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Abstract 

Power transformers are one of the key devices in the power industry. The reliability, 

quality, and economic cost of electrical power are affected by a transformer’s health 

conditions. Most catastrophic failures of power transformers are caused by winding 

problems, which may lead to huge economic loss and serious environmental impact. 

Therefore, the faults of power transformers, especially winding faults, are of much 

concern and have been investigated extensively. 

This thesis focuses on a vibration-based condition monitoring method for power 

transformers. The advantages of this method lay in its on-line, non-invasive monitoring 

ability and real-time failure diagnosis. It uses vibration signals measured on the 

transformer tank to evaluate the health condition of the monitored transformer and to 

detect its potential failures. Successful evaluation and detection requires a clear 

understanding of the vibration characteristics of power transformers, in particular, the 

vibration features of different winding failure modes. The objective of this project is to 

provide some related experimental and theoretical information for improving existing 

vibration-based monitoring systems for power transformers. 

An integrated monitoring device, TranstethoscopeTM, is developed for use in the power 

industry. It has been installed on in-service power transformers for monitoring purposes. 

By analyzing monitoring data recorded from two different types of power transformers, 

it is found that the on-line vibration of transformers is highly dependent on the operating 

signals (input voltage and loading current). Therefore, a monitoring model for power 

transformers is established based on the System Identification Method. This model uses 

the transformer operating signals as the inputs and the on-line vibration of the transformer 

as the output to estimate the difference between the measured vibration and the predicted 

model output. This error is an indicator for evaluating the health condition of the 

transformer. From the practical application of this monitoring model to the two in-service 

power transformers, it is found that this model is more suitable for a power transformer 
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with a relatively stable loading current, but its function is very limited on a transformer 

that bears frequent heavy loading impacts. Another shortcoming is that this model does 

not have a clear physical meaning and requires a large database for failure diagnosis. 

The Mechanical Frequency Response Function (FRF), which is not affected by operating 

signals and can be clearly linked to mechanical properties, is a better vibration signature 

for monitoring the health conditions of power transformers. An experiment is conducted 

on a 110-kV power transformer to measure its FRFs with some common winding failure 

modes. This experiment has two significant practical aims: to reveal the vibration 

transmission mechanism from the transformer’s internal vibration sources to the 

transformer tank, and extract the vibration features of different kinds of winding faults. 

The experimental results demonstrate that the vibration features of the transformer, 

especially its resonance frequencies, can be an ideal indicator for diagnosing different 

winding faults. However, it is very difficult to simulate some winding failure modes in a 

real transformer because of the practical difficulties involved. 

To investigate the vibration features of different winding failure modes, a simplified disk-

type winding model consisting of concentric rings coupled by insulation materials is 

utilized. From an experimental comparison between the coupled rings and winding disks, 

it is confirmed that these two structures have many similarities in their vibration response 

and vibration distribution, and the coupled rings are able to represent the main vibration 

characteristics of winding disks. An analytical model for the coupled rings is also 

established for checking and explaining the experimental results. 

Five common winding failure modes are simulated on the coupled rings to investigate 

their vibration features. These failure modes are related to winding insulation problems 

and winding deformations. The vibration behaviors of the rings with different failure 

modes are analyzed based on their vibration response, vibration distribution, and 

vibration transmission. Some experimental methods are also developed for locating faults 

on the rings. The experimental and theoretical results indicate that all five failure modes 
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lead to the degradation of the mechanical strength of the structure, so they have some 

similar features. However, more or less, each failure mode has its own features that can 

be utilized for identifying the failure. These vibration features provide significant 

information for developing an effective and accurate monitoring system for power 

transformers based on their vibration signatures. 
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Chapter 1 Introduction and Literature Review 

1.1 Introduction 

Transformers are widely used throughout modern electrical grids. Their function is to 

change the voltage to the value suitable for operation or transmission. Transformers range 

in size from dozens of volt amperes (VA) for a laptop computer transformer to hundreds 

of megavolt amperes (MVA) for the power supply of a large city. Transformers can be 

classified, according to their rated power, as household, distribution and power 

transformers. Although there are no clear boundaries to define these classes, large 

transformers with a voltage higher than 66 kilovolts (kV) are usually called power 

transformers, and their rated power is usually in the MVA range. 

Power transformers are expensive and critical equipment. The cost of a large power 

transformer can be millions of dollars, and their design life is 20–35 years. In practice, 

the life of a power transformer may be as long as 60 years with appropriate maintenance 

[1]. However, any serious fault in an in-service power transformer can cause huge losses 

in terms of both the costs of repairs or replacement and the indirect loss due to the 

resultant power cut. Because most power transformers use oil cooling systems, a serious 

power transformer accident is also dangerous to utility personnel through transformer 

fires or even explosions, and potentially impacts the environment as a result of noxious 

smoke and oil leakage. Therefore, the safe operation of power transformers is a critical 

task for the power industry. Monitoring the condition of in-service power transformers 

and detecting problems at an early stage to avoid disastrous faults are very important. 

In general, a power transformer consists of the internal core and windings, the transformer 

tank, and certain accessories, such as the tap-changer, oil tank, cooling fans, and pump. 

Based on a long-term international survey of a large number of in-service power 

transformers by the CIGRE group [1], it has been reported that the most common 

transformer fault (about 40% of all faults) occurs in the tap-changer, which is used for 
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adjusting the input voltage under different loading conditions. Although winding 

problems are secondary (about 20% of faults), they are much more dangerous [2]. The 

frequent movement of the tap-changer leads to a high risk of abrasion, but it can be easily 

repaired or replaced. However, most winding faults are related to degradation of the 

winding’s insulation materials or permanent mechanical deformation. When these 

winding faults accumulate they are often impossible to repair, and the only solution is to 

replace the failed transformer. As a result, the monitoring and detecting of winding faults 

become a major part of the condition monitoring required for power transformers. 

 

Figure 1.1: Percentage of different fault types in power transformers, based on the 
CIGRE report [2]. 

The operating voltage of large power transformers can be up to megavolts (MV) at the 

high voltage (HV) end, and the rated current at the low voltage (LV) end may reach 

several thousand amperes. To adapt such high level electrical and thermal stress, their 

windings have a specific shape and structure. Most power transformers use three-phase 

windings because these allow heavy loading transformers to operate more smoothly than 

single-phase windings do, and theoretically they can provide 173% more power [3]. For 

each phase, the HV and LV windings are coaxially wrapped around the core limb, and the 

LV winding is wound inside the HV winding. The two windings are isolated by an 

insulation tube. Since the voltage and current are very high, the cross-section of the 
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winding conductor is usually larger and rectangular in shape. This design reduces the wire 

resistance, resulting in less energy loss and heat. The windings are constructed in the 

shape of disks and stacked in the axial direction. In other words, each layer of winding is 

wound as a disk in the radial direction, but not like a common solenoid, which is wrapped 

in the axial direction. From Figure 1.2, it can be seen that the different layers of the 

winding disk are joined together by interconnections at the outer or inner turns of the 

disks. Interlayer insulation pressboards are inserted between each two layers of the 

winding disks to create the insulating spacers. This design enhances the insulation ability 

and allows the cooling oil to flow through the winding for better cooling efficiency. The 

winding conductor is also wrapped with insulation paper for insulation purposes. Thus, 

the insulation ability of a disk-type winding is mainly determined by the interlayer 

pressboards and the insulation paper. 

 

Figure 1.2: Typical layout of power transformer disk-type winding (the schematic on 
the right is taken from [4]). 

The most common cause of serious winding faults is short-circuiting due to failure of the 

winding insulation materials, which can mainly be attributed to: 

1. Degradation of the insulating ability of the winding insulation materials due to the 

high electrical and thermal stress in the transformer tank; 

2. Damage of the insulation materials due to mechanical deformation of the windings. 
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Except in certain extreme cases, such as lightning strikes or misoperation, most winding 

faults are caused by the cumulative effects of these two reasons [2]. Degradation of the 

insulation is due to ageing of the winding insulation materials, and winding deformation 

is due to the long periods of constant impact from excessive transformer vibration. Both 

of these are slow processes, requiring years before leading to a disastrous fault. Therefore, 

efficient monitoring, which can provide valuable information on the trends in these faults, 

is useful for extending the life of power transformers. 

To develop an efficient monitoring method for the disk-type windings of power 

transformers, the following issues should be considered: 

Issue 1: Monitoring signals 

The monitoring signals selected must be able to represent the condition of the structure 

concerned. With regard to the windings, the monitoring signals should indicate the 

insulation condition of the winding, or represent the degree of insulation ageing and the 

mechanical deformation of the winding. 

Issue 2: Monitoring model 

For complex structures, such as transformer windings, it is difficult to address their 

condition directly from the monitoring signals. To extract useful information from the 

monitoring signals an appropriate monitoring model is required. The monitoring model 

plays a role in linking the monitoring signals to the condition of the structure. If the aim 

is to identify faults, the model should be able to predict the features of different faults. 

Issue 3: Monitoring sensitivity 

One monitoring method may be not capable of detecting all the possible problems of the 

concerned structure. This is because (1) the monitoring signals do not contain the 

information related to the problems; (2) the monitoring model cannot extract the features 

of the problems from the monitoring signals, or the extracted features are not sufficiently 
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sensitive enough to identify these problems. A successful monitoring method for 

transformer windings must be sensitive to at least one of the critical winding faults. 

Issue 4: Interference by the monitoring method 

The monitoring system should not significantly affect the working conditions of the 

monitored structure. Therefore, on-line and non-invasive monitoring methods are 

preferred. 

Many previous studies have contributed to the topic of windings monitoring. In the next 

section, a brief literature review of the existing methods will be given. Their advantages 

and disadvantages are discussed, based on the above four issues. 

 

1.2 Literature Review 

Due to the potential economic losses and potential danger to personnel and the 

environment caused by the failure of power transformers, monitoring of the condition of 

these transformers, and particularly their windings, has always been a critical part of the 

power industry. A large number of monitoring methods have been developed. Some of 

these are mature technologies and have been applied to field transformers, while others 

are still in the investigation stage. In general, these methods can be classified as chemical, 

electrical, and vibration methods. In this section, some commonly used methods are 

reviewed. 

 

1.2.1 Chemical Methods 

Dissolved gas analysis (DGA) was proposed in the middle of the last century. It is the 

most commonly used condition monitoring method for power transformers, and has 
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gained worldwide acceptance for the detection of degradation of winding insulation 

materials. All these insulation materials are made of cellulose molecules. Gasses are 

generated during their ageing process, as a result of overheating inside the transformer 

tank. The important gasses used in this analysis include hydrocarbon gasses (CH4, C2H6, 

C2H4, C2H2), hydrogen (H2), carbon oxides (CO, CO2), nitrogen (N2), and oxygen (O2). 

