the sensor head. After sensor fabrication, the sensor head cavity is vacuumed and filled 

with SF6 through the two channels of the side-holes of the fiber and finally the side-hole 
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channels are sealed by splicing a segment of a regular singlemode fiber (SMF). 

 

Figure 2-3: Schematic of the improved sensor head structure. 

2.4   Sensor Fabrication 

Figure 2-4(a) and (b) illustrate the sensor head structure before and after the laser thermal 

welding respectively and Figure 2-4(c) is the picture of a real sensor head. Dimensions of 

key components of the sensor head are listed in Table 2-2. 

 

Figure 2-4: Sensor head structure and bonding; (a) sensor head structure; (b) 
cross-section view of the sensor head after laser and sol-gel bonding; (c) a real sensor 
picture. 
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Table 2-2: Dimensions of key components of the sensor head 

Item I.D. (μm) O.D. (mm) Length (mm) 

Ferrule 127 1.8 6 

Sleeve 1815 2.8 3 

A fused silica pressure sensor bonding setup made by previous researchers at the Center 

for Photonics Technology (CPT) of Virginia Tech was modified for the new sensor 

fabrication purpose, which is shown in Figure 2-5(a). To make a PD sensor, firstly, a 

ferrule and a sleeve were mounted on the top of a rotation stage rotating at 120rpm and 

then a 7W 10µm CO2 laser beam was focused down to a φ0.2mm spot to heat the 

contacting corner of the ferrule and sleeve with 30° incident angle. It took about 40 

seconds to thermally weld these two parts together, which included two ten-second linear 

ramping stages for power rising and falling respectively. The rotation stage was then 

adjusted to its vertical position and a piece of 75µm fused silica wafer cut into 2×2mm 

square was put on top and welded to the ferrule and sleeve assembly. The entire welding 

process was watched with a long working distance microscope and a monitor. At last a 

piece of side-hole fiber (Figure 2-5 (b) shows its cross-section view) with removed jacket 

and cleaved end was inserted into the bonded sensor head. The cavity length between the 

fiber tip and the inner surface of the diaphragm was adjusted to the desirable value using 

a translation stage. Then glass sol-gel was placed at the flare of the ferrule and a low 

power CO2 laser was applied to solidify the sol-gel. Because the bonding temperature 

was low, the fiber and its coating were still intact after bonding.  

 

Figure 2-5: (a) Sensor CO2 bonding system; (b) cross-section view of the side-hole SMF.  
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The side-hole fiber used here is the same as a single mode fiber except that in the 

cladding area, there are two air channels along the axis of the fiber, through which SF6 

can be filled into the FP cavity after the sensor fabrication. The schematic of SF6 inflation 

system is shown in Figure 2-6. First valve V2 was turned off and valve V1 was turned on. 

The air trapped in the sensor head during the first part of the fabrication was sucked out 

by a vacuum pump. Then value V1 was turned off and valve V2 was turned on to let the 

compressed SF6 enter the sensor head through the air channels of the side-hole fiber. This 

procedure can be repeated several times to ensure the high pure concentration of SF6 in 

the sensor head. Because the diameters of the air channels are only 8 or 16 μm, it took 

around 30 min for the pressure inside the sensor head and in the gas chamber to become 

balanced. After fabrication, the side-holes of the sensor were sealed by splicing the fiber 

with a span of regular fiber. 

 

Figure 2-6: Schematic of SF6 inflation system.  

2.5   PD Threshold Test System 

Based on ASTM D877-02, a standard to test the dielectric breakdown voltage of insulating 

liquids, we designed a simplified setup as shown in Figure 2-7 and Figure 2-8. The two 

electrodes were made from two parallel alumina disks of 35mm in diameter separated by a 

distance of 3mm. The sensor was partially embedded into the ground electrodes. The 

distance between the sensor end and the other electrode was about 0.6 mm. The electrodes 

were connected to a 60 Hz AC high voltage supply, PFT-303CM (High Voltage Inc.), with 

output voltage continuously adjustable from 0 to 30kV (rms value). The dielectric 

strength of the insulating fluid used in the test, Galden D02, is 40kV (2.54mm gap). Two 
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PZT transducers (Model: WDU, Physical Acoustic Co.) were used, with one mounted at 

the side wall of the test container as a PD acoustic signal simulator and the other mounted 

at the center bottom of the test tank as a PD sensor. The gain of the following bandpass 

amplifier (PAC 1220A) was set at 60dB. Lubricating grease was used between the 

transducers and the test tank to enhance the acoustic coupling efficiency. A capacitor 

(0.1μF) was placed beneath the test container to monitor the sparks, arcing, or other 

electromagnetic fluctuations. The amplified PZT PD sensor signal and the 

electromagnetic sensor signal were sent to a two-channel oscilloscope triggered at normal 

mode to monitor the occurrence of the PD. 

 

Figure 2-7: Schematic of PD sensor breakdown voltage test system. 

 

 

Figure 2-8: Pictures of the PD threshold test container.  
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2.6   Test Procedure and Results 

The test procedures are as follows: First, we tested the insulating fluid at the highest 

available voltage (30kV) before the optical sensor was mounted onto the electrode. 

Second, we mounted an optical sensor with its FP cavity filled with air at atmospheric 

pressure and measured its PD threshold voltage. Third, we filled the FP cavity with SF6 at 

two different pressures (200 and 300 kPa) and measured its PD threshold voltage at each 

pressure. During the test, the voltage applied on the electrodes was increased gradually at 

a step of 2kV. At each step the voltage was maintained constant for at least 2 minutes to 

check for PD activities before increasing the voltage to the next level. If a PD was 

observed, the current voltage was recorded as the PD threshold voltage of the sensor 

under test. 

When the voltage was higher than 20 kV, we observed very strong corona at the cable 

connections between the test setup and the high voltage power supply that were exposed 

to air. These sparks were not only captured by the detecting capacitor placed out of the 

test tank but also coupled into the acoustic PZT sensor. Fortunately, the corona can be 

discriminated from a true PD signal by the spike-like feature of the corona signal, as 

shown in Figure 2-9(a) and (b). When the optical sensor was filled with 100-kPa air, PD 

occurred at 10 kV (shown in Figure 2-9(b)). Figure 2-9(c) and (d) are for the sensor filled 

with 200-kPa SF; it is shown that PDs occurred at 24 kV. The test results for the sensor 

filled with 300-kPa SF is shown in Figure 2-9(e); no PD occurred up to 30 kV (the output 

limit of the power supply), indicating that the SF -filled sensor was at least three times 

larger than the traditional air-filled sensor. Finally, we used the PZT transducer to 

generate a simulated PD signal at high voltage; both the PZT sensor and the optical 

sensor filled with 300-kPa SF successfully detected the signal as shown in Figure 2-9(f), 

which proved that the test was valid and the SF –filled sensor functioned normally at high 

voltage environment[31]. 
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Figure 2-9: Test results of D-02 insulating fluid and optical sensor with different fillings. 
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CHAPTER  3 3.  

Low Cost EFPI Acoustic PD Sensor Multiplexing 
System 

 
 

 

When an EFPI acoustic sensor discussed in Chapter 2 is installed in a power transformer, 

due to the thermal expansion and the static background pressure of the transformer oil, the 

original cavity length or the working point may drift from the optimized quadrature point 

(Q-point), which causes degradation in the sensor sensitivity. Previously a tunable laser or 

filter is used to adjust the wavelength of the probing light according to the sensor cavity 

length[19], which dictates the system high cost.  Also this approach makes sensor 

multiplexing difficult because in such a multiple-sensor system, each sensor needs a 

dedicated tunable laser or a tunable filter otherwise the 50μs duration of a PD event can be 

easily missed. Quadrature detection has been proven to be an efficient method to solve the 

Q-point drifting induced signal fading in interferometers[32]. Two quadrature 

phase-shifted signals can be acquired by modifying the interferometer structure, such as 

introducing an additional interfering channel[33-36] or using special coupler 

structures[37-42], which obviously increases the sensor fabrication complexity. However, 

another approach, which probes the interferometer with light at two different wavelengths 

followed with the arctan algorithm to recover the real signal[43-49], is adopted for the 

construction of a low-cost multipled sensor system. Based on this method, a 4-channel FP 

acoustic sensor system for multiple point PD detection in power transformers is 

proposed. 

3.1   Sensing Principle of the Sensor 

As shown in Figure 3-1, the FP cavity is formed by a cleaved end of a single mode fiber 

and the inner surface of a thin fused-silica diaphragm. The silica sleeve and the silica 
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ferrule facilitate the alignment of the fiber and the support of the diaphragm. The incipient 

light from the fiber is partially reflected by the two surfaces of the cavity due to the 

Fressnel reflections at the glass-air interfaces. The two reflections then interfere with each 

other and the interference signal contains the information of the FP cavity length. When PD 

activities occur, the PD-generated acoustic waves cause the diaphragm, and consequently 

the FP cavity length, to vibrate. By measuring the cavity length variations from the 

interference signal, the acoustic waves, and consequently the PD, can be detected. 

