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Abstract

:

Cellulose particles are among the aging products of the insulating paper that are used in power transformers. Too many cellulose particles can cause transformer accidents. Traditional research and detection methods that are used for this problem generally focus on the number and length information of cellulose particles, and it is usually difficult to quantitatively describe the spatial shape of cellulose particles. However, the shape of cellulose particles is also one of the factors affecting the safety of transformer insulation. In this paper, we successfully extracted quantitative information of the spatial shape of cellulose particles in transformer oil using an image processing technique and the transport of intensity equation, providing a new novel approach for the study and detection of the shape of cellulose particles in transformer oil.
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1. Introduction


The power transformer is one of the most important components of the power system. Power transformers can be used to determine the security and reliability of the power system, and about one-third of power transformer accidents are caused by insulation [1,2]. The insulation protection of power transformers is mainly composed of insulating paper and power transformer oil. At present, the power transformer insulation condition is monitored using various diagnostic techniques. Field and laboratory experiences have shown that power transformer oil contains about 70% diagnostic information; therefore, physicochemical analyses of oil samples can be extremely useful in monitoring the condition of power transformers [3].



Cellulose particles are among the aging products of insulating paper in power transformers. The operation of power transformers is affected by factors such as temperature, moisture, oxygen, and acidity, whereby the cellulose in the insulated paper will inevitably degrade, resulting in a short cellulose molecule chain, a lower degree of polymerization, and the production of cellulose particles. These cellulose particles tend to be suspended in transformer oil. According to previous reports, cellulose particles account for about 90% of all impurity particles in transformer oil [4]. These cellulose particles can not only lead to a decrease in the quality and performance of the power transformer, but excessive cellulose particles can also accumulate under the action of the electric field to form a bridge, resulting in a lower resistivity of the transformer oil, thus initiating discharge and insulation breakdown [1,2,4,5]. Therefore, the detection of cellulose particles in transformer oil is very necessary.



By detecting and studying cellulose particles in transformer oil, it is possible to identify insulation problems in power transformers over time. In the traditional method of particle detection in transformer oil, the inspector usually uses a particle counter to detect the particles in the transformer oil and obtain information about the number and length of particles in the oil. However, this method does not provide information on the actual shape of the particles in the transformer oil and does not identify the type of particles. The shape of the cellulose particles is also a factor influencing the insulation of the transformer [3,6,7]. The transport of intensity equation (TIE) can extract the quantitative phase of cellulose particles; combined with image processing technology, the length, width, area, height, and volume of the cellulose particles can be obtained to gain further insight into the shape of cellulose particles.



TIE is a noninterference detection method with the advantages of a simple structure and easy operation. At present, with the development of TIE, this method has been widely used in optical measurement, X-ray imaging, biological science, and medicine [8,9,10,11]. Traditional methods of testing transformer oil usually require testing in the laboratory, which not only increases the time and economic costs, but may also lead to changes in the quality of transformer oil samples during transportation, thus affecting the accuracy of the test results. If the transformer oil can be tested on site, possible insulation problems in the transformer can be detected in real-time. In a recent study by Meng et al., phase retrieval of target objects was achieved by modifying the imaging system of a smartphone instead of a microscope [12,13], thereby decreasing the equipment cost of TIE and reducing the size of the equipment. In addition, TIE can achieve real-time detection of samples via the simultaneous recording of two cameras [14,15,16]. The method that is described above provides a boost in the potential application of TIE for the field detection of cellulose particles in transformer oil.




2. Causes of Insulating Paper Aging


The insulating paper in a power transformer is composed of approximately 90% cellulose, 6–7% hemicellulose, and 3–4% lignin. Cellulose is a linear polymer of glucose molecules that are linked together by glycosidic bonds; its structure is shown in Figure 1. The monomer unit is linearly combined in the insulating paper, and the number of monomer units in the polymer is referred to as the degree of polymerization (DP) [3,17].



During power transformer operation, the insulating paper is inevitably degraded under the action of temperature, moisture, oxygen, acidity, and other factors [18,19,20,21,22,23,24]. When the insulating paper is degraded, on the one hand, the hydrogen bonds tend to decompose, causing a shorter cellulose molecule chain and a decrease in polymerization, which produces cellulose particles that become suspended in transformer oil. On the other hand, the aging of the insulating paper leads to the production of CO, CO2, methanol, furan compounds, etc. [25].