These gasses are detected in a sample of the transformer’s cooling oil. The amount of 

these gasses and their relative ratios were used as indicators for diagnosing the insulation 

capability of the winding insulation materials and estimation of the remaining life of the 

monitored windings [5]–[8]. Some commonly used gas-in-oil diagnostic algorithms are 

listed in the IEEE standard [9], such as the Doernenberg method, Rogers’ method and 

Duval’s triangle. However, successful application of the DGA method still requires the 

original gas data of the monitored transformer without any faults, and a large database of 

information on these gasses for different faults [8], [9]. 

Testing the level of moisture in the transformer cooling oil is the second method for 

monitoring the condition of the winding insulation materials. Beside gasses, water is 

another product of cellulose ageing. Therefore, by detecting the amount of the water in 

the oil, the insulation ability of the oil and the degree of ageing of the insulation materials 

can be evaluated [10]. 

The degree of polymerization measurement (DPM) is another chemical method to 

analyze insulation capability by testing the degree of polymerization of the winding 

insulation materials. The degree of polymerization (DP) is the average number of glucose 

units per cellulose molecule. The polymer chains of the cellulose molecule are broken 

during the ageing process of the insulation materials, so that glucose is degraded to small 

molecule products and the DP value decreases. Two common methods are used to 

measure the DP value. One is the average viscometric method (AVM). The measured DP 

value based on AVM is denoted by DPv [11]–[13]. The other method, gel permeation 

chromatography (GPC), measures the DP value as DPw [14], [15]. Regardless of the 

method used, it is suggested that DP value of the new insulation materials should be 
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higher than 800 and the end point should be 150–200 [13], [16]. 

The degree of the insulating materials’ ageing can be also diagnosed by the furan analysis 

method (FAM). This method monitors the content of furans, which are the major 

degradation products of cellulose, in the cooling oil. The FAM is often used as a 

comparative method with the DPM, due to the well-established relationship between the 

content of furans and the degree of polymerization of the dielectric [17]–[19]. Compared 

with the DPM, the FAM offers a more convenient method of analysis than the direct 

measurement of the winding insulation materials [20]. 

These chemical methods focus on the detection of the degree of ageing of the winding 

insulation materials. DGA, oil testing and FAM analyze the different degradation 

products of the insulation materials in the transformer cooling oil, so oil samples are 

necessary. Although some recently-designed power transformers have removable oil 

containers for collecting oil samples on-line, collecting oil samples from most in-service 

power transformers can be only done when they are off-line. These three methods also 

require large databases for the accurate diagnosis of failure events. In addition, gas 

dissolves in oil slowly, which may pose difficulties in real-time diagnosis. DPM requires 

a sample of the insulation materials, which may cause further deterioration of the 

condition of the insulation in the transformer. Hence, DPM is usually only used in 

academic investigations. Meanwhile, these chemical methods cannot provide any 

information about the mechanical condition of the transformer windings. 

 

1.2.2 Electrical Methods 

The recovery voltage method (RVM) and the polarization and depolarization current 

(PDC) method are two electrical methods that can evaluate the capability (resistance and 

capacitance) of the winding insulation materials by detecting the moisture content in these 

materials. The fundamental principle of these two methods is the same. The water content 
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generated by the ageing process affects the capacitance of the insulation materials, which 

will change the polarization and depolarization features of the materials [21]–[24]. 

The RVM uses a direct current (DC) voltage to charge the winding insulation materials 

for a long period (at least several hours), and then short circuits the insulation materials 

for a short time. The short circuit is then removed, and a voltage will build up between 

the electrodes of the insulation materials. The free charge voltage is called the recovery 

voltage, and the moisture content and the insulation state of the materials can be evaluated 

by measuring the characteristic parameters of the recovery voltage curve, such as the 

maximal recovery voltage, the initial slope, and the main time constant [21], [22]. The 

testing process of the PDC method is very similar to that of RVM, and induces 

polarization, shorts the detecting transformer windings over time, and measures the 

polarization and depolarization currents. This method determines the moisture content 

and the insulation state of the dielectric by comparing the polarization/depolarization 

current curves and the depolarization time [23], [24]. Both the RVM and PDC methods 

have the advantage of non-invasive monitoring. However, they require a transformer 

outage to carry out the test, and need a long time for the actual measurement. 

Frequency response analysis (FRA) is another electrical method that is sensitive to 

mechanical deformation of transformer windings [25], [26]. It injects high frequency 

(usually up to MHz) and low amplitude electrical signals into the winding to measure its 

electrical frequency response, which describes the winding’s impedance characteristics. 

The mutual inductance of the winding is determined by its geometrical dimensions [27], 

[28]. In the high frequency range, up to MHz, the inductive reactance is the dominant 

component of the winding’s impedance. As a result, a small fluctuation of the mutual 

inductance due to winding deformation can be captured from the changes in electrical 

frequency response curves. However, FRA cannot be conducted on-line. Although some 

investigations reported the possibility of on-line utilization of FRA [29], the practical 

operability of on-line FRA is still not certain. Explanation of the electrical frequency 

response of the winding requires an electrical model that is very difficult to establish. As 
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a result, the FRA curves lack a clear physical meaning and cannot provide detailed 

information on winding faults. In addition, FRA is ineffective for detecting ageing of 

winding insulation materials. 

Partial discharge (PD) is a common problem occurred in winding parts of power 

transformers. PD is a localised dielectric breakdown of a small portion of winding 

insulation system under high voltage stress, which does not bridge the space between two 

winding conductors. The failure is more common in long-term service transformers 

whose insulation capacity degraded over time. With the PD measurement, the dielectric 

condition of transformer insulation material can be evaluated, and failed insulation 

elements can be detected and located. A feasible method to locate PD is using sonar arrays 

to monitoring the electrical pulse and background noise generated by PD [116], [117]. 

However, it is a targeted approach which is not sensitive to other types of transformer 

failures. 

 

1.2.3 Vibration Method 

The vibration method for the monitoring and fault diagnosis of power transformers is a 

relatively new technique. Most investigations and applications of this method have been 

undertaken in the past two decades. Compared with traditional chemical and electrical 

methods, the vibration method allows continuous, non-invasive and on-line monitoring 

of power transformers. It uses the transformer’s vibration signatures measured on the 

transformer tank as the monitoring signal, and with an appropriate monitoring model, it 

is able to conduct a real-time diagnosis of transformer faults. Because of these advantages, 

much effort has been devoted to the development of the vibration-based condition 

monitoring method for power transformers. The study presented in this thesis will also 

focus on this method. 

Theoretically, the vibration method is sensitive to every transformer failure that can affect 
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the mechanical properties of the transformer. For example, this method has been used for 

assessing the condition of transformer tap-changers by analyzing the transient vibration 

initiated by the switch motion of tap-changers [37], [38]. Abrasion reduces the 

mechanical strength of the tap-changer, which will affect the decay coefficients of the 

transient vibration. Rather than other components of the power transformer, most 

previous investigations have focused on the core and windings because they are the main 

sources of transformer vibration [30], [31], and most serious failures occur in these parts. 

 

Figure 1.3: Distributions of the electromagnetic force on the winding in two directions 
[33]. 

To use vibration signals to monitor the condition of the core and windings, an 

understanding of their vibration characteristics is necessary. The excitation mechanisms 

of core and winding vibrations are different. On one hand, core vibration, which is mainly 

in the axial direction, is generated by a magnetostriction effect that is related to the input 

voltage of the transformer. On the other hand, winding vibration is generated by the 

electromagnetic force induced by the loading current in the winding. The distribution of 

the electromagnetic force is determined by the leakage magnetic field within the winding 

[33]. Figure 1.3 shows the distributions of the electromagnetic forces within the winding 
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in radial and axial directions. The maximum radial force appears in the middle of the 

winding, while the vibration energy in the axial direction concentrates on the two ends of 

the winding. 

The work by García et al. [31], [32] provides some theoretical and experimental evidence 

that the on-line vibrations of the core and windings are proportional to the square of the 

input voltage and loading current, respectively. However, this relationship is more 

accurate when the loading of the transformer is relatively low. When the transformer 

works with heavy loading, the hysteresis phenomenon introduces many harmonic 

vibrations, which makes the vibration behaviors of the transformer very complex, 

especially for core vibration [30], [34]. Due to the complex mechanisms of the hysteresis 

and magnetostriction effects, accurate modeling of the core vibration is a challenging task, 

and remains an open question. 

The investigation of the vibration features of different transformation faults is another 

very important task for detecting and diagnosing the potential faults of power 

transformers via their vibrations. Several papers have reported the application of the 

vibration method for the diagnosis of core faults. Borucki et al. [39] investigated the core 

vibration features when the core clamping force decreases. Their work shows that 

looseness of the core clamping force can affect the resonance frequencies of the core. 

However, most papers focus on the complex characteristics of the core magnetostriction 

induced by the abnormal electrical input, such as the DC bias current [40], [41], and not 

on the detection of core faults.  

Winding faults are more common, and are lethal. Research on the vibration features of 

windings with different faults is practically significant, and is a key task for developing 

the vibration-based condition monitoring method for power transformers. Although there 

are many publications that discuss the vibration of transformer windings, especially the 

axial vibration under short circuit conditions [42]–[44], there is a lack of discussion of 

the winding faults and their vibration features. 
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Booth and McDonald [36] proposed a neural network technology to analyze winding 

failures based on the 100 Hz vibration and its harmonics. However, without an 

appropriate winding monitoring model, their method requires a large database to relate 

various different faults to corresponding features in transformer vibration. This database 

can be only built up based on a large number of long-term measurements of power 

transformer vibrations. 

Swihart and Wright [45] contributed some theoretical research on the non-linear dynamic 

properties of the winding interlayer pressboard. Their work provides some valuable 

information to analyze the vibration features of the winding under different clamping 

forces. Li et al. [46] used a finite element method (FEM) model for simulating the axial 

vibration of transformer windings under different winding clamping forces. The results 

of their study showed that the resonance frequencies of the winding decrease with a 

looseness of the clamping force. 

Hill et al. [15] provided experimental results showing that the mechanical strength of the 

winding insulation paper degrades as the paper ages, indicating the possibility that the 

vibration method may also detect the degree of ageing of the winding insulation materials. 

However, this work needs further experimental evidence from the test on actual 

transformer windings. 

The research team from Shanghai Jiao Tong University [47]–[48]  published several 

papers on the vibration features of windings with two common faults, including missing 

interlayer insulation pressboards, and a winding with a local deformation of its conductor. 