 

Figure 3-1: Typical structure of a diaphragm based EFPI acoustic sensor 

Assume the electrical field of the incipient light is E, and the electrical field of the 

reflections from the fiber end and inner surface of the diaphragm are E1 and E2, 

respectively. Electrical field E1 can be expressed as 

  
1 1
ˆ ˆj t zE A e     1E e e  (3.1) 

where β is the propagation constant of the light in the fiber, A1, ω, and  are the amplitude, 

the angle frequency, and the initial phase of the light, respectively. Since the electric field 

E2 travels an extra distance (2d) inside the cavity and then couples back to the SMF, 

compared to E1, it has a relative phase shift of 4πd/λ0, where λ0 is the wavelength of the 

light in air and d is the FP cavity length. Therefore, E2 can be written as 

  04 /
2 2 2

ˆ ˆj t z dE A e          E e e  (3.2) 

where A2 is the amplitude of the light and the extra phase shift of π arises from the 
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reflection at the diaphragm surface of light incident from a medium that is optically less 

dense to a medium that is optically denser.  Since the reflections at both FP surfaces are 

small (~4% governed by the Fressnel law), the multi-reflections inside the FP cavity can be 

ignored. The interference signal is detected by a photodetector and the output of the 

detector is then approximately given by  

 
  2

1 2 1 2

2 2
1 2 1 2 0

*

2 cos(4 / )

rI E E E E

A A A A d 

    

  
1 2E E

 (3.3) 

After filtering out the direct current (DC) signal, the useful alternative current (AC) is 

given by 

     0 0cos 4 /U t d t        (3.4) 

which is a function of both cavity length 0 ( )d d t   and light wavelength λ0, and  is a 

constant. Since FP cavity length variation ( )t  caused by the PD-generated acoustic wave 

is much smaller than both the initial cavity length 0d and the probing light wavelength 0 , 

the sensitivity of the sensor, which is defined as the intensity change caused by unit cavity 

length change, is given by 

    0 0sin 4 /
U

S d d
d

    


 (3.5) 

where 04 /    . Eq.(3.5) shows that the sensor sensitivity corresponding to the 

gap-length is sinusoidal function of the gap length and reaches its maximum when 

 0
0

1
   0,1,2...

2 4Qmd d m m
     

 
 (3.6) 

These Qmd are called quadrature operating points or Q-points of the sensor and the sensor 

response is approximately linear in the vicinity of each Qmd . 

 

3.2   Two-wavelength Quadrature Demodulation 



20 
 

Two-wavelength quadrature demodulation uses two lasers with different wavelengths as 

the interrogating light. Assume an arbitrary wavelength λ=λ0+δλ, where δλ is the deviation 

from a reference wavelength λ0 and satisfies δλ << λ0; then from Eq.(3.4), the normalized 

response of the sensor is approximately a cosine function of δλ which is given by 
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d

  
 

   

  
   

  

  


 (3.7) 

where θ=4πd/λ0. The period of the cosine function in Eq.(3.7) is 

 
2
0

2d d


   (3.8) 

Figure 3-2(a) and (b) shows the normalized sensor response as a function of the laser 

wavelength change at two different cavity lengths d and d . When |d d |<< d, the periods 

of the sinusoidal curves shown in Figure 3-2(a) and (b) are approximately equal. In 

two-wavelength quadrature demodulation, the wavelengths of the lasers, λ1 and λ2 are 

selected in such a way that 

 
2
0

2 1 4 8
d

d

   
     (3.9) 

is a quarter period of the cosine curve, where it is assumed that λ0 ≈ ( λ1+ λ2)/2. In the case 

shown in Figure 3-2(a), the probing laser at λ1 yields the maximum sensor sensitivity 

while the one at λ2 gives the minimum zero sensitivity. Because the detection sensitivity 

is also a function of the cavity length d, when the cavity length varies, the detection 

sensitivities change accordingly. However, at least one wavelength gives sensitivity better 

than 0.707 of the maximum sensitivity provided |d d|<< d is satisfied. In the sensing 

system, signals corresponding to different lasers can be separated by a fixed optical filter 

and the signal with larger amplitude will be used. The worst sensitivity of the system 

occurs at the cavity lengths where the two wavelengths give equal sensitivity as shown in 

Figure 3-2(b).  
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Figure 3-2: Tow-wavelength quadrature detection at (a) the best condition; (b) the worst 
condition. 

Compared with the traditional Q-point control methods which involve tunable lasers or 

tunable optical filters, two-wavelength demodulation significantly reduced the total system 

cost. In addition, the stability and robustness is greatly increased without moving parts 

involved. Moreover, the optical power of the lasers is more efficiently used than tunable 

filter-based Q-point control in which only a small part of the light is used as the probe light.  

Note that we have assumed that |d d |<< d in the above discussions. In such a case, the 

two wavelengths remain to be quadrature during the cavity length shift. However, when 

the environment induced sensor cavity length change is so large that the approximation of 

|d d |<< d is no longer valid, the original two wavelengths may depart from being 

quadrature. In such a case, the worst-scenario sensitivity of the system may be reduced. 

In the following discussion, we calculate the cavity length range that the system can 

maintain a specific sensitivity.   

 
Figure 3-3: Two-wavelength quadrature detection at (a) the worst condition without 
background pressure; (b) the worst condition with background pressure. 

We assume the worst normalized sensitivity is decreased from 0.707 to 0.5 due to the 
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increase of the period of the spectral response of the FP sensor, as shown in Figure 3-3. In 

the condition shown in Figure 3-3 (b), similar to Eq.(3.9), we have 

 
2
0

2 1 6 12
d

d

  


   


, (3.10) 

where Λd  and d are the changed fringe period and sensor cavity length respectively. 

Eq.(3.9) and Eq.(3.10) lead to 
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, (3.11) 

which indicates that the static-pressure-induced cavity length change must be smaller than 

1/3 of the original cavity-length to guarantee the sensitivity is better than 0.5. Therefore, 

for a highly sensitive diaphragm-based PD sensor, a longer cavity length should be used. A 

longer cavity length, however, gives smaller δλ as indicated in Eq.(3.9) and Eq.(3.10), 

which requires a faster roll-off separation filter to separate the two laser wavelengths. 

Typically the CWDM add/drop multiplexer has 20dB attenuation at 7nm away from the 

center wavelength (the central wavelength λ0 is 1550nm for our system). Therefore, from 

Eq.(3.9), the maximum cavity length due to this requirement is 

 
2 2

max

1550
43μm

8 8 7
d




  
 

. (3.12) 

In order to monitor the cavity length during the sensor fabrication, we need at least one 

fringe (one period: λd) inside the spectral measurement window of the component test 

system (CTS Si720 made by Micron Optics), which covers a spectral range of 50 nm 

centered at λ0 = 1545nm. From Eq.(3.8) the minimum cavity length is given by 

 
2 2

0
min

1545
24μm

2 2 50d

d


  
 

. (3.13) 

Considering these requirements, we select the cavity length d = 40m. From Eq. (3.8) the 

corresponding period of the spectral response Λd = 30nm. By using Eq.(3.11), the 

permitted cavity length change is 

 
40

13.3μm
3 3

d
d d d         . (3.14) 
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For the designed PD sensor that has a diaphragm diameter of 1.8mm and thickness of 75μm, 

the theoretical diaphragm sensitivity is 3.9nm/kPa, therefore, if the background pressure is 

1bar, the corresponding cavity length change is only 0.4μm, which is much less than the 

value given by Eq.(3.14). In this condition, the normalized minimum sensitivity is very 

close to 0.7. 

3.3   Sensor Design Based on Performance 
Requirements 

The basic sensor structure and fabrication procedure have been presented in Section 2.3 

and Section 2.4. In this Section the discussion is mainly focused on the sensitivity, the 

response frequency, and the tolerance for cavity length drifting. 

Based on the analysis given by J. Xu, et al.[50], the center sensitivity of  such a 

diaphragm based pure silica acoustic sensor is 

 
4

6
3

2.524 10 (nm/kPa)c

a
Y

h
  , (3.15) 

where a and h are the radius and thickness of the diaphragm in microns respectively. The 

resonant frequency of the diaphragm is given by 

 6
0 2

2.72 10 (kHz)
h

f
a

   (3.16) 

By putting those values listed in Table 2-2 into Eq.(3.15) and Eq.(3.16), the sensitivity 

and the frequency response as functions of the diaphragm thickness are plotted in Figure 

2-1. It is evident that there is a trade-off between the sensitivity and resonant frequency in 

choosing the diaphragm thickness. For the current design, a sensitivity of 3.9nm/kPa and 

a resonant frequency of 252kHz are calculated, which covers the typical frequency range 

(20~200kHz) of PD-generated acoustic waves. 
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Figure 3-4: Sensitivity and resonant frequency vs. diaphragm thickness. 

Note that Eq.(3.15) is only valid when the deflection is less than 30% of the thickness of 

the diaphragm, the maximum operating pressure is given by 

 1 3 3
max 0.3 0.3 75 10 3.9 5.8 10 (kPa)cP hY        , (3.17) 

which is much greater than the maximum pressure inside a transformer under normal 

conditions. 

 

Figure 3-5: Reflection spectra of a PD FP sensor in (a) transformer oil and in (b) water. 