At present, the most accurate characterization method of insulation paper is direct detection (viscometric method). Direct analysis of paper insulation is an invasive process, which requires removing the power transformer from service; thus, this method is unrealistic. Most products resulting from the aging of insulating paper are dissolved in transformers. Therefore, the degree of aging of insulating paper is most commonly detected indirectly using transformer oil [3,17], as shown in Table 1.




3. Transport of Intensity Equation


In 1983, Teague proposed the transport of intensity equation (TIE) for the first time. This equation is a noninterference quantitative phase measurement method, which can be used to describe the relationship between the light intensity axial gradient of the diffractive wave propagation direction and the vertical axial direction of the vertical axis direction [26].



3.1. Equation Solving Process


From a mathematical perspective, TIE is a second-order elliptical partial differential equation. From an optical perspective, TIE represents the relationship between the change amount of the light intensity in the optical axis direction and the phase of the optical wave on the plane perpendicular to the optical axis [26,27,28,29,30]:


  − k   ∂ I   ∂ z   =  ∇ ⊥    I  ∇ ⊥  φ   ,  



(1)




where  I  is the intensity of light,    ∇ ⊥    is the lateral gradient operator (   ∇ ⊥  =  ∂  ∂ x   +  ∂  ∂ y    ), k is the wave number (  k = 2 π / λ  ),  λ  is the wavelength of the optical wave,   φ   x , y , z     represents the phase distribution of objects (cellulose particles), and z represents the direction of transmission.



The auxiliary function  ψ  can be expressed as:


  I  ∇ ⊥  φ =  ∇ ⊥  ψ +     ∇ × A    ⊥  .  



(2)







   ∇ ⊥  ψ   is a scatter term and        ∇ × A    ⊥    is a spin term.



When there is no significant vortex in the phase,       ∇ × A    ⊥    can be neglected [26].



From Equation (2) and Equation (1), we can obtain:


   ∇ ⊥    2  ψ = − k   ∂ I   ∂ z   .  



(3)







The time-domain differential properties that are based on Fourier transform can be expressed as:


   ∇ ⊥    2  f = − (  F  − 1    k ⊥    2  F ) f ,  



(4)




where    k ⊥     − 2   =      k x 2  +  k y 2      − 1   =   [ 4  π 2     u 2  +  ν 2    ]   − 1   ,      k   x    and    k y    express the spatial frequency,  u  and  ν  describe the spectral coordinate, and  F  and    F  − 1     represent the fast Fourier transform and inverse fast Fourier transform, respectively.



Substituting Equation (3) into Equation (4) yields:


  ψ =  F  − 1    k ⊥     − 2   F   k   ∂ I   ∂ z     .  



(5)







Substituting Equation (2) into Equation (4) yields:


  φ = −  F  − 1    k ⊥     − 2   F    ∇ ⊥    (  ∇ ⊥  ψ ) / I     .  



(6)







In order to facilitate calculation and operation,   ∂ I / ∂ z   is typically approximated using under-focused and over-focused images, as expressed in Equation (7).


    ∂ I   ∂ z   ≃   I   x , y ; z + ∆ z   − I   x , y ; z − ∆ z     2 ∆ z   .  



(7)








3.2. Getting the Height Information of Cellulose Particles


In order to restore the three-dimensional space information of cellulose particles, the height information of cellulose particles must be obtained. The height distribution of cellulose particles can be obtained from the phase distribution as a function of the refractive index of the medium and cellulose particles, as expressed in Equation (8):


  h =  φ  k    n  cellulose   −  n 0      ,  



(8)




where    n 0    is the refractive index of air, simply approximated to 1, and    n  cellulose     is the refractive index of cellulose. The aging degradation of cellulose fibers in insulation paper is accompanied by a change in the refractive index and a change in the dispersion color [22,31–33]. According to [33], in different cases, the refractive index of cellulose can vary. The refractive index of nonaged cellulose particles is approximately 1.59, increasing to approximately 1.62 to 1.64 during aging. In this work, we used fresh insulating paper and transformer oil to produce cellulose emulsions; thus,    n  cellulose   ≈ 1.59  .