These two faults were introduced to the real disk-type transformer winding artificially, 

and the vibration features of the faulty winding were discussed. The results show a clear 

difference between the healthy winding and the faulty winding, indicating that the 

vibration method is sensitive to these faults. However, the experimental results lack an 

explanation of the mechanisms involved. 

An appropriate winding model is important for understanding the vibration behavior of 
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windings and explaining the vibration features of faulted windings. A simplified winding 

model has been established to present the axial vibration characteristics of disk-type 

windings [35], [36]. Each layer of the winding disks is modeled as a lumped mass. These 

mass blocks are linked by springs that represent the interlayer insulation pressboards. This 

one-dimensional model is able to roughly describe the first several modes of winding in 

the axial direction; however, it cannot describe the radial vibration of windings. 

The objective of this research project is to conduct some experimental and theoretical 

studies aiming to improve the existing vibration-based condition monitoring method for 

power transformers, particularly for the detection of potential faults in transformer disk-

type windings. The literature review has shown that there are some gaps in the practical 

applications of the vibration method. To fill these gaps, this study will mainly focus on 

the following parts: 

1. Collecting the on-line vibration data of in-service power transformers to provide 

practical monitoring data for understanding the vibration characteristics of power 

transformers. This monitoring data can be also used to establishing a monitoring 

model and diagnostic database for power transformers. 

2. Testing the vibration of disk-type windings with common faults to extract their 

features. These vibration features will provide the indicators for detecting and 

diagnosing different winding faults. 

3. Developing a theoretical model of disk-type windings to explain the vibration features 

of windings with different faults. The theoretical model can be also used for cross-

checking the experimental results and improving the accuracy of the existing 

monitoring model. 

 



 

14 
 

1.3 Thesis Outline 

The investigations presented in this thesis are divided into seven chapters. 

In Chapter 1, the main winding faults and the practical significance of condition 

monitoring of power transformers are discussed. Following this, a literature review 

summarizes the existing condition monitoring methods for power transformers. The 

advantages and disadvantages of the traditional chemical and electrical monitoring 

methods are discussed, and the current situation of the vibration method is reviewed. 

Finally, the objectives of the author’s research study are given. 

In Chapter 2, the characteristics of the on-line vibration of power transformers are 

analyzed, and a monitoring model for power transformers based on this vibration is 

proposed. Monitoring data is collected from two in-service transformers by the 

TranstethoscopeTM system. The TranstethoscopeTM is an integrated condition monitoring 

device for monitoring and estimating the health condition of power transformers. First, 

the hardware and software of this device are introduced, then the on-line vibrations of a 

330 kV power transformer and a 110 kV traction transformer are analyzed to demonstrate 

the vibration behaviors of these transformers under different working conditions. A 

preliminary monitoring model, based on the system identification method (SIM), is 

established. This model uses the monitoring data to build the system function of the 

monitored transformer, and estimates the health condition of the transformer via the error 

between the predicted vibration and the measured vibration. The advantage and 

disadvantage of this monitoring model are discussed in terms of the use of the model on 

these two transformers. 

Chapter 3 reports the experimental work on a 110 kV power transformer, in terms of the 

mechanical frequency response function (FRF) of the power transformer. The FRF of a 

transformer, which is not affected by the operating voltage and current, is used to describe 

the condition of the transformer. By testing the FRFs of the windings, core, and tank, the 
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vibration characteristics of these components are obtained. The relationship of their 

vibration responses also reveals the vibration transmission mechanism from the internal 

structures to the transformer tank. Some common winding faults are introduced into the 

windings artificially to extract the vibration features of these faults. The experimental 

results are presented, followed by a discussion. 

Considering the practical difficulties of testing winding faults on real transformer 

windings, a simplified winding model consisting of concentric rings coupled by insulation 

materials is given in Chapter 4. Comparison of the FRFs, vibration distributions and 

vibration transmissions of the coupled rings and disk-type windings showed that their 

vibration characteristics have many similarities. As a simplified model of the disk-type 

winding, the coupled rings provide a useful model to simulate common winding faults in 

the laboratory environment and extract the vibration features of the winding faults from 

experimental data. 

Chapter 5 describes the analytical model of the coupled rings. One of the key advantages 

of utilizing coupled rings to simulate disk-type windings is the analytical model of the 

coupled rings can be readily established so that a theoretical explanation of the 

experimental results can be given. The analytical model of the coupled rings is deduced 

from the simple structure, a single circular ring, to the single layer of coupled rings, and 

finally from the radial-axial coupled-ring stack. Considering the complex structure of 

windings and the limitations of the analytical model, the model focuses on the coupling 

effect of the winding induced by two kinds of insulation materials, winding insulation 

paper, and interlayer insulation pressboards. This model is able to give a qualitative 

prediction of the winding vibration in both the axial and radial directions. 

Chapter 6 presents a series of simulations on the coupled-ring stack with common 

winding faults. Five winding faults are looseness of the winding clamping force, missing 

winding interlayer insulation components, tilting of the winding from the vertical axis, 

ageing of the winding insulation paper, and local deformation of the winding on its 
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conductor. The first three failure problems primarily affect the mechanical strength of the 

winding in its axial direction, while the effects of the last two faults are mainly in the 

radial direction. By testing the FRF of the coupled-ring stack with these faults, the 

vibration features of each fault on the resonance frequencies, vibration distribution, and 

vibration transmission can be extracted. Experimental methods are also developed to 

identify the location of the faults on the rings for some direction dependent faults, such 

as missing interlayer insulation components and local deformation of the winding. The 

change of the resonance frequencies due to these faults is explained by the analytical 

model. These vibration features could be used as indicators for detecting different 

winding failures in power transformers. 

Chapter 7 concludes this thesis. The main conclusions that have been drawn in Chapter 2 

to Chapter 5 are summarized, and recommendations for future study on the topic of 

transformer condition monitoring are also given. 

 

1.4 Contribution of this Thesis Work 

This thesis contributes to the area of the vibration-based condition monitoring method for 

power transformer windings. 

Much of the previous work on the vibration of power transformers is still at the academic 

research stage. The TranstethoscopeTM provides a practical system for industrial 

application on in-service power transformers. Such a long-term continuous monitoring of 

power transformers’ on-line vibration has never been reported before. It allows collection 

of valuable vibration data power transformers under different working conditions, and 

establishment of the relationship between on-line vibration and operating voltage and 

current. This application leads a preliminary monitoring model that is successfully 

applied to a power transformer for estimating its health condition. 
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The most straightforward vibration monitoring signal is the on-line vibration measured 

on the transformer tank. However, this contains limited information on the transformer 

operating at several excitation frequencies, and is directly affected by the operating 

voltage and current. The experimental work on the FRF of a 110 kV power transformer 

in this study provides evidence that the FRF of a transformer is more suitable for 

indicating the condition of the transformer and detecting winding faults. The experimental 

results also enhance our understanding of the vibration transmission mechanism in the 

transformer and the vibration distribution on the transformer tank. 

Without an understanding of the effects of different winding faults on winding vibration 

it is not possible to identify winding faults based on their vibration signatures. However, 

due to the high cost and practical difficulties, testing the vibration features of real power 

transformer with faults is very difficult, and relevant information is rarely reported. This 

study uses a coupled-ring stack to build a simplified experimental rig of disk-type 

windings and simulates five common winding faults on this rig. The vibration features of 

these faults are extracted from the experimental data, and explained by the analytical 

model. This work enhances the understanding of the vibration characteristics of faulty 

winding, and provides useful information to improve the existing transformer monitoring 

model. 

  



 

18 
 

Chapter 2 On-line Vibration-based 
Condition Monitoring of Power 
Transformers 

Compared with traditional condition monitoring methods, the ability to provide non-

invasive on-line monitoring and real-time diagnosis is the outstanding advantage of the 

vibration-based condition monitoring method for power transformers. In general, a 

vibration monitoring system suitable for industrial applications have the following four 

components: 

1. A data collection unit. The data acquisition unit is for collecting vibration signals at 

several locations on the transformer tank, and also the relevant operating signals of 

the transformer, such as the input voltage, loading current, and temperature. 

Considering the numerous types of power transformers and possible hostile 

environments in field-based measurement, the data collection unit must be stable, 

robust, and suitable for future changes. 

2. A post-processing unit. The post-processing unit consists of a number of tools for 

processing and analyzing the data and extracting the features related to transformer 

faults. The data communication between the data collection unit and the post-

processing unit should be designed to suit the various field conditions in which power 

transformers operate. 

3. Algorithms for data analysis. The monitoring algorithms are the heart of the 

monitoring system. The outcome of an algorithm may be as simple as a threshold 

value of certain monitoring signal, or a highly complex model of the entire 

transformer, but their main objective is the same. The aim of the monitoring 

algorithms is to extract certain features from the monitoring data that can be used as 

indicators to identify the health condition of the transformer. Appropriate algorithms 

are based on either statistical analysis of the monitoring data or the theoretical 

understanding of the vibration mechanism of the transformer, or both of these factors. 

To give more reliable and accurate monitoring result, the simultaneous use of several 



 

19 
 

algorithms is desirable. 

4. An interface unit for displaying the monitoring data and diagnosis results. This could 

be the monitoring software. The design of the software should accommodate the 

needs of people with various backgrounds. The interface should be readable by 

personnel who are not technical experts. Further, necessary functions for research 

purposes should be included in the software, such as visualization monitoring signals 

and data export. 

These four components are further explained by a practical example. A monitoring system, 

the TranstethoscopeTM, is developed for practical monitoring purposes. This device is one 

of the main outcomes of the University of Western Australia transformer project, and has 

been applied on several in-service power transformers. First, the functions of the 

monitoring terminal and the post-processing software of TranstethoscopeTM are 

introduced. Next, the monitoring data measured by the TranstethoscopeTM units from two 

different types of power transformers are analyzed to provide some fundamental 

information of the vibration characteristics of power transformers. Finally, according to 

an understanding of the monitoring data, a monitoring algorithm based on the SIM is 

proposed. This algorithm builds a monitoring model to predict the on-line vibration of 

power transformers and estimate their health conditions in terms of the error between the 

predicted vibration and the measured vibration. The capability and the limitations of this 

monitoring model and the practical applications are discussed. 

 

2.1 The TranstethoscopeTM Unit 

The TranstethoscopeTM unit is a key outcome of a three-year transformer condition 

monitoring research project. Figure 2.1 shows a TranstethoscopeTM unit, which consists 

of a data collection unit and a control computer with post-processing software. The data 

collection unit is a highly integrated device that combines the functions of signal 

acquisition, data pre-processing, data recording, and data transmission. The data collected 

by the data collection unit are sent to the control computer for post-processing. The 
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TranstethoscopeTM software diagnoses the condition of the transformer based on the 

measured data and monitoring/diagnostic algorithms, and sends an alarm if the condition 

of the transformer is abnormal. 