The reflection spectrum of a PD FP sensor is given in Figure 3-5, from which the fringe 

visibility of this sensor is calculated to be about 96%. The distorted sensor spectrum in 

water was caused by the outer diaphragm surface reflection induced interference. Since 
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the refractive index of the transformer oil is very close to that of the fused silica, no 

anti-reflection treatment to the outer diaphragm surface is needed when the sensor is 

immersed in oil. 

3.4   Single Channel PD Detection 

In order to check the efficiency of the quadrature detection, A PD detection module with 

a single channel (single PD sensor) was built and also a static pressure test bench was 

built to provide similar pressure environment inside a transformer. The schematic of the 

PD detection system is shown in Figure 3-6 and a picture of the setup is given by Figure 

3-7. 

 

Figure 3-6: Schematic of single channel PD detection system. 

 

Figure 3-7: Picture of the single channel PD sensor test system. 

In the experiment, a fiber optic PD sensor and a PZT for PD simulation were sealed inside 

a polyvinyl chloride (PVD) tube shown in Figure 3-7. The tube was filled with water and 

the pressure of the water inside can be adjusted by controlling the valve of a faucet 
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connected to the tube through a hose. Two tunable lasers were used as Laser 1 and Laser 2 

in Figure 3-6 and their wavelengths were set to be 1537.8nm and 1550.3nm respectively. 

The wavelength difference was chosen to give the worst condition that the normalized 

sensitivities could be zero in one channel and 0.5 in the other channel. The output powers 

of the two lasers measured by an optical spectrum analyzer (OSA) were adjusted to be the 

same. The PD signals were acquired by the oscilloscope at three different pressures: (1) 

without extra pressure; (2) the pressure which extinguishes the signal of Laser 1; (3) the 

pressure which extinguishes the signal of Laser 2. At each pressure, signals from both 

channels and the reflection spectrum of the PD sensor were recorded. Figure 3-8 shows the 

results corresponding to pressure conditions (1) to (3). It is clear that no matter at what 

pressure; a strong PD signal was detected either from channel 1 or channel 2, which 

verifies the feasibility of the two-laser quadrature detection. 
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Figure 3-8: Spectra (left) and detected signals (right) from a PD sensor in three conditions. 

3.5   4-Channel System Diagram 

Figure 3-9 shows the diagram of the multiplexing system with four channels. Light from 

the Laser 1 and Laser 2 is distributed into the four PD sensors through several stages of 

3-dB fiber optic couplers. For each channel of the PD detection, the reflected laser light 

from the PD sensor is separated by a CWDM add/drop multiplexer; and then an optical 

receiver with a transimpedance amplifier (TIA) and two bandpass filters is used to 

convert and amplify the optical signal into AC electric signal. A 4-channel A/D 

acquisition card is used to convert the analog signal into digital data flow and sent it to 

the computer. A PC program recognizes and records each PD event. 

 

Figure 3-9: Low cost PD sensor multiplexing system with four channels. 
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3.6   Optical Receiver Box 

In the sensor system, a transimpedance amplifier (TIA) was used to transfer and amplify 

the current generated by a photo detector into voltage. Because the bandwidth of PD 

acoustic signals is limited, a bandpass filter was put after the TIA to suppress out band 

noise. Since the gain and noise of the TIA ultimately limit the minimum detectable acoustic 

signal, this part of circuits needs to be carefully designed. The optical receiver box is 

composed of 8 identical channels of such a TIA followed by a bandpass filter in each of 

the channels. 

A. Increasing the Gain Bandwidth and Suppressing the Noise 

According to the research of transimpedance amplifier designs[51, 52], an effective way 

to increase the signal to noise ratio (SNR) of a TIA is to increase the negative feedback 

resistor as large as possible. The reason is that, although the feedback resistor generates 

thermal noise, the noise level is proportional to the square root of the resistance, R, 

meanwhile the gain of the amplifier is proportional to R, therefore the SNR is 

proportional to the R . Since the gain bandwidth product (GBP) of an op-amp is a 

constant, the final key is to find a high bandwidth and low noise op-amp and to increase 

the feedback resistor until the bandwidth meets the lowest requirement of the application. 

The stray capacitance of a large resistor also limits the bandwidth of a TIA. A smart way 

to decrease the effect of the stray capacitance is to put large resistors in series, because 

capacitance decreases when capacitors are in series, but the equivalent resistance 

increases. Another issue which limits the gain of the TIA is the coupling mode of the 

photo diode to the amplifier. Usually a photo diode is connected to the amplifier with DC 

coupling, but the DC component in the light signal from the EFPI sensor is 40,000 times 

of the sensed acoustic signal, so the TIA can be easily saturated by this DC component 

even under a moderate gain. Therefore, we changed the coupling mode from DC to AC. 

Before a real PCB board was made , the circuits of the amplifier and the bandpass filter 

were simulated using Tina-TI. Figure 3-10 shows the simulation circuit, in which an 

OPA657 and a 1.6GHz low noise operational amplifier were used and the feedback 

consisted of five 2.2 MΩ resistors in series. The receiver response is given in Figure 3-11 
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and the in band electronic noise was calculated to be 630 µV. 

 

Figure 3-10: Transimpedance amplifier and band pass filter circuits for simulation. 

 

Figure 3-11: Frequency response of the simulated optical receiver. 

B. Optical Receiver PCB Fabrication 

An eight-channel optical receiver circuit was designed and the PCB was fabricated. 

Figure 3-12 shows the single channel circuit and a picture of the etched receiver PCB is 

shown in Figure 3-13(a). Because the current A/D card only supports 4 channels of input, 

only 4 channels on the board were used. Figure 3-13(b) shows a picture of the finished 
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receiver box. 

 

Figure 3-12: Single channel receiver circuit. 

 

Figure 3-13: (a) Etched PCB of the 8-channel receiver; (b) receiver box after assembly. 

C. Performance of the Receiver 

The feedback resistor was finalized as three 5.1 MΩ resisters in series and the 3 dB pass 

band of the receiver was measured to be from 75 kHz to 310 kHz using a function 

generator and an optical amplitude modulator. Figure 3-14 and Figure 3-15 show the 

electronic noise of the new and old receiver (made by a previous researcher at the CPT), 

respectively and in Table 3-1 the performance of these two receivers are compared. The 

gain of the new receiver is 2 times as that of the old one and the total electronic noise of 

the new receiver is 1/3 of that of the old one.  It is worthy to mention that, as shown in 

Table 3-1, the performance of the new receiver is one magnitude better (when bandwidth is 

considered) than that of the SR570 low noise current amplifier, an active product of 

Stanford Research System, Inc. 
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Figure 3-14: Noise performance of the new TIA and receiver. 

 

Figure 3-15: Noise performance of the old TIA and receiver. 

Table 3-1: Receiver performance comparison 

Receiver 

Type 

Lower 

Cutoff 

(kHz) 

Higher 

Cutoff 

(kHz) 

Bandwidth 

(kHz) 

TIA 

Noise 

(mV) 

Receiver 

Noise 

(mV) 

TIA Gain 

(V/A) 

Receiver 

Current 

Noise 

(fA/√Hz) 

Receiver 

Gain 

(V/A) 

New 75 310 235 2.46 0.76 1.5×107 160 1×108 

Old 12 220 208 0.30 2.33 2×105 32000 5×106 

SR570 

Low Noise 
  2    100 1×107 

SR570 

High 

Bandwidth 

  20    600 1×107 
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3.7   Laser Source Design 

In order to decrease the system cost and minimize the size of the system, a double laser 

diode driver chip, FL500, was used and its peripheral circuits were modified from the chip 

application notes. One important change is we substituted the switching DC/DC regulator 

with two linear regulators. Although this change made the driver a little bulky, the power 

noise was decreased dramatically. Controlled by this driver, the two lasers can operate 

either in constant current mode or in constant power mode, and the driving current and 

laser power can also be easily monitored and controlled. The two lasers were mounted on 

one aluminum block which helps keep their temperature relatively stable, and thereby keep 

their laser lines relatively stable. Figure 3-16(a) and (b) show the etched PCB and the 

assembled laser source box after assembly, respectively. 

 

Figure 3-16: (a) Etched laser driver PCB; (b) laser source box after assembly. 

The intensity noise of the lasers were measured by connecting the laser to the optical 

receiver through a variable optical attenuator (VOA), and adjusting the laser intensity 

arrived at the detector to be the same as that from the sensor head. As shown in Figure 3-17, 

the noise was 8mV, which was much larger than the electronic noise of the receiver. 
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Figure 3-17: Laser intensity noise at the output of the optical receiver. 

3.8   PD Signal Processing Box 

As shown in Figure 3-18(a), for simplicity and reliability purpose, all the fiber optic 

components, such as circulators and filters, were mounted on an aluminum board. And all 

the optic connections between these components and to the outputs of the laser source 

box and inputs of optical receiver box were made by FC/APC connectors to eliminate 

unnecessary reflections. 

 

Figure 3-18: (a) Assembly of fiber optic components; (b) PD signal processing box. 



34 
 

All the modules, including the laser source box, the optical receiver box, the fiber optic 

components board having passed their performance test, and an additional power regulator 

were mounted into an aluminum instrumental box shown in Figure 3-18(b) to build the PD 

signal processing instrument. Because the data acquisition card we used only had 4 

channels, two PD fiber optic sensor channels are activated in the instrument. 