4. Experiment


4.1. Experimental Setup and Samples


Transformer oil samples (State Grid Shaanxi Electric Power Research Institute, Xi’an, China) were stored in the dark. Insulating paper (Shanghai East China Composite Insulation Filter Screen Factory, Shanghai, China) was maintained in a dry environment. The OLYMPUS-BX53 microscope (10×, 40× micro-objective, Olympus Company, Tokyo, Japan) was used for optical microscopy. The TUCSENTCH-5.0 (3.4    μ m    × 3.4    μ m   , Tucsen, Fuzhou, China) was used for CCD. The experimental setup is shown in Figure 2.




4.2. Experimental Process


The detailed experimental process is shown in Figure 3. First, the insulating paper and transformer oil were used to produce cellulose emulsions. Then, the cellulose emulsions were observed on the microscope stage. TIE requires the use of monochromatic light, but the light source that was used for the microscope was a halogen lamp. Therefore, a narrowband filter with a central wavelength of 532 nm and a full width at half maximum (FWHM) of 10 nm was used to separate monochromatic light from the light source with complex wavelengths. Next, the oil samples were observed through the microscope, and three images of different focus lengths were recorded by the CCD (under-focused image, over-focused image, and in-focus image; ∇z = 1    μ m   ). Finally, the identification, localization and TIE derivation were performed on the cellulose particles in the images to obtain information such as the number, length, width, height, area, and volume of the cellulose particles in the transformer oil.





5. Results and Discussion


A total of five samples were prepared for this experiment. The cellulose particles in the figure are identified and located by recognition and image processing techniques, as shown in Figure 4b,f. The quantitative phase of cellulose particles was extracted using the TIE, which in turn restored the true shape of the cellulose particles, as shown in Figure 4. Combining Equation (8) and image processing, the information such as the number, length, width, area, and volume of cellulose particles in each oil sample was successfully obtained.



It is known that the phase values of the random phase plate are approximately 0 to π. Figure 5a–c represent three images of random phase plates with different focal lengths; Figure 5d–f represent the phase distributions. Different depth colors in the phase figure represent different phase values. As can be seen in Figure 5, the reliability of the method for restoring the shape of the object performs well.



In order to better reflect the morphological information of the cellulose particles and prove the feasibility of the method, the length, width, area, and volume data of the cellulose particles were selected for statistical analysis. Among the 270 cellulose particles that were observed, the maximum and minimum lengths were 194.92 and 0.82 μm, the maximum and minimum widths were 66.64 and 0.53 μm, the maximum and minimum areas were 3048.60 and 0.47 μm2, and the maximum and minimum volumes were 7489.44 and 8.51 × 10−2 μm3. Currently, in the detection of cellulose particles, it is often necessary to be able to measure particles with diameters that are less than or equal to 5 μm. Therefore, the proposed method can meet the requirements for the detection of cellulose particles.



The conventional particle degree detection method provides the diameter range of the particles, but the volume of the particles is not specified. Therefore, this paper divided the cellulose particle length data according to the NAS 1638 standard into six segments: <5, 5–15, 15–25, 25–50, 50–100, and >100 μm. Then, the volume data were divided into six large segments and 10 small segments according to a similar method. The statistical results are shown in Table 2 and Table 3. The experimental results show that the method could detect cellulose particles with lengths of 5 μm and below, thus meeting the requirements for conventional particle detection and the NAS 1638 standard. Furthermore, it is indicated that the volume of cellulose particles had a greater range of variation and the levels could be divided more carefully. In summary, combining length and volume information can be used to more accurately reflect the size of cellulose particles in oil.



Figure 6 shows the length, width, area, and volume data of cellulose particles in the five sets of oil samples. Through an analysis of these data, we can better reflect the details of cellulose particles in transformer oil and identify those with abnormal morphology in transformer oil. For example, when the width and length of cellulose particles are similar, the plane shape of the cellulose particles is close to circular. When the length and width of the cellulose particles are large, but the area is small, the shape of the cellulose particles in a two-dimensional plane is thin and curved. When the area of the cellulose particles is small, but the volume is large, the height of the cellulose particles needs to be considered.



As can be seen from the red line in Figure 7, the length and volume of the cellulose particles had a proportional relationship; generally, the length increased with volume, but the volume information of cellulose particles could not be represented by the length information of the cellulose particles. From the yellow dashed line in Figure 7, it can be seen that the volume of cellulose particles with similar lengths often differed greatly.