 

Figure 2.1: Condition monitoring of the TranstethoscopeTM System. 
 

2.1.1 Description of Hardware 

Figure 2.2 shows the hardware of a TranstethoscopeTM unit, which includes sensors, a 

data collection unit, a control computer with condition monitoring and fault diagnosis 

capability, and several accelerometers. The voltage, current, temperature, and other 

reference signals are usually collected from the console of the monitored transformer. The 

internal circuitry of the data collection unit consists of three modules: the input-output 

(I/O) module, the data processing module, and the power supply module (see Figure 2.3). 

The data recording and communication functions are integrated in the data processing 

module. 
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Figure 2.2: The hardware of a TranstethoscopeTM unit. 
 

 

Figure 2.3: Internal circuitry of the data collection unit. 

The I/O module is responsible for collecting the monitoring analog signals, amplifying 

the signals, conducting the A/D conversion and sending the digital signals to the data 

processing module. A maximum of 17 input channels are available on the I/O module. By 

default, they include (from left to right in Figure 2.3) one channel for the temperature 
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signal (DC voltage channel), two channels for neutral current signals (AC/DC current 

channel), three channels for voltage signals (AC voltage channel), eight channels for 

acceleration signals (AC voltage channel), and three channels for current signals (AC 

current channel). This channel arrangement can be modified according to practical 

requirements. 

The data processing module, which is an embedded computer, conducts the necessary 

pre-processing. When signals are transferred to this module, they are encoded and sent to 

the control computer for post-processing. The default communication between the 

monitoring terminal and the control computer is via a wireless or Ethernet connection. A 

copy of the data files is also saved in the hard disk of the monitoring terminal for backup. 

 

2.1.2 Description of Software 

Most of the post-processing of the monitoring signals is implemented by the 

TranstethoscopeTM software installed in the control computer. Figure 2.4 shows the home 

page of the software. The functions of the software consider both the practical needs of 

transformer managers and the academic requirements of technicians and researchers. 
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Figure 2.4: The home page of the TranstethoscopeTM software. 

The first function module, “Manager”, is primarily designed for the transformer manager. 

Brief information and the current working condition of the monitored transformers can 

be easily checked here. There are four sub-functions in this module, including (see Figure 

2.5): (1) “Detailed info”, which shows the specifications and other basic information of 

the monitored transformer; (2) “Maintenance records”, which lists previous maintenance 

events of the monitored transformer; (3) “Historical data”, which shows the time history 

of the monitoring signals; and (4) “Diagnosis records”, which displays the diagnosis 

report of the monitored transformer. When the monitoring signals are abnormal or the 

diagnosis report indicates a potential failure is detected, the software will send an alarm 

signal to the manager for his/her attention. 
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Figure 2.5: The “Management” page. 

The second function module, “Monitoring and Diagnosis”, is primarily designed for the 

needs of technicians and researchers. This module provides functions to display the real-

time monitoring signal (see Figure 2.6) and review the details of the historical data. All 

the monitoring data can be exported for detailed analysis. Certain system parameters, such 

as the coefficients of monitoring model and the threshold values for alarming purposes, 

can be set here. 
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Figure 2.6: The “Monitoring and Diagnosis” page. 

The third module, “Prognosis”, is designed for predicting the remnant life of the 

monitored transformers based on a long-term monitoring database. This function is still 

pending the accumulation of adequate data to build a database for the transformer faults 

and has not been activated in the current version. 

In the next two sections, the monitoring data collected from two in-service power 

transformers by TranstethoscopeTM units is analyzed. An understanding of the 

characteristics of transformer on-line vibration provides the basis for developing the 

monitoring/diagnosis algorithms. 

 

2.2 On-line Vibration of a 330 kV Power Transformer 

A TranstethoscopeTM unit was installed on a 330 kV power transformer belonging to Delta 

Electricity at the Wallerawang power plant, NSW, Australia, in February 2013. This new 
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transformer is one of the largest power transformers in Australia. The monitoring device 

worked continuously until March 2014, and multiple types of monitoring signals, 

including tank vibration, input voltage, loading current, position of the tap-changer, and 

the internal temperature of the transformer were recorded. Such long-term comprehensive 

monitoring on an in-service power transformer has never been reported previously. This 

field test provides an excellent opportunity to understand the vibration behaviors of larger 

power transformers. 

Figure 2.7 shows the arrangement of the accelerometers on the transformer tank. Six 

accelerometers were attached to the surface of the tank with magnets. Three were located 

on the middle of the tank wall in the transverse direction, and point to the three-phase 

internal windings, respectively. The rest were located on the underside of the tank in the 

vertical direction, near the three vertical limbs of the core in the tank. As mentioned in 

Chapter 1, transformer vibration mainly consists of the radial vibration of the windings 

and the axial vibrations of the windings and core. Thus, the first three accelerometers 

monitor the transverse vibration of the transformer, which is mainly contributed by the 

windings’ radial vibration, and the three accelerometers underneath the tank should record 

the vertical vibration of the transformer transmitted from the core limbs. There are eight 

acceleration channels in the monitoring terminal box, although only six accelerometers 

were used. Two channels, Acc. 2 and Acc. 7, were idle. 

In addition to the vibration signals, certain operating signals were also monitored to 

record the electrical conditions of the transformer. These included one input voltage at 

the LV end, three loading currents in the LV windings, and one signal representing the 

position of the tap-changer. All operating signals were connected into the monitoring 

terminal from a console near the transformer. Unfortunately, only DC signals (RMS value) 

are available from the console, so the frequency components of these operating signals 

cannot be analyzed. Four temperature signals were collected as reference signals. Three 

of them were the winding temperatures of the three phases, and one was the internal 

temperature at the bottom of the tank. 
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Figure 2.7: Locations of the accelerometers on the 330 kV power transformer. 

The monitoring data measured in April 2013 is given here as an example to analyze the 

characteristics of the power transformer. In that period, two kinds of electrical loading 

conditions and one shutdown event occurred, which contain most of the important 

information for this transformer. By comparing the general trend of each monitoring 

signal, the relationship between the vibration, temperature, and the electrical inputs can 

be determined. Next, the space distribution of the on-line vibration on the transformer 

tank and its frequency distribution at different frequency components are discussed. This 

information is very useful for establishing a transformer monitoring model. 

Figure 2.8 shows the historical data of the transformer in April 2013. The vibration curve 

is the average acceleration (RMS value) of the six vibration signals measured on the 

transformer tank, and the average time is one minute. Only the loading current of the 

middle phase is shown in Figure 2.9, as the loading currents in the three phases are 

balanced. The temperature curve presents the winding temperature of the same phase. 

The voltage is the only monitored voltage signal from the LV end. 
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Figure 2.8: Time history of the monitoring signals of the 330 kV power transformer in 
April 2013. 

In general, it is clear that the vibration signal shows good correlation with both the current 

and temperature signals. The vibration, current, and temperature curves show similar 

fluctuations over time, indicating that they are highly related. Meanwhile, the voltage 

signal was very stable, with a maximum relative variation of 2.44%, except for the 

fluctuation due to the shutdown event. This observation suggests that the tank vibration 

of this large power transformer is largely contributed by the winding vibration, which is 

determined by the loading current, especially when the transformer works at a relatively 

high loading level. Compared with the core vibration, which is very complex, the 

mechanism of the winding vibration is relatively simple. If the tank vibration of high-

rated power transformers is primarily contributed by the winding vibration, this 

significantly decreases the difficulty of analyzing transformer tank vibration and 
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increases the possibility of the successful detection of winding faults. 

In the first eight days (from 4/1/2013 to 4/8/2013), the transformer loading was stable, 

and so the changes in vibration were small. The recorded temperature showed regular 

fluctuations that reflected the changes in the temperature of the environment. This 

provides some evidence that the environmental temperature affects the internal thermal 

pressure of the power transformer. The highest records always appeared around 4 pm. 

Given that the highest environmental temperature usually occurred around 2 pm, the time 

delay between the environmental temperature and the transformer internal temperature is 

approximately two hours. 

At about 8:10 pm on 4/11/2013, the transformer was de-energized for regular maintenance. 

The console was also switched off. As a result, all the monitoring signals dropped to 

background levels, and remained at this level for another three days and 18 hours. It is 

noted that the displayed background levels of the operating and reference signals are not 

zero, due to the offset used in the calibration of these signals. The transformer was re-

started on 4/14/2013. In the first five hours, the voltage recovered to the rated level, but 

the loading current was very small, which indicates that the transformer might be un-

loaded. The transformer was then de-energized again, and 65 minutes later, the 

transformer was re-energized and allocated to a normal loading. From the energizing and 

de-energizing processes, some electrical-thermal properties of the transformer were 

determined: 

(1) The delay between the temperature rise and current rise is about 15 minutes. The 

delay between the temperature settling and the current settling is about 11 minutes. 

These time delays represent the thermal equilibrium time within the winding 

material of the transformer in a healthy condition. 

(2) The delay between the temperature rise at the bottom of the tank and the current 

rise is about 60 minutes. This time constant represents the time required for 

thermal equilibrium in the transformer tank through a thermal circulation process. 
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These electrical and thermal parameters could act as additional indicators for monitoring 

the condition of this transformer and supplement the vibration monitoring method. 

However, further work is required to check if they are the general properties of the same 

type of power transformers. 

In the last half of the month, the fluctuation of the vibration, current, and temperature 

signals became more regular. These signals were found to stay at their maximum levels 

from about 7 or 8 am until 9 or 10 pm and drop to their minimum level at night. 

After a general view of the mechanical, electrical, and thermal conditions of the power 

transformer, it is worthwhile to examine the details of the vibration distribution on the 

transformer tank. Figure 2.9 illustrates the vibration signals detected at the different 

locations on the transformer tank from 4/18/2013 to 4/23/2013. Generally, the vibrations 

on the tank wall (Acc. 1, Acc. 3 and Acc. 4) were larger than those at the bottom of the 

tank. The largest vibration signal was observed at Acc. 4, followed by the vibration at 

Acc. 3. The rest of the signals were less than a quarter of the maximum signal. Although 

Acc. 1 is also on the tank wall, its vibration was much smaller. One possible reason for 

this was that measurement accelerometer was mounted in a small gap between two 

stiffeners, and close to the console of the transformer. These added structural stiffeners in 

these areas may restrict the vibration at this location. The above observations indicate that 

the ideal location for detecting vibration signals with a high signal-to-noise ratio is at the 

middle of the tank wall and as far as possible from the stiffeners and accessory structures. 
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Figure 2.9: Time history of transformer vibrations recorded at different locations. 