3.9   Data Acquisition Card and PC Program of PD 
Event Logging 

The data acquisition card, PCI DAS4020/12, used in our sensor system is able to support 4 

A/D channels simultaneously sampling at 10 MS/s with 12-bit accuracy, which is quite 

adequate for sampling PD signals below 300 kHz. It should be the most desirable way if the 

PC can search PD events in the 4-channel data stream and take records. But the 

performance of the poor PC we had did not allow this task to be executed in real time.  

Therefore the circuit in the optical receiver box was modified to generate an assistant 

trigger signal when PD events occurred and the computer worked in the triggering and 

recording mode. 

 

Figure 3-19: User interface of the PD event logging program. (a) Laser1 got signal; (b) 
Laser2 got signal. 

The A/D card control and PD event logging program was written in Visual Basic. When the 
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program starts, it initializes the A/D card, and sets the card to work in a single trigger mode. 

When a trigger signal is valid, the A/D card converts and records a certain length of data 

around the trigger signal, and the PC reads data from the A/D, resets the trigger of the card, 

finds the PD event stores the PD waveform, displays the event and writes the event to a log 

file. This procedure will be repeated forever until someone presses the “Stop” button in the 

program window. The recorded PD waveforms can be easily reviewed when the program is 

running in the “Review” mode. The user interface of the program is shown in Figure 3-19. 

As shown in Figure 3-19, only one PD sensor is connected to the system and the upper 

two plot windows show the signal from the probing Laser1 and Laser2 separately. Figure 

3-19(a) shows the situation that Laser1 sees the PD signal and Figure 3-19(b) shows the 

opposite situation, which illustrates the mechanism of quadrature detection. The PD 

events shown in Figure 3-19 were recorded in 2009 during a demonstration at the Electric 

Power Research Institute (EPRI) in Charlotte, NC. There is a prerequisite for the current 

event logging system, which is that the events should not continuously occur in 3 seconds, 

which is the period for the PC to save the current data. But a PC with better performance 

can run this task independently even without the trigger signal. 
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CHAPTER  4 4.  

Detecting Hydrogen Dissolved in Transformer Oil 
Inside Power Transformers 

 
 

 

 

In order to catch every critical suspicious signal inside a transformer, such as rapid 

transformer gas concentration variation and abnormal PD activities, people start to pay 

more attention on the development of on-line real time transformer monitoring systems. 

Those rapid developing faults can easily be omitted by the traditional periodic examination 

methods, such laboratory dissolved gas analysis (DGA).  However the attacks to a 

transformer from this kind of faults are usually fatal. As presented in Chapter 2 and 3, an 

on-line fiber optic PD acoustic sensor system was built and its great advantage is that these 

fiber optic PD acoustic sensors can be installed inside high voltage transformers to monitor 

PD activities at the actual locale in real time. To make the fateful decision on a transformer, 

however, the transformer asset manager still mainly relies on DGA information, because 

DGA of transformer is always the single best indicator of a transformer’s overall condition 

since its debut in the 1960s. To overcome the the  relatively long sampling period of the 

current laboratory DGA, nowadays, on-line DGA system becomes more popular and it is 

even reported that some on-line DGA tools offer better accuracy and repeatability than 

laboratory DGA.  

Although current on-line DGA systems can be installed on site and access the transformer 

oil with a connection port, they can only be installed outside of the transformers and the 

cost is still high. Known as being capable of detecting a large variety of physical and 

chemical parameters, compact size and EMI immune, fiber optic gas sensors which can be 

installed inside transformers and provide real-time DGA will indubitably offer an attractive 

method for real-time, on-line transformer health monitoring. 
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4.1   Background of Hydrogen Detection 

Hydrogen is becoming a vital clean energy source alternative to fossil fuels. Therefore 

hydrogen detection becomes an active research area recently. A flourish of research has 

been carried out for hydrogen detection and many schemes, either optical or electrical, 

have been developed. However, these methods usually have much limited sensitivities. 

Most of the sensing schemes have only been tested under hydrogen concentrations higher 

than 1%. Because of the low sensitivity, their applications in transformers are limited. In 

power transformers, hydrogen concentration is such an important indicator of their health 

state that some on-line DGA systems even only monitor the hydrogen concentration. 

Usually for normally operating transformers, the upper concentration limit for hydrogen in 

transformer oil is 100ppm. However, it is still beneficial for us to get an overview on all 

of these methods because new ideas usually root in old ones. Generally speaking, 

methods of hydrogen detection can simply grouped into three main categories as 

calorimetric, palladium expansion and chromatographic detection. 

A. Calorimetric Method 

The first commercial available hydrogen sensor was based on the calorimetric method, 

and the sensor was called pellister, which was developed at the Health and Safety 

Executive laboratories in Sheffield, UK. It consists of a catalytic surface constructed 

around a temperature sensor, and a heater which maintains the catalyst at a sufficiently 

high temperature to ensure rapid combustion of any flammable gas molecules present. 

Originally, a platinum coil was embedded in a refractory bead of porous alumina working 

as both a heater and a resistant temperature sensor. The working temperature usually is 

around 500°C. Precious metals, such as palladium is defused into the porous alumina 

bead. The sensor detects gas concentrations by monitoring changes in the resistance of the 

wire resulting from temperature increases produced by combustion [53]. Generally the 

sensor has cross sensitivity to any combustible gases and its measurement range is 

approximately 0.05 to 5% volumetric concentration. With the help of MEMS technology, 

the sensitivity of this kind of sensor has been improved because a MEMS structure can 

achieve extremely small heat capacity. Sensors with thermal sensitivity of 5°C/mW were 

reported in 1995, and their hydrogen detection sensitivity is 3.75°C/1000ppm [54]. A 
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variation of this kind of calorimetric method is the thermoelectric method, which, instead 

of using resistance, uses the thermoelectric feature of semiconductors to measure 

combustion induced temperature change [55-58]. Moreover by using a certain catalyst 

compound, such as Pt/NiO/alumina, the cross sensitivity is dramatically improved [59]. 

Generally, this kind of sensors measures the temperature increment caused by catalytic 

combustion of hydrogen and oxygen and relies on the selection of catalyst to avoid cross 

sensitivity. For the environment where there is no oxygen and multiple combustible gases 

coexist, such as sealed transformers, their measurement tends to be inaccurate. 

B. Palladium Expansion Method 

Palladium is such a special metal that at room temperature it can absorb 900 times its 

own volume of hydrogen and expand about 10% ~ 30 % in volume[60]. Under conditions 

with a low hydrogen to palladium ratio, around or less than 0.03 at room temperature, the 

hydride palladium is all in α phase, expected strain levels are of the order of 3.4×10-7 /Pa 

(H2) [61]. Since this number is not very large, optical fiber sensors are usually used to 

measure this small mechanical variance. Examples include fiber Bragg grating sensors 

[61, 62], EFPI sensors [63, 64] and the MZI sensors [65]. Beside the mechanical 

expansion, hydrogen absorption also varies the optical properties of a palladium film, 

such as reflection [66, 67], transmission [68] or refractive index [69-72], and all of them 

can be used for hydrogen detection. However, the detection lower limits for most of these 

techniques are above 0.1% and the 100ppm hydrogen detection still relies on large 

palladium sensing element with a length around 50mm[73], for which temperature 

compensation becomes very critical. Moreover, the sensitivity of pure palladium 

hydrogen sensors dramatically decrease with the coexistence of CO or H2O, known as 

“poisoning”[74]. Although it can be improved by the silver or gold alloy of palladium, 

sensors based on these alloys suffer from lower sensitivity and longer response time. 

Since CO and H2O also exist in transformer oil, cautions should be taken when a 

palladium sensor is considered for dissolved hydrogen detection in transformers.  

C. Chromatographic Method 

Chromatographic method is widely used in traditional lab DGA processes and portable 

DGA equipment and the standard procedures can be found in ASTM D3612-02. Firstly, 
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the dissolved gases are subtracted from the sample oil by a carrier gas; secondly the gas 

mixture is forced to pass a column which is made from a bunch of capillary tubings. 

Because different gas has different absorbability to the column, they arrive at the out port 

of the column at different time. A thermal conductivity sensor or a flame ionization 

sensor is used to detect the amount of arrived gas to get a gas concentration versus time 

plot. By comparing the measured data with the standard gases timing plot, which 

determines the species of the gases, the concentration of dissolved gases is acquired. This 

method is very accurate and sensitive, but it cannot be implemented inside transformers 

because of its complexity and gas cavity. 

4.2   Dissolved Hydrogen Detection Based on 
Hydrogen Induced Fiber Loss 

In the gaseous state, due to the lack of dipole moment, the hydrogen molecule has no strong 

infrared absorption. However, once the hydrogen molecules diffuse into a silica optical 

fiber, they are trapped into the glass molecular network and polarized locally, which gives 

rise to infrared absorption [75]. The fundamental absorption peak locates at 2.42 m, 

corresponding to the hydrogen stretching vibration in such a state. There are a number of 

other peaks which are considered to be the combinations of the hydrogen stretching 

vibration and the hydrogen rotational vibration or the combination of the hydrogen 

stretching vibration and the SiO4 lattice [75]. 