Due to the irregular shape of cellulose particles, it is difficult to accurately reflect the complete morphological information of cellulose particles in transformer oil as a function of the number and length of cellulose particles. The shape of the cellulose particles is also a factor influencing the insulation of the transformer. A quantitative analysis of the spatial morphology of cellulose particles in transformer oil allows a more accurate assessment of the actual condition of cellulose particles in power transformers. In addition, it provides a low-cost approach to research the influence of different shapes of cellulose particles on the insulation of transformer oil and to study the differences in the shape variation of cellulose particles under the effect of different factors (such as high temperature, moisture, and abrasion, etc.).




6. Conclusions


In this work, we successfully extracted the quantitative phase of cellulose particles using the TIE; restored the three-dimensional shape of cellulose particles; and further calculated the information on the number, length, width, area, and volume of cellulose particles in transformer oil. It was shown using a large amount of experimental data that the proposed method could detect cellulose particles with lengths below 5    μ m   , thus meeting the functional requirements of conventional detection methods. In addition, this method can not only quantitatively describe the spatial morphology of cellulose particles and provide richer shape information, but it also does not require expensive equipment and complicated operation, providing a novel approach for the study and detection of cellulose particles in transformer oil.
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Figure 1. Cellulose molecular structure. Red: oxygen atoms; white: hydrogen atoms; blue: carbon atoms. 
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Figure 2. Experimental setup: (A) microscope; (B) insulating paper; (C) transformer oil samples. 
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Figure 3. Experimental process. Step 1: Marking of samples and sampling. Step 2: Observation and collection of images. Step 3: Phase recovery. 
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Figure 4. Image and phase distributions of cellulose particles: (a–c) images of cellulose particles at different focus lengths; (b,f) identification and localization of cellulose particles in the oil; (d–f) phase distribution from different angles. 
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Figure 5. Images and phase distributions of random phase plates. (a–c) represent the images of random phase plates with different focal lengths; (d–c) the phase distribution of random phase plates at different angles. 
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Figure 6. Length, width, area, and volume of cellulose particles: (a) length of cellulose particles; (b) width of cellulose particles; (c) area of cellulose particles; (d) volume of cellulose particles. 
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Figure 7. The length and volume relationship. 
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Table 1. Comparison of detection methods [3,17,25].
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	Test Items
	Detection Method
	Advantages
	Disadvantages





	DP
	Viscometric method
	
	(1)

	
Easy-to-perform measurements




	(2)

	
Good reproducibility of measurement results






	
	(1)

	
Requires removing power transformer from service




	(2)

	
Type of paper has significant impact on degradation speed









	DGA (CO, CO2)
	Gas chromatography
	
	(1)

	
Easy-to-analyze results




	(2)

	
Reflective of multiple fault types






	
	(1)

	
Source of carbon oxygen is not unique




	(2)

	
Concentration is susceptible to the effects of external environment and oil change









	Furan
	High-performance liquid chromatography (HPLC) and gas chromatography–mass spectrometry (GC–MS)
	
	(1)

	
Simple operation




	(2)

	
High sensitivity






	
	(1)

	
Low efficiency




	(2)

	
High cost of measurement equipment









	Methanol
	Gas chromatography and spectral detection
	
	(1)

	
Stable chemical properties






	
	(1)

	
Operation is cumbersome
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Table 2. Length classification statistics.
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Grade

	
    Length   (  μ m  )    

	
N






	
0

	
<5

	
74




	
1

	
5–15

	
78




	
2

	
15–25

	
36




	
3

	
25–50

	
45




	
4

	
50–100

	
30




	
5

	
>100

	
7




	
Sum

	
270
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Table 3. Volume classification statistics.






Table 3. Volume classification statistics.





	
Grade

	
Volume     (  μ    m  3  )   

	
N






	
01

	
<0.1

	
<0.1

	
1




	
02

	
0.1–1

	
0.1–0.55

	
9




	
03

	
0.55–1

	
16




	
04

	
1–10

	
1–5.5

	
55




	
05

	
5.5–10

	
19




	
06

	
10–100

	
10–55

	
23




	
07

	
55–100

	
54




	
08

	
100–1000

	
100–550

	
68




	
09

	
550–1000

	
11




	
10

	
>1000

	
>1000

	
14




	
Sum

	
270
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