Despite the obvious amplitude differences among the vibrations detected at different 

locations on the transformer tank, the overall trends of their RMS values were similar. 

However, these vibration signals had significantly different distributions in frequency 

domain. Figure 2.10 compares the simultaneously measured vibrations of Acc. 4 and Acc. 

8 in frequency domains. The vibration of Acc. 4 is mainly located at its fundamental 

frequency. Its vibration component at 100 Hz has the largest amplitude and contains 

approximately 30% of the overall vibration energy. However, a series of harmonics exist 

in the vibration of Acc. 8. These are not only at the harmonic frequencies of 100 Hz, but 

also appear at the odd harmonic frequencies of 50 Hz. The vibration component at 100 

Hz only contains less than 5% of the overall vibration energy. The frequency spectra of 

the on-line vibrations measured at the remaining two locations (Acc. 1 and Acc. 3) on the 

transformer tank in the transverse direction show similar features, where the vibration 

measured on the tank wall is always dominated by the fundamental vibration at 100 Hz, 
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while the vibration collected from the bottom of the tank has many large harmonic 

components. Compared with the winding vibration, which is primarily at 100 Hz, the core 

vibration generated by magnetostriction has more complex frequency components at both 

harmonics of 100 Hz and odd harmonics of 50 Hz due to the small DC component in the 

input voltage [40]. Therefore, Figure 2.10 provides some experimental evidence showing 

that the vibration underneath the tank is strongly contributed by the magnetostrictive 

excitation in the core, and the vibration measured at the middle of the tank wall is largely 

contributed by the electromagnetic forces on the windings. 

 

Figure 2.10: Transformer vibrations at the side wall (Acc. 4) and bottom (Acc. 8) of the 
transformer. 

 

2.3 On-line Vibration of a 110 kV Traction Transformer 

Traction transformers are a special kind of power transformer used on electrically 
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powered railways. Unlike power transformers in power plants and substations, traction 

transformers must withstand the impacts of huge, time-varying unbalanced loading 

currents. These can vary from almost zero to much higher than the rated current in a short 

time. This unstable loading generates high electrical, thermal, and mechanical stresses on 

traction transformers. As a result, traction transformers are more likely to experience 

failures compared to other types of power transformers. Therefore, monitoring the 

performance of traction transformers and preventing failures is a very important task for 

the railway industry. Since the fluctuation of the loading currents can be directly 

represented in the vibration changes of the transformer, the vibration-based condition 

monitoring method has natural advantage to capture the transient and modal behaviour of 

these transformers.  

In December 2012, one TranstethoscopeTM unit was installed on a traction transformer, 

one of the two 110 kV traction transformers located in the Jinchang Substation of the 

Jiayuguan Supply in the Lanzhou Railway in China. Figure 2.11 shows this traction 

transformer and the arrangement of the eight accelerometers on the transformer tank. As 

the transformer sits in a concrete basement it was very difficult to place the accelerometers 

underneath of the transformer tank, and so all the accelerometers were place on the front 

and side walls of the tank. Six of them were located on the front wall of the tank close to 

the center and bottom sections of each phase of the windings. Another two accelerometers 

were placed at the centers of the two side walls. 
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Figure 2.11: The 110 kV traction transformer and the arrangement of the 
accelerometers on its tank. 

The AC operating signals were collected from a console in the control room. The three 

voltage channels used the primary voltages (HV) of the transformer. For the three current 

channels, the terminal currents of the secondary end (LV) were preferred, as they contain 

more information on the traction loading. However, because Terminal C of the secondary 

end was grounded, only the currents of Terminals A and B were recorded. The phase 

current of the primary winding of Phase A was selected as the third current signal. No 

temperature and tap-changer sensors were available on this transformer. Considering the 

frequent shift of the loading currents of this traction transformer, in order to record the 
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details of its electrical and mechanical behaviors, a continuous measurement with a high 

sampling rate (10 kHz) was conducted for several hours. The discussion of the on-line 

vibration of this traction transformer still focuses on the relationship between the tank 

vibration and the electrical loading conditions, and the vibration distribution on the 

transformer tank and its frequency domain. 

Figure 2.12 shows the monitoring data (RMS value) of a 3,500 s continuous measurement. 

The vibration is the average acceleration measured by the eight accelerometers; the 

current is the average value of the two terminal currents at the LV end, and the voltage is 

the average value of the three primary voltage signals. From the figure, it is evident that 

the loading current changed frequently and on a large scale. It could rise sharply from low 

loading conditions at about 200 A to very high loading conditions with almost 1,000 A in 

just several minutes, and return back to low loading conditions in a short time. This 

change in loading current may indicate that one or several trains went through the power 

supply interval of the traction transformer in that time period. When the loading current 

fluctuated, the vibration presents corresponding fluctuations that prove that the 

electromagnetic force induced by the loading current is one of the key excitation forces 

of the traction transformer. Compared with the current and vibration, the voltage signal 

was much more stable, and only small fluctuations of less than 2% were observed. When 

the loading current increased significantly the voltage decreased simultaneously, which 

may be due to the power compensation effect. 
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Figure 2.12: Time history of the monitoring signals of the 110 kV traction transformer. 

The loading current plotted in Figure 2.12 is the mean value of the two loading currents 

measured from Terminal A and Terminal B. As mentioned earlier, in contrast to normal 

power transformers whose loading currents in the three-phase windings are balanced, 

traction transformers are designed to bear unbalanced loading. Terminal A and Terminal 

B of the LV end of this transformer provide power supply for two railway lines. These 

two railway lines operate under different transport conditions, so the loading currents of 

the two terminals are distinct (see Figure 2.13). Meanwhile, the measured vibration at any 

location of transformer tank is affected by the loading currents in both terminals. The 

local vibration of any winding can be transmitted to every location on the transformer 
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tank by the coupling effect. One interesting question is whether the unbalanced loading 

current determines the vibration distribution on the transformer tank based on the distance 

between the internal vibration source and the location on the tank. For example, if the 

loading current in the LV winding of Phase A is significantly larger than the other two 

phases, does the tank vibration measured near Phase A have a larger amplitude than the 

vibration at the other parts of the transformer tank? 

 

Figure 2.13: Time history of the measured vibration (average value) and the loading 
currents in Terminal A and Terminal B of the 110 kV traction transformer. 

Surprisingly, the measured results do not support above hypothesis. Figure 2.14 shows 

the distribution of the average vibrations in the time period from 500 s to 1,500 s on the 

transformer tank. From Figure 2.13, it is clear that most of loading was applied on 

Terminal A in that time period, which indicates the loading current in the LV winding of 

Phase A is much larger than the other two LV windings. It should be noted that because 
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the LV windings in this traction transformer use a triangular connection, the measured 

current at certain terminals does not exactly equal the loading current in the corresponding 

winding. The details of their relationship will be discussed later. However, the maximum 

vibration appeared at Acc. 3, which was close to Phase B. Furthermore, the vibration 

measured near Phase C was also larger than the vibration close to Phase A. This 

observation denotes that the vibration distribution on the transformer tank is not only 

determined by the vibration of its internal structures, but is also affected by other factors, 

such as the vibration transmission efficiency from the internal structures to the 

transformer tank. 

 

Figure 2.14: Vibration distribution on the transformer tank. 

The impacts of loading currents frequently generated a series of transient events in the 

measured vibration data. Figure 2.15 shows one of the transient events that lasted 

approximately 80 s. The top two graphs are the vibration measured at Acc. 7 and the 

inrush loading current in Terminal A in the time domain. The three pairs of graphs 

underneath display the frequency components of the vibration and loading current in three 

different steps of the transient event. It is clear that beside the fundamental vibration, the 

on-line vibration of this traction transformer contains many high-order harmonic 

components. When the loading current increased, because of the deeper hysteresis 

phenomenon, the frequency components of the vibration became more complex. More 
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and more vibration energy shifted to the high-order harmonics, especially for those 

around 1,000 Hz. The vibration signal measured at other locations had the same feature. 

This non-linear feature significantly increases the difficulty of analyzing and modeling of 

traction transformer vibration. 

Figure 2.15: Loading current (Terminal A) and vibration (Acc. 7) of the traction 
transformer during a current impact event. 
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2.4 Monitoring Model for Power Transformers 

The purpose of measuring the monitoring signals of power transformers is to use them to 

diagnose the health condition of the transformers and detect potential faults. One direct 

use of these monitoring signals is to define a series of threshold values based on statistical 

analysis of the long-term monitoring data. For instance, Table 2.1 shows the threshold 

values of the 330 kV power transformer in this study. An alarm function based on these 

threshold values has been integrated into the TranstethoscopeTM software as a 

fundamental monitoring approach for the transformer. 

Table 2.1: The threshold values of the 330 kV power transformer. 

Vib. 1 Vib. 2 Vib. 3 Vib. 4 

1.2 g N/A 1.8 g 2.5 g 

Vib. 5 Vib. 6 Vib. 7 Vib. 8 

1.3 g 1.1 g N/A 1.1 g 

Cur. A Cur. B Cur. C Voltage 

15,500 A 15,500 A 15,500 A 22 kV 

Delta Vol. Temp. A Temp. B Temp. C 

1.5 kV 88oC 88oC 88oC 

Temp. Bot. Delta Temp. A Delta Temp. B Delta Temp. C 

60oC 1oC 1oC 1oC 
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 Vib. 1 to Vib. 8 are the threshold values (peak-to-peak values) of the eight vibration 

channels. If the measured vibration of any channel is larger than its threshold value in 

three continuous sampling periods (one sampling period is 10 s), the alarm is triggered. 

 Cur. A to Cur. C are the threshold values (RMS values) of the three current channels. 

The alarm is triggered when the measured current of any channel is larger than its 

threshold value in one sampling period. 

 Voltage and Delta Vol. define the normal range of the voltage value (RMS value). For 

example, the range is 22±1.5 kV when they are set as the values given in Table 2.1. 

The alarm is triggered when the measured voltage is out of the range in one sampling 

period. 

 Temp. A to Temp. Bot. are the threshold values of the four temperature channels 

(temperature at Phase A to Phase C and at the bottom of the tank). The alarm is 

triggered when the measured temperature of any channel is larger than its threshold 

value in one sampling period. 

 Delta Temp. A to Delta Temp. C are the threshold values of the temperature rise of the 

four temperature channels. It defines the maximum acceptable temperature rise in 10 

s. The alarm is triggered when the measured temperature rise of any channel is larger 

than its threshold value in three continuous sampling periods. 