The fiber optic loss due to hydrogen diffusion has been extensively studied in 1980’s for 

the concerns in the early long-haul fiber-optic communication systems where the 

hydrogen gas can be generated due to electrolytic corrosion of iron and aluminum metals 

contained in the optical fiber cable. However, this hydrogen-induced fiber loss has never 

been exploited for hydrogen detection. One good thing for hydrogen sensing is that the 

fiber loss induced by hydrogen molecules is reversible so the loss peaks diminishes after 

the hydrogen-loaded fiber is laid in a hydrogen-free environment.  

If this phenomenon can be used for hydrogen detection, the sensor structure will be very 

simple because only a spool of fiber is needed. Furthermore, the sensor is born to be 
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suitable for high voltage applications. 

Table 4-1 lists the calculated fiber loss at three possible absorption lines for different 

hydrogen concentrations [76, 77].  It is obvious that detection at 1.88m gives the best the 

signal-to-noise ratio (SNR). Due to the lack of a spectrometer that is cost effective and 

compact for this wavelength, the absorption line at 1.24m is chosen for our sensor 

design.   Some preliminary experiments were conducted for the 1000 to 1700nm range 

to examine the feasibility of this method. 

Table 4-1: Fiber Loss at Possible Absorption Lines for Different Hydrogen Concentration. 

Wavelength 

(m) 

Fiber loss w/o H2 

(dB/km) 

Fiber loss increase for 

1bar H2 (dB/km) 

Fiber loss variation at  50ppm 

H2  

1.24 ~0.8 ~8 ~0.003dB (0.1%) @10km

1.88 ~2.5 150~200 ~0.09dB (2%)@10km

2.42 ~1800 ~3500 ~0.0009dB(0.02%) @10km

4.3   Test of the Sensing Concept and Experiment 
Results  

The first experiment was done at 23°C, and the purpose was to test the response time. 

Ninety meters of 100/140m graded index multimode fiber (MMF) was winded on an 

aluminum spool with a 4 inch diameter and a 1.5 inch height. The transmission spectrum 

of the winded fiber illuminated by a halogen lamp is shown in Figure 4-1. 
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Figure 4-1: Transmission spectrum of 90m 100/140 Multimode Fiber. 
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The fiber spool was put in a stainless vessel.  The vessel was then vacuumed and 

pressurized with hydrogen up to 21bar at 23°C for 26.5 hours. After the fiber was taken 

out, we continuously measured the transmission spectrum for 380 hours. Figure 4-2shows 

the pictures of the hydrogen loading system. 

 

Figure 4-2: Hydrogen loading system. (a) pressure gauge; (b) stainless vessel inside an 
environmental chamber. 
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Figure 4-3: Normalized Transmission of 90m 100/140 Multimode Fiber after 26.5h Hydrogen 
Loading. 

It can be seen in Figure 4-3 that within the 1000 to 1300nm range, there are three obvious 

dips, and their center wavelengths are 1083.6, 1168.5 and 1245.3nm, respectively, which 

are consistent with the result given by K. Mochizuki, et al[75]. There should be another 

dip around 1700nm but because of the limitation of our light source and spectrometer, 
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only part of it was observed.  
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Figure 4-4: Variation of Absorption Valleys versus Time. 

Figure 4-4 shows the variation of the three absorption valleys versus time after the 

hydrogen loading. The interesting thing is that the absorption kept increasing after the 

loading ended. It may be due to that part of the dissolved hydrogen kept diffusing towards 

the fiber core after the loading. The maximum absorption of the strongest line at 

1245.3nm is 3.6dB and its 80% fully recovery time is around 240 hours, which complies 

with the result in [78]. The length of the fiber can be easily increased to enhance the 

detection sensitivity.  Also given the slow response which is 10 days at 23°C, 

improvement is definitely needed to shorten the response time.  

4.4   Response Time Analysis 

Since the solution of hydrogen in fused silica was treated as small molecules interstitially 

diffusing through the glass network structure [79], which had been confirmed by its 

Raman spectrum and the ortho-para conversion of H2 in optical fibers at low 

temperatures[80], it follows Fick’s laws. For an infinitely long circular cylinder, which is 

an excellent approximation for an optical fiber, if it has zero initial concentration and its 

surface is maintained at concentration C0, for time t>0, the concentration distribution at 
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radial position r is[81, 82]  
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 (4.1) 

where 12 / [ ( )]n n nB J  , b is the radius of the cylinder, D is the diffusion constant, J0 and 

J1 are the zero and first orders of the Bessel function of the first kind, respectively, and ξn, 

n=1, 2, …, are the roots of  

  0 0J   . (4.2) 

The hydrogen diffusion constant D is a function of temperature T as  

   0

E

RTD T D Te


  (4.3) 

where 7 2
0 2.03 10 cm /(s K)D     represents the temperature-independent diffusion 

constant, E=8.83×103cal/mol is the temperature independent activation energy for the 

diffusion process, and R=1.987cal/(mol·K) denotes the gas constant [83].  

If we assume that the increase in the fiber attenuation caused by hydrogen depends 

linearly on the integration of the product of the concentration C(r,t) and the propagating 

light intensity I(r) over the cross-section of the fiber [77], the increased attenuation over 

time may be expressed as 

 
0

( ) 2 ( , ) ( )
b

t C r t I r rdr     , (4.4) 

where Γ is a measure of the sensitivity of attenuation to concentration. Applying Gaussian 

approximation to the single mode fiber electric field distribution we have 

 
2 22 /

0( ) ,  ( )r wI r I e r b  , (4.5) 

where w is the mode filed radius, I0 is the light intensity at the center of the fiber. For 

Corning SMF28e, at 1310nm, w=4.5µm and b=62.5µm. Substituting Eq.(4.1) and Eq.(4.5) 

in to Eq.(4.4) yields 
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By extending the upper limit of the integration to infinity and using the Equation 11.4.29 

in Ref.[84] namely 
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with ν=0 in Eq.(4.6), the normalized fiber attenuation increase over t is 
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where 2
0 0 0 / 2I w C     is the increase in attenuation after diffusion equilibrium and 

2[ / (8 )]dt t w D  . For graded-index multimode fiber (GINMMF) with core radius a, if 

the index distribution is parabolic, the light intensity distribution is given by[78] 

 2 2
0( ) (1 / ),   ( )I r I r a r a   . (4.9) 

Similarly, by substituting Eq.(4.9) to Eq.(4.4) the normalized fiber attenuation increase 

over t is 

 
2

2

10

( )
( ) 1

n
Dt

b
n

n

t
A t B e




 



       
 , (4.10) 

where 2 2 3
2 116 ( / ) / [ ( )]n n n nB b J a b a J    .  

4.5   Sensor Response Time Improvement 

Based on the relations given by Eqs.(4.3), (4.8) and (4.10), it is obvious that the response 

time for this detection method can be shortened by either increasing the detection 

temperature T or decreasing the fiber diameter b. Since in typical power transformers the 

operation temperature is about 80°C.  For single mode fiber SMF28e, which is widely 

used in the fiber communication industry, the minimum possible diameter is 30µm 
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without a substantial loss increase. Simulation results are depicted in Figure 4-5. 

Promisingly, the calculated 80% response time for the 100/140 MMF at 80°C has been 

dropped to 18 hours. 
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Figure 4-5: Normalized hydrogen induced attenuation response. 

In order to prove this estimation, we ran another experiment at 80°C and at this time, 

200kPa hydrogen was filled in the vessel and the measured fiber transmission variations at 

three absorption wavelengths are shown in Figure 4-6. As expected, the diffusion process 

became much faster at 80°C and the 80% response time decreased to 13 hours, which is 

even faster than the theoretical estimation. The absorption at 1.24m is 1.5dB for 90m 

MMF put in 2bar hydrogen, which corresponds to 8.4dB/(km·bar), so it meets the 

8dB/(km·bar) theoretical value well. 
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Figure 4-6: Variation of absorption valleys versus time in 200kPa hydrogen. 
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Figure 4-7: (a) The machined fiber etching box; (b) fiber rinse after etching. 

To further enhance the response rate, a smaller diameter fiber is indispensable, but this 

kind of fibers is rare and expensive. In order to run a quick test a fiber etching box 

(shown in Figure 4-7) was designed and machined with high-density polyethylene, with 

which the diameter of a standard SMF28e fiber was etched down to 32µm. The entire 

etching process was monitored by a CTS to secure the total fiber loss in the hydrofluoric 

(HF) acid solution is less than 1dB. Figure 4-8 shows the averaged fiber transmission 

variation during etch (two samples) and Figure 4-9 illustrates the diameter difference. 

Typically bare fibers (fibers without protection coating) are fragile, but when the fiber is 

etched down to 32µm the fiber become rather flexible, which is important for industrial 

applications. 
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Figure 4-8: Fiber transmission variation during etch. 
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Figure 4-9: Diameter comparison between the regular and etched fibers. 

Summarily, six different fiber types or experimental conditions were tested and the results 

are listed in Table 2-1. D0 has been adjusted to 7 22.33 10 cm /(s K)   for a better match 

of the experiment results. Although there was difference between the expected fiber 

response times, which were calculated from the theoretical analysis, and the tested values, 

smaller fiber diameter and higher test temperature are effective factors to bring the 

response time close to one hour level. W-index-shaped fibers and capillary tubes, in 

which the light intensity distribution is closer to the fiber or tube surface, are also 

possible candidates for faster response rates. 

Table 4-2: Measured and calculated 80% response time for different fibers. 

Fiber Type (µm) Length (m) Temp. (°C) Response Time  Expected Time 

100/140 MMF 90 23 240h 244h 

100/140 MMF 90 80 13h 18h 

9/125 SMF 30 80 12h 16h 

9/70 D-Shaped 30 80 7h - 

9/30 SMF 3.8 50 4h 3h 

9/30 SMF 10 80 2h 0.9h 

9/30 SMF - 23 - 12h 
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4.6   Current Detection Limit 

From the theoretical estimation listed in Table 4-1, for 50ppm hydrogen detection, 10km 

fiber is needed, which is equivalent to detecting 500ppm H2 with a 1km fiber. Moreover, 

in the previous section, we only tested the fiber loss with gaseous state of hydrogen, but 

the results presented here were acquired by putting optical fibers into Voltesso 35, a 

widely used transformer insulating oil, with hydrogen dissolved. 

The hydrogen loading system shown in Figure 4-2was modified for the oil sample test. In 

order to release the huge pressure increase due to the oil expansion at high temperature, 

as shown in Figure 4-10, a syringe based bleeding mechanism was added, which both 

releases the oil pressure in the vessel and keeps hydrogen from leaking out. The first test 

done with this system was a 5% hydrogen test, which also worked as a system feasibility 

test. 

 

Figure 4-10: Modified hydrogen loading system for oil sample test. 

One kilometer single mode fiber (SMF-28) was winded on the 4-inch spool, carefully put 

in to the 4-inch stainless steel reactor and sealed by six bolts. By following the ASTM 

guide D3612, 130ml Voltesso 35 was vacuumed for 2 hours and 6.5ml hydrogen at 

atmospheric pressure was dissolved in it to make the 5% H2 sample. Then the oil sample 

was injected to the reactor through the oil and pressure control port. A single mode fiber 
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(SMF) coupled light-emitting diode (LED) (MRED14C015-FC made by Luminent) 

centered at 1289nm with 45nm 3dB spectral width served as the light source and an optical 

spectrum analyzer (OSA), ANDO AQ-6315A, was used to acquire the transmission 

spectrum of the 1km fiber soaked in the oil with 2nm resolution. Although the LED only 

coupled 200µW into the single mode fiber, it was still brighter than a halogen lamp in the 

spectral range of interest and less noisy than a typical super continuum light source. The 

transmission spectrum of 1000m SMF is shown in the left part of Figure 4-11 and the 

increase trend of hydrogen induced loss with time can be seen clearly in the right part of 

Figure 4-11. 

Figure 4-12 illustrates the exponentially fitted variation of absorption intensity over time. 

The measured 80% response time was 12.5 hours and 5% hydrogen induced loss in the 

1km SMF was around 1dB, which is 12.5 times of the theoretical value shown in Table 

4-1. Right now the reason for this increase is still unknown. 

 

 

Figure 4-11: Transmission of 1km single mode fiber in oil with 5% H2. 
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Figure 4-12: Intensity of H2 induced fiber loss over time. 

The second test was conducted using an oil sample with 1000ppm H2 dissolved. Since the 

volume of hydrogen, which was only 0.13ml, exceeded the accuracy of our syringe, we 

prepared some oil with 1% hydrogen and mix this oil with vacuumed oil having a volume 

ratio of 1:10. But after more than 24 hours test, no absorption was observed. It is believed 

this method may not be sufficiently accurate. For the 1km fiber detection limit test, we used 

the True North oil standard made by Morgan Schaffer. The test was run in a 6-inch system. 

As shown in Figure 4-13 the 1km SMF fiber was winded on a self-made aluminum spool 

which also worked as a lid to seal the system with two 4mm width O-rings when it was 

pushed into the canister. Two vertical screw holes on the spool were used to inject oil in 

and let air come out, separately. Two tilted screw holes served as the fiber feedthroughs, 

and they were sealed with a 5min cure epoxy which can survive at 80ºC. After the sealed 

cavity was filled with oil, these two vertical screw holes were sealed with two 1/4-20 

screws. When winded with 1km fiber, the canister was able to hold about 300ml oil. 

During the test, temperature was kept at 80ºC, which caused the oil to expand and the 

induced pressure by this expansion was automatically released by the corresponding 

rising of the fiber spool inside the canister allowed by the O-ring structure.    
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Figure 4-13: (a) 1km fiber winded on the 6-inch aluminum spool; (b) the 6-inch fiber spool 
sealed in the 6-inch canister. 

 

Figure 4-14: Transmission of 100m single mode fiber in oil with 500ppm H2. 

Figure 4-14 shows the results of 500ppm hydrogen detection. It seems the absorption 

stopped at -0.03dB, which is still around 10 times of the theoretical value. But we believe 

this is very close to the detection limit of current system.  

4.7   Conclusions and Directions for Improvement 

By the experimental results it can be clearly seen that the detected hydrogen induced fiber 

loss is usually 10 times of the theoretical value, which should be further proven by more 

experiments. We should also consider the dilution of the hydrogen concentration due to 

the large fiber volume to oil volume ratio. For the current system the hydrogen detection 
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limit for 1km SMF is better than 500ppm. Since the LED we used is very weak, its power 

varies more than 25dB over the measurement spectrum range (the left part of Figure 4-11), 

and the intensity fluctuation was not normalized, there is still pretty large room for further 

improvement. Currently LEDs centered at 1310nm with 10mW and 80nm 3dB bandwidth 

are available. By using balanced detection or a second harmonic detection method with a 

tunable filter, 10 times of sensitivity enhancement should be possible. 
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CHAPTER  5 5.  

Detecting Acetylene Dissolved in Transformer Oil 
inside Power Transformers 

 
 

 

 

Acetylene is another very important gas in DAG. Since hydrogen is the easiest gas to 

generate in fault activities, acetylene is the hardest gas to generate, because its production 

needs much higher energy. Usually when the concentration of acetylene exceeds the limit, 

which is 5ppm, it indicates arcing or severe overheating inside a transformer. 

5.1   Background of Acetylene Detection 

Different from hydrogen, acetylene has quite strong absorption lines in the fiber 

communication spectrum range, so the detectable limit for acetylene is usually very low 

and even down to ppb level is possible. Generally, methods of acetylene detection can 

simply be grouped into four main categories as calorimetric, chromatographic, direct 

absorption intensity measurement and photoacoustic detection. Because the calorimetric 

and chromatographic methods are very similar to what has been presented in the 

hydrogen detection chapter, here only the last two methods are elaborated. 

A. Direct Absorption Intensity Measurement 

Acetylene has more than 40 absorption lines around 1.5m, which can even be easily 

observed by a collimated light beam [85, 86]. Optical sensors based on intensity 

measurement of these absorption lines have been developed and their detection limit can 

reach 100ppm level without difficulty [87, 88]. By using cavity-enhanced, or ring down 

techniques the detection limit can even reach 1ppm level [89-91]. All of these methods 

require the acetylene be in gaseous phase, which is hard to realize inside transformers.  
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B. Photoacoustic Spectroscopy 

Laser photoacoustic (PA) spectroscopy is well recognized as one of the most sensitive gas 

detection technologies[92].  The photoacoustic effect is based on the conversion of light 

energy into sound energy by the target gas that needs to be monitored.  Its principle of 

operation is illustrated in Figure 5-1.  A laser source is first intensity modulated before it 

emits into the gas cell.  When the light frequency corresponds to a resonant vibration 

frequency of the gas, some of the light photons will be absorbed.  During this process, the 

gas molecules will be excited to a higher vibration energy state. The higher energy state is 

not stable; therefore these molecules will subsequently relax back to the initial lower 

vibration energy state that is stable. The primary relaxation process is non-radiative; that is 

the energy is transferred to the heat energy of the molecules instead of radiating photons. 

As a result, the laser absorption causes a temperature and pressure increase.  If the laser is 

modulated at a certain frequency, the temperature and the pressure will be modulated at the 

same frequency as well.  The modulated pressure will then generate a pressure acoustic 

wave, which can be measured by a microphone installed on the wall of the gas cell. The 

intensity of the acoustic waves is directly related to the gas concentration in the gas cell. 

 

Figure 5-1: Illustration of Laser Photoacoustic Spectroscopy. 

Because most gases have the resonant wavelengths that are unique to themselves, the gas 

detection by the laser photoacoustic spectroscopy is highly selective. This method is 

particularly suitable for those gases with strong absorption lines at popular laser 

wavelengths and acetylene perfect example that has strong absorptions at wavelengths 

around 1550nm.  In fact, sensors with detection sensitivity down to ppb level have been 

demonstrated using this method [93-95].  

However, there are limitations when the traditional photoacoutic spectroscopy is used for 

gas detection inside a transformer. First, the microphones used in traditional photoacoutic 
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spectroscopy are either condenser microphones or electret microphones. Although highly 

sensitive, they are electrical sensors and not suitable to be installed inside transformers.  

Second, traditional photoacoutic spectroscopy can only detect the molecules in the gaseous 

states so it can not be used in an oil environment. Therefore, for inside transformer 

detection of acetylene dissolved in transformer oil, a new method is desired. 