These threshold values are extracted from the long-term monitoring database of the 

transformer, so that they are reliable and provide a baseline for monitoring the condition 

of the transformer. When any monitoring signal exceeds the threshold, this indicates that 

an abnormal condition has occurred in the transformer. However, the function of this 

approach is very limited. The primary limitation is that the threshold values only define 

the upper limits of the monitoring signals, which usually appear when the transformer is 

operated under heavy loading conditions. In the last two sections, it was demonstrated 

that the on-line vibration of power transformers correlates with the electrical operating 
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signals, especially the loading current. When the loading current is at a low level, even if 

a serious fault occurs in the transformer, its vibration may still be much lower than the 

threshold value. On the other hand, rather than enhancing the vibration of the transformer, 

some faults may attenuate its vibration, and thus will never be detected by the threshold 

approach. For example, looseness of the winding clamping force is one of the faults that 

may reduce the on-line vibration of the transformer. More information about this issue 

will be given in the next chapter. Therefore, an appropriate monitoring model that 

considers the effect of different loading conditions on transformer vibration is necessary. 

Nevertheless, threshold values are the measures of the impact on the system at the time 

of measurement, and it is important to estimate their accumulated effect on the generation 

of transformer faults. 

 

2.4.1 The System Identification Method for Power 

Transformers 

For the vibration analysis, a power transformer is a coupled mechanical system (see 

Figure 2.16), and the on-line vibration measured on its tank has multiple excitation 

mechanisms and transmission paths. The main vibration sources of the transformer are 

located in the transformer core and windings. The core vibration is driven by the input 

voltage via the magnetostriction effect, and the windings’ vibrations are excited by the 

electromagnetic force induced by the loading currents. Since the windings are clamped 

on the core, they are mechanically coupled. Their vibrations are transmitted to the tank 

by structure-structure coupling through the mechanical joints between the core and the 

tank, and structure-fluid-structure coupling through the transformer cooling oil. 
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Figure 2.16: Transformer vibration as a coupling system. 

Considering these complex excitation mechanisms and transmission paths of transformer 

vibration, the most practical monitoring algorithm for power transformers for industrial 

use is the system identification method (SIM). The transformer can be simplified as an 

input-and-output system (see Figure 2.17). The inputs are the voltage and current. The 

relationship between the inputs and vibration of the core and windings can be described 

by a frequency response function (excitation), H1. The output vibration on the surface of 

the transformer tank is a function of the internal vibration and transmission conditions, 

which can be defined as the second frequency response function (transmission), H2. 

 

Figure 2.17: Transformer vibration modeled as an input-and-output system. 
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The transmission conditions in the transformer tank are determined by coupling effects 

in the tank that are independent of the inputs. Therefore, H2 can be simplified as a 

coefficient Ws of the excitation function H1. This coefficient defines the vibration 

transmission between the transformer’s internal structures and the transformer tank. 

Combining Ws with the excitation function H1, the relationship between the input 

operating signals and the output vibration can be defined by a system function, H, that is: 

1 2 1 ( , ),   tank sV H H W H H U I             (2.1) 

where Vtank is the output vibration on the tank, and U and I are the input voltage and 

loading current, respectively. It is noted that Eq. (2.1) is a non-linear function of Vtank in 

terms of U and I. It can be viewed in both time and frequency domains. 

 

Figure 2.18: Simplified monitoring model of transformer vibration. 

The system function H can be trained by the measured monitoring data from a healthy 

transformer. It can then be used to predict the output vibration of the transformer under 

any loading condition. When a fault occurs in the transformer, as long as this fault affects 

the vibration excitation or/and the vibration transmission mechanisms of the transformer, 

the measured vibration must be different from the predicted value (see Figure 2.18). 

Therefore, the size of the difference between them may be an indicator of the health 

condition of the transformer. 
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Theoretically, H may have many different forms, such as linear, quadratic, or higher 

degree polynomial. The most direct way to determine the form of the function is the curve 

fitting method. However, practically it becomes difficult to choose the form of the 

function when there are too many options. In order to find the appropriate form of the 

system function with concise system coefficients that can accurately predict the vibration 

of the transformer, it is necessary to understand the essential excitation mechanism of the 

transformer vibration. 

It is known that the winding vibration excited by the electromagnetic force is proportional 

to the square of the loading current in the winding. If the loading current is an AC signal 

at a certain frequency, x Hz, the frequency of the winding vibration is double the 

frequency of current, at 2x Hz [31], [89]: 

2
,2 .winding xHz xHzV I                (2.2) 

Similarly, the core vibration caused by magnetostriction is roughly proportional to the 

square of input voltage [31]: 

2
,2 .core xHz xHzV U                 (2.3) 

The transformer vibration measured on the tank is the superposition of the vibrations of 

the windings and core, so that Eq. (2.4) is used as the basic form of the system function 

H: 

2 2
,2   tank xHz xHz xHzV I U               (2.4) 

where and  are the system coefficients of the transformer. 

 

2.4.2 Applications of the Monitoring Model for the 330 kV 

Power Transformer 

The monitoring model based on SIM has been integrated into the TranstethoscopeTM 
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software for evaluating the health condition of the 330 kV power transformer. In order to 

improve the accuracy of the model, the form of the system function H has been modified 

in terms of the practical situation of the transformer. 

Figure 2.19 compares the measured vibration and the predicted vibration at 100 Hz for 

the 330 kV power transformer. The basic form of the system function H [Eq. (2.5)] is 

used in this predication. 

2 2
,100 .  tank Hz RMS RMSV I U             (2.5) 

Because only the RMS values of the operating signals are available for this power 

transformer, the input voltage and loading current used in Eq. (2.5) are their RMS values 

rather than the frequency components at 50 Hz. Fortunately, the maximum loading current 

of the transformer in the practical operation never exceeded 80% of its rated current, so 

the harmonics in the input voltage and loading current are considered to be small due to 

the limited hysteresis effect. In other words, the RMS value of the operating signals 

should approximately equal their fundamental components at 50 Hz. 

 

Figure 2.19: Comparison of the measured vibration and the model solution based on 
the basic system function H of Eq. (2.5). 

The data shown in Figure 2.19 is the average vibration of the transformer measured from 

4/16/2013 to 4/30/2013. This new power transformer had just been put into operation at 

that time, so that the error between the measured vibration and the predicted vibration 
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should be as small as possible. 

The error of the vibrations, e, is defined as: 

2 2

1

'1



 

N
t t

t t

V V
e

N V
               (2.6) 

where Vt is the measured vibration at time point t, V’t is the corresponding predicted 

vibration, and N is the overall number of the time points. 

There are over 20,000 time points in Figure 2.19, and the error is 10.2%. The main 

difference is some fluctuation in the measured vibration that cannot be simulated by the 

monitoring model (e.g., Circles 1 and 2 in Figure 2.19) because of the lack of a 

corresponding fluctuation in the input operating signals. For example, Figure 2.20 zooms 

in on the measured data from 16 and 17 April. There were two vibration valleys at noon 

on both days. However, it is clear that neither the loading current nor the input voltage 

showed any valley at the same time. The loading current was quite stable during the day, 

although an interesting observation is that the voltage signal somehow showed the 

opposite trend to that of the measured vibration. When the voltage increased, the vibration 

decreased. 



 

48 
 

 

Figure 2.20: The details of the measured data of the vibration, current and voltage. 

Based on this observation, a new term, U-1, is added into the system function H to improve 

the accuracy of the model. The new function becomes: 

2 2 1
,100 .     tank Hz RMS RMS RMSV I U U            (2.7) 

Figure 2.21 shows the predicted vibration calculated by Eq. (2.7). Comparing the curves 

in Figures 2.20 and 2.21, it is evident that the new function gives a better result. The error 

between the measured vibration and the predicted vibration in Figure 2.21 reduces to 

6.1%. Although the mechanism of the effect of the U-1 term on the transformer on-line 

vibration is still unknown, the participation of this term in the system function H indeed 

decreases the error significantly. 
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Figure 2.21: Comparison of the measured vibration and the model solution based on 
the system function H of Eq. (2.7). 

To further improve the monitoring model, the position of the tap-changer is taken into 

account. The main function of the tap-changer is to adjust the number of active turns of 

the regulating winding to compensate the input voltage so that changes in the input 

voltage can be controlled within a small range. The position of the tap-changer may affect 

the contribution of the winding vibration in the overall transformer vibration. As a result, 

a transformer with different tap-changer positions should be treated as different 

“transformers” with slight structural differences (different numbers of active winding 

turns). For each “transformer”, the system coefficients of the system function H should 

be calculated independently. 

Figure 2.22 displays the result when the position of the tap-changer is involved in the 

model. Three different positions of the tap-changer appear in the measured data, so that 

the data is divided into three groups with respect to the position of the tap-changer, and 

their individual system coefficients are calculated. The improvement of this new model 

is relatively small. Compared with the last result, shown in Figure 2.21, one of the visible 

improvements can be found from the vibration during April 17. The error between the 

measured vibration and this new model solution is 5.5%, which is 0.6% better than the 

last model result, calculated by Eq. (2.7). 
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Figure 2.22: (a) Model solution after classifying the input data by the position of the 
tap-changer; (b) The position of the tap-changer. 

Until now, all the operating signals, including the input voltage, the loading current, and 

the position of the tap-changer have been involved in the monitoring model, and the only 

monitoring signal that has not been used is the reference signal, the internal temperature 

in the tank. Although the temperature is not treated as an input signal of the transformer, 

it is suggested that temperature change may have some potential effects on vibration 

transmission [30]. Fluctuation of the internal temperature may affect the viscosity of the 

transformer cooling oil, which could slightly change the vibration transmission efficiency 

from the transformer’s internal structures to the tank. Therefore, a new system function 

H is given as: 

2 2 1
,100 1 2( ) ( ) ,         tank Hz RMS RMS RMSV T I T U U          (2.8) 
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where T is the average temperature of the four internal temperature signals. 1  and 2  

are two system coefficients that describe the effect of temperature on the vibrations of the 

windings and the core, respectively. 

Figure 2.23 gives the predicted vibration calculated by Eq. (2.8). The error between it and 

the measured vibration reduces by 0.4% to 5.1%. This relatively small error is acceptable 

for practical applications. Actually, Eq. (2.8) is the monitoring model used in the 

TranstethoscopeTM system to diagnose the condition of this 330 kV power transformer. 

Although as yet no fault has occurred in this power transformer and the capacity of this 

monitoring model has not been practically tested for predicting faults, the fact that the 

calculated error was never over 10% in the 13 months of the monitoring period illustrates 

that the model is capable of representing the normal working condition of the transformer. 

 

Figure 2.23: Comparison of the measured vibration and the model solution based on 
the system function H of Eq. (2.8). 