5.2   First Experiment on Dissolved Acetylene 
Detection by Direct Oil Transmission Measurement  

To our best knowledge, all of the current dissolved gas analysis (DGA) methods need to 

extract the dissolved gases out of the oil and measure the concentration of these gases in 

gaseous phase. This is corresponding to the IEEE guide on DGA for transformers, but it is 

not convenient and cannot give on-line information.  We developed a new method, which 

can get the concentration of dissolved acetylene or other gases by directly measuring the 

transmission spectrum of the solvent oil. There is one prerequisite for this method that the 

dissolved material modifies the transmission spectrum of the solvent uniquely. Presently 

we only proved that this method works for acetylene dissolved in transformer oil, but other 

transformer gases, such as hydrogen, ethylene, methane, ethane, carbon monoxide, ect., 

may also have their unique absorption when dissolved in oil or other solvents. The 

advantage of this method is obvious, the fiber-optic sensing probe which is intrinsically 

safe and immune to electromagnetic interference (EMI), can be placed inside the 

transformer for on-line real-time DGA. More accurate and localized dissolved gases 

information can be detected, which is very useful for transformer health condition 

monitoring and diagnostics. 

Test of the Sensing Concept and Experiment Results  

The sensing concept was tested with a flexible setup, which gave the ability to predict the 

concentration of acetylene dissolved in the transformer oil. As shown in Figure 5-2, two 

optical collimators were separated by 22cm and aligned with each other. A simple 

cylindrical cell between the collimators was made from a 146mm plastic glass tube 

(OD=25mm and ID=20mm) having two microscope glass slides glued to its ends as optical 
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windows. Two ports, which are named as P1 and P2 in Figure 5-2, were mounted to the cell 

with a 120˚ angle to facilitate the flow of gas and oil respectively. The cell was mounted on 

a vertically adjustable stage with a travel distance larger than the diameter of the cell. A 

Components Test System (CTS) was used to measure the transmission of this system. 

 

Figure 5-2: Schematic and Picture of the Oil Transmission Measurement System. 

At beginning the cell was filled with ambient air and its transmission was calibrated as zero. 

Then the transmission of standard oil was recorded by filling the cell with standard oil with 

no acetylene dissolved. After the cell was vacuumed and filled with 100% acetylene, 

transmission of pure acetylene was recorded. A half volume of oil was then injected from a 

facing down port and it expelled out a half volume of acetylene from the port facing up, and 

then the two ports were shut. After shaking the cell for 5 minutes to force the dissolution of 

acetylene into the oil, the cell was put back on to the vertical stage and the wood holders 

secured the position repeatability. After staying for still for 15 minutes, the transmission of 

the gas part was measured and the absorption difference from the pure acetylene 

represented the concentration of dissolved acetylene in transformer oil. Then we adjusted 

the vertical stage to make the laser beam pass through the oil part and recorded the 

transmission. In order to get stable spectrum and minimized the random noise induced by 

ambient interference, we averaged the measurements for 100 times. Since the sweeping 

speed of the CTS is 5Hz, it took 20s to get one spectrum which was quick enough for DAG. 
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Figure 5-3: Acetylene Absorption in the Gas Part before and after Cell Shake. 

Figure 5-3 shows the measured transmission spectra in the gas part before and after cell 

shake. Because of optical power fluctuation or other unstable factors, the measured 

spectrum may shift up and down in logarithmic domain, but according to the Beer-Lambert 

law the only absorption difference between the absorption region and the non-absorption 

region reflects the absorption intensity.  This applies for both the gas phase and oil phase 

measurements. Since the sweep range for the CTS is from 1520 to 1570nm, we chose the 

segment from 1560 to 1570 as the non-absorption range and use the average absorption in 

this range to normalize the measured spectra. It works well for gas phase spectra, but for oil 

phase ones, because the spectrum in this region is not flat, which means it can only be 

approximately treated as non-absorption region, some compensation is needed to correct 

this effect. 

After normalization, ten strong acetylene absorption lines were chosen for comparison. A 

program searched the curve fitted minimum transmission at each absorption line to 

minimize random noise. Because the amount of acetylene dissolved in the oil part equals 

the acetylene decrease in the gas part and the gas part and oil part have the same volume, 

based on the data shown in Figure 5-3, the predicted volume concentration, C, of 

acetylene dissolved in oil was given by the measurements in the gas phase by 
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where I0 is the measured absorption line intensity for 100% acetylene, I is the measured 

absorption intensity for the same line after oil gas mixing, and both I0 and I are in dB 

scale. 
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Figure 5-4: Normalized Transmission Spectrum. 

Figure 5-4 shows normalized transmission spectra without and with acetylene dissolved 

inside the transformer oil. Dissolved acetylene produces an absorption dip around 

wavenumber of 4.095 m-1, the shape of the absorption dip is quite stable and the depth 

of the dip is proportional to the concentration of the dissolved acetylene according to both 

Beer-Lambert law and our test results. Outside the absorption dip region is a wide 

non-absorption region, and the ratio of the light power at absorption region over that at 

non-absorption region is a function of the concentration of the dissolved acetylene while 

is not sensitive to the fluctuation of the source power and transmission loss, so this 

detection method can be regarded as self-calibrated. 

Discussion on the Absorption Spectrum in Oil 

Figure 5-5(a) shows the acetylene induced absorption pit over 1460 to 1620nm with oil 

spectral background removed and Figure 5-5(b) shows the absorption lines of acetylene 

in gaseous state. Obviously there are four major differences: 1) a series of peaks in the 

gaseous spectrum become a single broad peak in the oil; 2) the broad peak has a 
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Lorentzian shape other than a Gaussian one; 3) the center of the broad peak shifts to the 

longer wavelength relative to the gaseous spectra, which implies frequency decrease; 4) 

the counterpart of the R-branch in the oil spectrum is missing. Because these phenomena 

are very close to the hydrogen absorption peak in optical fibers, some discussion in Ref. 

[96] can be applied here.   

 

Figure 5-5: (a) C2H2 induced spectral absorption pit in oil; (b) C2H2 absorption lines in 
gaseous state. 

The similarity between the spectra of dissolved and gaseous molecules implies a physical 

dissolve other than chemical reaction of acetylene. The small center wavelength shift 

suggests the small coupling between the C2H2 and oil molecules. Since the spectral lines 

in the P-branch correspond to the vibrational and rotational states of the acetylene 

molecule, when it is dissolved into the oil, these freedoms of the molecules are restricted 

and the Lorentzian line shape is an evidence of molecule collision. But the missing of the 

counterpart in the dissolved spectrum is rather unique. Because the R and P-branches are 

generated by the two possible dipole moment directions governed by the selection rule, 

missing of one branch indicates that one dipole moment is restricted. Further research is 

needed in this direction to explain the details. 

5.3   Dissolved Acetylene Concentration 
Measurement 

In order to get the best stability and remove the effect of oil convection caused by probing 
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laser heating, the oil transmission measurement system, including the two fiber 

collimators and the cylindrical oil cell, was modified from the original horizontal position, 

as shown in Figure 5-2, to the vertical position, which is shown in Figure 5-6. Also a 

standard 100mm quartz cell made by PerkinElmer was used. 

 

Figure 5-6: Acetylene detection system in vertical position. 

According to the Beer-Lambert law, the measured light intensity is 

  0( , , ) exp ( ) ( ) ( ) ( ) ( )I C t I L C t L A t           , (5.2) 

where I0 is the input light intensity, ( )  is the oil induced loss, C(t) is the concentration 

of acetylene, ( )  is the normalized acetylene induced loss, ( )   is the loss of the 

measurement system and A(t) is system loss variation over time (oil aging). Let 

  ( , , ) ln ( , , )S C t I C t  , (5.3) 

and assume C(t) and A(t) are the only time related variables. Meanwhile 0( ,0, )I t and 

( )  are known (which can be acquired by measuring the oil sample with zero and 

certain concentration of acetylene).  We can apply linear curve fitting to the measured 
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spectrum 0( , , ) ( ,0, )S C t S t  with function ( )L   as 
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Therefore C A  , which is the fitted slope of a straight line. In this process, all the 

acquired spectral data are used and measurement noise is automatically averaged out by 

the fitting algorithm.  

 

Figure 5-7: (a) Measured absorption vs. acetylene concentration; (b) Relative absorption 
error over 8 hours. 

Based on the algorithm discussed above, six acetylene oil samples with different C2H2 

concentrations (20%, 10%, 5%, 2% 1%) were measured. Each concentration was 

measured for five times and the standard deviation is 2‰.   

As shown in Figure 5-7(b), 1500 spectra were acquired for the 14% acetylene dissolved oil, 

which lasted 8 hours, to estimate the resolution of the system. In order to make the results 

independent of specific light source power, we defined a dimensionless factor eA and its 

relation to the measured average absorption Aavg and the mean of Aavg, Amean, is given by  

  1mean avg AA A e   (5.5) 

Therefore eA can be calculated from  

 mean avg
A

avg

A A
e

A


  (5.6) 
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Eq.Error! Reference source not found. shows the calculated eA, and the fractional 

standard deviation of the average absorption (std(Aavg)/Amean) ) is 1.8×10-4. Because 

dissolved acetylene concentration was also measured through the gas part in the cylindrical 

cell, which was 14%, the short-term detection accuracy of the oil transmission 

measurement method was 25ppm, and the detection resolution is around 5ppm. 

 

Figure 5-8: Laser beam profiles (a) before the oil cell; (b) after the oil cell. 

5.4   Thermal Lens Effect and Photothermal 
Spectroscopy 

During the acetylene concentration measurement, collimator alignment adjustment was 

indispensable. One interesting thing was that the coupling efficiency through the oil cell 

was always a little bit higher when one collimator was being adjusted than it was at rest. I 

order to explain this phenomenon, we measured the laser beam profiles before and after 

the oil cell and compared them. Obviously, as shown in Figure 5-8, the laser beam 

became fatter after it passing through the oil cell, which was the reason that the coupling 

efficiency dropped. Since a small amount of time, around 0.5 second, was needed to build 

up this deformation, the higher coupling ratio during the collimator adjustment was 

explained. This observation can be well explained by the photothermal effect. 

When a light beam passes through a material, because of the absorption of the material, 
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some absorbed energy is converted into heat, which heats up the material locally and a 

temperature profile which is related to the intensity distribution of the light beam is 

formed. Because usually the refractive index is a function of temperature, a 

thermally-induced optical lens is generated along the path of the light beam and therefore 

it varies the power distribution of the beam. If the material is located between two 

collimators, because of the formation of the thermal lens, optical power coupled into the 

receiving collimator varies with the absorption of the material. By scanning the 

wavelength of the input light source, an absorption spectrum is acquired. The time 

constant of the thermal lens effect is usually on the order of a few seconds and absorption 

of 10-3 to 10-4 parts per centimeter are sufficient to produce the effect [97]. Because of its 

high sensitivity, the thermal lens technique or the photo thermal effect has been 

successfully used for the absorption spectroscopy of liquids [98, 99]. 

5.5   System Design and Experimental Setup 
Optimization for Photothermal Spectroscopy   

The schematic of the detection system is shown in Figure 5-9. A tunable diode laser 

(Newport 6328) worked as the scanning pump laser. In order to cover the entire absorption 

peak with sufficient margin, the laser was scanned from 1515nm to 1570nm. The laser 

output was modulated into sinusoidal shape at 100Hz by an optical modulator and the 

modulation signal was also sent to an oscilloscope as the trigger reference. Because the 

output power of the tunable laser varied with different wavelength by more than 30%, a 

99:1 coupler was added to tap 1% of the source power, which worked as a power reference 

for normalization purpose. Then the laser was delivered to the cylindrical cell by a 

collimator. A distributed feedback (DFB) laser with center wavelength at 1573nm worked 

as the probe laser and it entered the oil cell from the other end. Since the two collimators 

were aligned the probe laser was coupled back into the fiber through Collimator A. An 

optical filter at 1573nm with 1nm bandwidth was placed at the output port of the Circulator 

A to block possible reflected pump laser power. The photo detectors and the 

transimpedance amplifiers converted optical power to electric signals, which were 

captured and processed by a digital oscilloscope. 
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Figure 5-9: Schematic of the photothermal detection system. 

At the beginning a 10cm cylindrical cell was used and the cell was mounted on a vertical 

frame. This construction secured both a long optical path for stronger absorption and the 

minimum liquid convection because the sensing laser entered the cell from the top. Both of 

these two factors were critical for transmission loss measurement. But later we found that 

for photo thermal spectroscopy such a long oil column was not necessary, since the oil 

absorption was so large, about 1dB/cm, only very small portion of the probe laser could 

arrive at the Collimator A. So we changed to use a 2cm cell and made another holder which 

is shown in Figure 5-10. Two graded index lens collimators were held by two 5-axis stages. 

Because of the compact frame design, system stability was enhanced. Moreover the 2cm 

cell gave nine times stronger signal than the 10cm cell did. 

 

Figure 5-10: Holder for 2cm cylindrical cell with two adjustable collimators. 

5.6   Data Acquisition and Processing   
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Both the pump laser scan and the data acquisition were controlled by a LeCroy 7zi digital 

oscilloscope. A typical oscilloscope screen shot is given in Figure 5-11. 

 

Figure 5-11: A screen shot of the digital oscilloscope. 

Channel one (C1) shows the signal of the power reference, channel two (C2) is the detected 

probe laser signal, channel three (C3) is from the wavelength output port of the tunable 

laser, and channel 4 (C4) depicts the optical modulator driving signal from the signal 

generator. The tunable laser was set to scan from 1515nm to 1570nm with 0.2nm step. At 

each step, the oscilloscope captured 0.5 second data, which corresponded to 50 cycles of 

the 100Hz modulation signal and calculated the root mean square (rms) values of the C1 

and C2 signals. After an entire scan was finished, the curve of rms(C2) versus wavelength 

was normalized to the maximum of rms(C1) and plotted. Since the amplitude of detected 

probe laser power is inversely proportional to the absorption of the oil cell, given the 

amount of relative absorption variation is small, which is true for a short cell, the 

normalized rms(C2) is in linear scale. 

5.7   C2H2 Detection Cross Sensitivity Test over CH4 

To test the system response to a larger dynamic range, experiments on transformer oil, 

Voltesso 35, with dissolved acetylene at concentrations of 1%, 10% and 20% were 

conducted. Figure 5-12, shows the normalized photothermal signals measured at different 
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concentrations of acetylene. Because of the relatively large error on the oil preparation, 

especially for 1% C2H2 oil, the linearity of the detection results was somewhat degraded. 

 

Figure 5-12: Photothermal signals of Voltesso 35 with C2H2 dissolved. 

Experiment results on the cross sensitivity test with certain concentrations of methane are 

shown in Figure 5-13. Oil with 10% acetylene dissolved was chosen for the test. 

Although 1%, 5% and 10% methane were dissolved into oil (the relative concentration to 

acetylene were 10%, 50% and 100% respectively), no obvious error on the acetylene 

detection was observed, which confirmed that this method hardly has cross sensitivity 

with dissolved methane.   

 

Figure 5-13: Methane cross sensitivity test results. 

5.8   Conclusions and Directions for Improvement 



67 
 

Acetylene concentration detection by dissolved acetylene induced oil transmission loss is a 

newly developed method. Because this technique does not need the gas extraction 

procedure, it is thus possible to measure the concentration of acetylene by shooting a laser 

beam into the transformer oil through the sight glass mounted on the bushing and detecting 

the generated thermal or acoustic signal. Experiment results shown above indicate the 

feasibility of this method. The limited accuracy is mainly due to the poor stability and low 

power of the present available tunable laser. A high power swept laser may solve this 

problem in the future.  

 

Figure 5-14: Schematic of the hydrogen and acetylene sensor prototype. 

Based on the hydrogen and acetylene detection methods discussed in this dissertation, a 

sensor prototype for both gases detection has been designed and fabricated. As shown in 

Figure 5-14, the prototype consists of a spool of 1km optical fiber and an acetylene 

detection chamber at the center. Because of its compact size, low cost and standard 

connection interface, its applications can encompass all oil-insulated equipment, 

including instrument transformers, underground apparatus, cables and perhaps even 

bushings. Figure 5-15(a) gives an angled view of the fabricated prototype and Figure 

5-15(b) was taken during its hydrogen detection test. 
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Figure 5-15: Pictures of the sensor prototype. (a) An angled view; (b) filled with oil. 
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CHAPTER  6 6.  

Summary 

 
 

 

 

The reliability of diaphragm based EPRI fiber optics acoustic sensors has been proven by 

the previous field tests. By filling SF6 into the inevitable FP cavity and using CO2 laser 

thermal bonding technique, the newly fabricated sensor has been tested to be safe 

(without any discharge or partial discharge) in transformer oil between two electrodes 

with stress of 10kV/mm (AC rms value) applied, which is at least three times larger than 

that of a traditional EFPI fiber-optic sensor filled with air at ambient pressure and it is 

also 1.7 times of the maximum electric stress in operating power transformers. 

Multiple-sensor PD detection is not only more reliable than single point detection but also 

PD location traceable. The presented two-wavelength quadrature detection mechanism 

and sensor cavity length control technique replaced expensive tunable filters or lasers 

with two low cost DFB lasers and CWDM add/drop filters, which enhanced the system 

stability and, at the same time, reduced system cost by at least 10 times.  

Although the hydrogen induced fiber loss has been studied since 1970’s and it was treated 

as a drawback for fiber communications, it was the first time that this effect had been 

used for hydrogen detection. Because of the intrinsic dielectric property of optical fibers, 

the sensor is able be installed inside operating power transformers for localized hydrogen 

concentration detection.  

For the first time the spectrum of acetylene dissolved in transformer oil had been 

discovered, studied, and applied for acetylene concentration detection. No cross detection 

sensitivity to methane has been found with this method. 

Despite of the relatively low resolution of the newly developed dissolved gas detection 

methods, which is mainly due to the limitation of light sources available at CPT; because 
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of their unique advantages, such as sample-less detection, minimum cross sensitivity to 

other gases, instant response, and low system cost, they will become very powerful 

competitors to the traditional DGA methods. 

With the help of more accurate and prompt information from these on-line and real time 

acoustic and gaseous sensors, people will become more confident to make correct and 

wise decision on the health state of transformers to avoid any possible large scale 

damages and disasters. 
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