The above monitoring model focuses on the fundamental vibration of the transformer on-

line vibration at 100 Hz. The use of the vibration harmonics of the transformer to build 

more models was also attempted, in order to be able to cross-check the reliability of the 

monitoring results by models of different frequency components. However, the errors of 

these models are too high for practical application. For example, Figure 2.24 shows the 

measured vibration harmonic at 300 Hz and the corresponding predicted vibration-based 

on the model given by Eq. (2.8). The error of this harmonic vibration is up to 23.3%. The 
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error of the models increases with the order of the harmonics. 

 

Figure 2.24: Model solution of the vibration harmonic at 300 Hz. 

This large error is caused by two possible reasons: the first is that the input signals used 

in the model are the RMS values and not the correct frequency components. To predict 

the vibration at 300 Hz, the ideal input signals should be the voltage and current 

components at 150 Hz (regarding to the non-linear effect of the transformer vibration, the 

contributions of 50 Hz voltage and current should be considered as well). Second, even 

when using the correct frequency components, accurate prediction of harmonic vibrations 

is still a challenging task. This is because that the harmonic vibrations of the transformer 

are always linked to hysteresis, which introduces complex non-linear effects on the 

vibration of the core and the windings. The true relationship between the operating signals 

and the harmonic vibrations is much more complex than the relationship described by Eq. 

(2.8). Beltle and Tenbohlen [88] reported a five-day measurement of the on-line vibration 

of a 125 MVA power transformer. Their data also indicated that only the 100 Hz vibration 

component is relation to the loading current, but the other vibration harmonics are very 

complex. Hence, only the monitoring model of the fundamental vibration at 100 Hz is 

used in practical applications. 
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2.4.3 Application of the Monitoring Model to the 110 kV 

Traction Transformer 

The monitoring model based on SIM was also verified on the 110 kV traction transformer. 

As a result of the different loading conditions and the monitoring signals collected, the 

system function used for this traction transformer has some significant differences from 

the function used with the 330 kV power transformer. 

The loading currents of a normal power transformer are balanced in its three-phase 

windings, so that the average current or any phase current can be used as the input in the 

monitoring model. However, in traction transformers the loading distribution in the 

windings varies with time, which means even though the overall amount of the loading 

currents is the same, the measured transformer vibration may be different due to the 

different distribution of the loading currents in the three-phase windings. Therefore, to 

build the monitoring model of the traction transformer, the first task is to identify the 

current distribution in its windings. 

The traction transformer studied was a new type of three-phase-to-two-phase balanced 

power transformer designed for the special requirements of an electrified railway. In a 

difference with standard power transformers, its three-phase LV (output) windings are in 

a triangular arrangement with two prolonged windings at the two active terminals (see 

Figure 2.25). This design increases the power efficiency of the two active windings (Phase 

A and Phase C), and ensures the electrical impedances of the two windings are matched. 

 

Figure 2.25: The arrangement of the LV windings of the 110 kV traction transformer. 
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In the experimental measurements only the terminal currents of Terminal A and Terminal 

B were recorded. According to the arrangement of the windings shown in Figure 2.25, 

the loading currents in the windings can be calculated as [49]: 

2 3 1 ,
3 3 3 3 


 

 
aI I I              (2.9) 

1 1 ,
3 3 3 3  
 

bI I I              (2.10) 

2 3 1 ,
3 3 3 3 


 

 
cI I I              (2.11) 

where I  and I  are the measured terminal currents of Terminal A and Terminal B, 

and aI  to cI  represent the phase currents of each LV winding. 

The calculated phase currents are given in Figure 2.26. In the light loading phase, the 

loading current in the winding of Phase B is always very small. The terminal current of 

Terminal A is dominated by the loading current in the winding of Phase A, while the 

terminal current of Terminal B is mainly affected by the loading current in the winding of 

Phase C. 



 

55 
 

 
Figure 2.26: The phase currents of the 110 kV traction transformer. 

In the monitoring model, the winding vibration of each phase must be modeled with 

respect to the phase current in it. The winding vibration contributed by the two prolonged 

windings must also be considered in the model. As the position of tap-changer and the 

internal temperature are not available for this traction transformer, their effects were not 

included in the model. 

2 2 2 2 2 2
,100 1 ,50 2 ,50 3 ,50 4 ,50 5 ,50 50 .           tank Hz a Hz b Hz c Hz Hz Hz HzV I I I I I U    (2.12) 

Eq. (2.12) is the system function H used for the traction transformer. The first five terms 

in the equation describe the vibration contribution of the three-phase windings and the 

two prolonged windings, and the last term simulates the vibration of the core. The average 

vibration on the tank is not suitable as an output of the monitoring model since different 

distributions of the tank vibration due to the unbalanced loading currents may give the 

same amount of average vibration. Rather than using the average vibration, the local 
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vibration measured by certain accelerometers is used as the output vibration in the 

monitoring model. 

Figure 2.27 compares the fundamental vibration at 100 Hz measured at Acc. 7 and the 

corresponding predicted vibration. An obvious amplitude difference is observed and the 

error between them is 32.5%, which is too large for practical applications. The vibration 

measured at other locations on the transformer tank, and even the average vibration, have 

been tested as the output of the model, but the error is approximately the same, while the 

error of the models of the harmonic vibrations is even larger. 

 

Figure 2.27: Comparison of the measured vibration and the model solution based on 
the system function H of Eq. (2.12). 

This large error indicates that the application of a monitoring model based on SIM is not 

successful for the traction transformer. The vibration excitation mechanism of traction 

transformers is much more complex than a simple squared relationship between the input 

operating signals and the output vibration. Two phenomena due to the large impact of 

loading are responsible to the introduction of complex non-linear features into the 

vibration of traction transformers. One is hysteresis, and the other is the surge current 

induced by the transient loading impact. The surge current generates large non-linear 

transformer vibrations [50], and its amplitude is related to the initial phase of the surge 

current [51], which is very difficult to distinguish in experimental measurements. As a 
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result, the same magnitude of surge currents with different initial phases can generate 

distinct transient vibrations. Without the information of the initial phase of the surge 

current, accurate prediction of the transient vibration of traction transformers is 

impossible. Both of these phenomena increase the difficulty of condition monitoring of 

traction transformers using the SIM. 

 

2.5 Conclusion and Discussion 

The TranstethoscopeTM system provides a tool for collecting the monitoring data from in-

service power transformers and a software platform for programming and testing 

monitoring algorithms. A good algorithm is able to extract certain indicators from the 

monitoring data to enable the evaluation of the condition of the power transformer. By 

analyzing the characteristics of the on-line vibration of two in-service power transformers, 

it was found that the on-line vibration of the transformers is primarily determined by the 

input voltage and the loading current. On the basis of this finding, a monitoring algorithm 

based on SIM was developed. This algorithm models the transformer as an input-and-

output system, and uses the system function H to predict the on-line vibration of the 

transformer. The error between the predicted vibration and the measured vibration is the 

indicator for evaluating the condition of the transformer. The primary advantage of the 

model is that by treating the transformer as a black box, it is possible to avoid the difficult 

analysis of the complex mechanical and electrical properties of the transformer. Its 

function was partly verified on the 330 kV power transformer, but the application of the 

model on the 110 kV traction transformer was not successful. 

As a preliminary model, there are some limitations in this monitoring model. First, the 

accuracy of this monitoring model is directly affected by the input operating signals, 

especially the loading current. The failed attempt to use this model on the traction 

transformer indicates that it is more suitable for those power transformers with relatively 

stable loading. Frequent impacts by heavy loading will significantly decrease the 
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accuracy of the model. Second, to ensure the accuracy of the model, every possible input 

factor of the transformer should be considered. Although the operating signals, the input 

voltage, and the loading current were proposed as the key inputs, other factors can affect 

the on-line vibration of the transformers as well. For example, in the monitoring model 

for the 330 kV power transformer, the position of the tap-changer and the internal 

temperature in the tank were also used as inputs. If any critical input is not included in 

the model, the error will be generated. One such input is the geomagnetic field, which has 

not been considered in this transformer monitoring model. A sharp change in the 

geomagnetic field can add a DC offset into the magnetic field of the transformer, which 

then affects the electrical excitations of the transformer vibration [52]. Fortunately, 

changes in the geomagnetic field are gentle and geomagnetic storms are rare. However, 

it is still a challenging task to identify all the potential input factors of power transformers. 

In addition, the collection of these input factors from the monitored transformer is limited 

by the objective conditions. For instance, although the effect of the tap-changer on the 

on-line vibration of transformers is obvious, it has not been involved in the monitoring 

model for the 110 kV traction transformer since the corresponding sensor was not 

installed. Third, the model is not universally applicable. Different types of power 

transformers may need different forms of the system function H. Even for the same type 

of transformers, their system coefficients are determined by their individual properties, 

such as the loading conditions, their mechanical structure, and the available monitoring 

signals, among others. Thus, the system coefficients of each transformer must be unique 

and monitoring data of one transformer cannot be used for training the system coefficients 

of any other transformer. Finally, the monitoring result of this model does not have a clear 

physical meaning. When the error between the predicted vibration and the measured 

vibration has an obvious increase, there is a high possibility that a fault has occurred in 

the transformer. However, the increase in the error cannot give much information about 

the fault, such as the type of the fault or its location within the transformer. 

These problems all limit the practical utility of this monitoring model for condition 

monitoring of power transformers. Therefore, developing more efficient monitoring 
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methods is a critical task, and the remaining sections of this thesis will focus on this issue. 

To overcome the limitations of the current monitoring method based on the on-line 

vibration of transformers, new monitoring methods should have one or several of the 

following features: 

1. The method should be independent of the operating signals of the power transformer; 

2. The model should be less affected by external conditions, such as a change in the 

geomagnetic field; 

3. The model should be universally applicable to different power transformers; 

4. The model should offer a relatively clear physical meaning about potential faults so 

that they can be detected and identified by their unique vibration features. 
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Chapter 3 The Frequency Response Function of 
Power Transformers 

The frequency response function (FRF) describes the fundamental mechanical properties 

of structural dynamics. It is the vibration (e.g. acceleration) response of a structure with 

respect to the excitation as a function of frequency, and it is determined by the mechanical 

properties of the structure, the excitation frequency, and the locations of the excitation 

and the measurement. In the linear dynamic range of structural vibration, FRF is 

independent of the amplitude of the excitation force. As a result, investigation of the 

structural FRF of power transformers can provide some valuable information for 

establishing and improving the vibration-based condition monitoring method for power 

transformers. 

The overall FRF of a power transformer is dependent on the mechanical properties of 

transformer components, such as its core, windings, and tank, and the coupling conditions 

between these components. It describes the vibration response of the transformer in a 

wide frequency range, which of course contains the electrical excitation frequencies. 

Therefore, the study of the FRF of power transformers is helpful for understanding the 

excitation and transmission mechanisms of transformer on-line vibration. 

The structural FRF of a power transformer is not only independent of the electrical 

excitation forces generated by the input voltage and loading current, but also hardly 

affected by environmental interference, such as geomagnetic impacts. In addition, 

although power transformers have their own FRFs, as their main components are the same 

their vibration responses over a wide frequency range must show certain similarities. 

Hence, the phenomena observed from the FRF of one transformer will universally exist 

in the FRFs of other transformers. For example, most large power transformers use disk-

type windings and the same winding insulation materials, so that the winding mechanical 

models of different power transformers are very similar, which results in similar vibration 

responses. Moreover, as different types of mechanical damage to power transformers may 
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affect the response at different frequencies, analysis of the FRF of power transformers 

may hold promise for offering the details of transformer faults. Therefore, by monitoring 

the frequency response curve of power transformers, or certain parameters of the curve, 

such as the resonance frequencies, it may be possible to diagnose different types of faults 

that are correlated to changes in the FRF. 

This chapter presents the experimental work on a 110 kV power transformer. The FRFs 

of the main components of this transformer, including the windings, core, and tank, were 

tested to understand the general vibration characteristics of the transformer. Then, by 

analyzing the relationship between the FRFs of these components, the vibration 

transmission mechanism of the transformer was examined. Studying the vibration 

transmission from the internal structures of the transformer to the transformer tank will 

enhance the understanding of transformer on-line vibration, especially for the high-order 

vibration harmonics of the transformer tank. Finally, some common transformer faults 

were introduced into the transformer windings, and the effect of these faults on the FRFs 

was investigated. It is proposed that the vibration features extracted from the FRFs due 

to these faults could be used as indictors of transformer health problems. 

 

3.1 Description of Experiments 

The transformer tested in this study is a three-phase 110 kV power transformer 

manufactured by JSHP Transformers Ltd. (see Figure 3.1). The voltage ratio of the 

transformer is 110 kV to 10.5 kV. The current ratio is 262.4 A to 1587.3 A. The 

dimensions of the transformer are listed in Table 3.1. During the experiment, the 

accessories, including the oil tank, oil pump, heating panels, and regulating winding 

circuit, were removed. 
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Figure 3.1: The tested 110 kV power transformer before assembly (all the tests were 

implemented after assembly). 

Table 3.1: Dimensions of the tested power transformer. 

Tank length Tank height Tank width Tank thickness 

4,990 mm 2,880 mm 1,670 mm 8 mm 

Core length Core height Core diameter Core window 

height 

3,270 mm 2,730 mm 620 mm 1,530 mm 

Primary winding 

diameter 

Primary winding 

height 

Secondary winding 

diameter 

Secondary winding 

height 

1,119 mm 1,330 mm 822 mm 1,340 mm 
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To measure the FRF of the transformer components, an excitation force distributed in a 

wide frequency range is required so that the electromagnetic force penetrated by the 50 

Hz electrical input is inapplicable. Usually, there are two ways to provide the excitation 

force to the power transformer to measure its FRF. One is to generate an electrical impulse 

force induced by a transient current impact. The other way is to excite the transformer 

using an impact hammer. Both of these methods create an impact force to the transformer, 

which is similar to white noise excitation in the frequency domain. In the experiment on 

this 110 kV power transformer, an impact hammer was used. The transformer was excited 

with an impact hammer and the vibration of the transformer was picked up by 

accelerometers (see Figure 3.2). In order to apply enough impact force to the heavy 

transformer, a large impact hammer designed by UWA (the University of Western 

Australia) team was used. The rated force of this impact hammer is up to 5,000 N. Figure 

3.3 shows the frequency response curve of the hammer which describes the output voltage 

of the hammer with respect to the unit force. Its response is satisfactory for measurements 

in the frequency range from 20 Hz to 1,000 Hz. Considering the frequency range of 

interest for condition monitoring of power transformers is mainly in the low frequency 

range (<1,000 Hz), this impact hammer is suitable for this experiment. 

  

Figure 3.2: Impulse hammer test. 
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Figure 3.3: The frequency response curve of the impact hammer. 

The components of the transformer are closely coupled, so that the vibration of every 

component can be measured by a single excitation force at the suitable location on the 

transformer. However, in order to obtain a clear result with good signal-to-noise ratio, 

four excitation locations were used for different transformer components (see Figure 3.4): 

Hammer excitation location L1: At the top clamping plate of each phase of the windings 

in the axial (vertical) direction; 

Hammer excitation location L2: In the middle of the top limb of the core in the axial 

direction; 

Hammer excitation location L3: At the top clamping plate of each phase of the windings 

in the radial direction; 

Hammer excitation location L4: In the middle of the top limb of the core in the transverse 

direction. 
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    L1       L2      L3      L4 

Figure 3.4: The four excitation locations on the transformer. 

During the experiment, the researcher stood on the transformer to swing the hammer. This 

added an extra mass loading to the transformer, but compared with the weight of the 

transformer, which is over 100 t, the effect of the weight of the author (70 kg) should be 

negligible. 

Six TranstethoscopeTM units and 48 accelerometers were used to simultaneously collect 

the vibration signals of the different transformer components in the experiment. Figures 

3.5–3.7 show the arrangement of the accelerometers on the transformer components. 

Twenty-four accelerometers were located on the external surface of the HV winding in 

both the axial and radial directions. The HV winding has 86 layers of winding disks, and 

the accelerometers were evenly distributed at five locations on the winding; S1–S5 were 

located at the 13th, 28th, 43rd, 58th, and 73rd layers of the winding, respectively. Six 

accelerometers were used on the top limb of the core. Accelerometers at locations C1, C3, 

and C5 measured the axial vibration of the core near the three vertical core limbs, while 

accelerometers at C2, C4, and C6 measured the corresponding vibrations in the transverse 

direction. Since the transformer tank was on the ground, accelerometers could not be 

placed on the underside of the tank, and only the transverse vibration of the tank on the 

front and back walls was measured. On each side wall, 15 accelerometers were divided 

into three columns, and evenly distributed on the wall between the stiffening ribs at 

locations T1–T15. Notice that not all the measurement points were active in every test. 

There are 108 measurement points on the transformer (windings, 24×3; core, 6; tank, 15

×2), but only 48 accelerometers. The accelerometers were moved for different tests, 

depending on the measurements needed. 
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Figure3.5: Arrangement of the accelerometers on the windings. 

 

Figure 3.6: Arrangement of the accelerometers on the top limb of the core. 
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Figure 3.7: Arrangement of accelerometers on the transformer tank. All the 
accelerometers are in the transverse direction. 

After the impact test, the transformer was excited electrically. The input voltage was 10 

kV at the HV end and the transformer was operated under the rated loading current. The 

arrangement of the accelerometers was the same as that for the impact test. 

 

3.2 Frequency Response Functions of Transformer 

Components 

This section presents a brief introduction to the FRFs of the transformer components. The 

FRFs of the windings, core, and tank at several specific measurement locations are used 

to show the general vibration characteristics of the transformer. All the results present in 

this section were obtained from the dry transformer. 

Figure 3.8 compares the FRFs of the windings of Phase B (the middle phase) measured 

at location S1 in the axial direction when the hammer force was applied to the core 

(excitation location L1) and to the winding clamping plate (excitation location L2). The 
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measured resonance frequencies and the general trend of the response curves are very 

close, especially in the low frequency range. Moreover, the amplitude of the FRF is larger 

when the force was applied at the winding clamping plate, which means that local 

excitation can provide better results with a high signal-to-noise ratio. Therefore, unless 

otherwise stated, in this chapter the axial and radial vibrations of the windings were 

measured when the transformer was excited at locations L1 (the winding clamping plate 

in the axial direction) and L3 (the winding clamping plate in the radial direction), 

respectively. The axial and transverse vibrations of the core were measured when the 

transformer was excited at locations L2 (the core in the axial direction) and L4 (the core 

in the transverse direction), respectively. 

 

Figure 3.8: The FRFs of the winding excited by the hammer at two different locations. 

Figures 3.9 and 3.10 respectively display the FRFs measured at the different locations on 

the HV winding of Phase B in two directions. In the axial direction, by comparing the 

vibration response curve from the top of the winding to that of the bottom of the winding, 

it is found that the first several resonance frequencies are the same, such as the first two 

resonance peaks at 65 Hz and 83 Hz. In the radial direction, no clear resonance peak exists 

below 200 Hz. Some peaks in the relatively high frequency range are also seated at similar 

frequencies on the different parts of the winding, such as the peaks at 245 Hz, 390 Hz, 
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and 484 Hz. The same phenomenon is observed from the other two phases of the winding. 

This observation indicates that the winding vibrates as a whole structure at these 

resonance frequencies. 

 

Figure 3.9: The FRFs of the winding of Phase B in the axial direction (the three curves 
from top to bottom are the responses measured at location S1, S3, and S5, respectively. 

For clarity, each curve is offset from the one beneath it by 40 dB). 
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Figure 3.10: The FRFs of the winding of Phase B in the radial direction (the three 
curves from top to bottom are the responses measured at location S1, S3, and S5, 
respectively. For clarity, each curve is offset from the one beneath it by 40 dB). 

Although the three-phase windings should have the similar structures, their FRFs also 

have some obvious differences, especially for the winding of Phase B. For instance, 

Figure 3.11 compares the axial vibration response of the windings of Phase B and Phase 

C measured at the same location, S2, on each. It is clear that more resonance peaks exist 

in the response of Phase C in the low frequency range, such as the first peak at 51.5 Hz. 

In addition, one resonance peak of Phase B at 144.5 Hz actually corresponds to an anti-

node of Phase C. This may be caused by their different coupling conditions with the core. 

The winding of Phase B, which is wrapped around the middle limb of the core, has a 

larger contact area with the core than that of the other two phases. 
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Figure 3.11: The FRFs of the windings of Phase B (top curve) and Phase C (bottom 
curve) in the axial direction (For clarity, a 40dB offset is applied to the bottom curve). 

The transformer core consists of hundreds of steel laminations stacked in the transverse 

direction (perpendicular to the core laminations). It can be treated as an anisotropic 

structure. The stiffness of the core in the axial direction is much greater than the stiffness 

in the transverse direction [81]. Figure 3.12 shows the FRFs of the core in the axial and 

transverse directions measured at C3 and C4. In the axial direction, only a few resonance 

peaks are observed in the measured frequency range, due to the relatively high stiffness 

of the core in this direction. However, the stiffness of the core in the transverse direction 

is much lower because the gaps between the laminations and the relative motion of the 

laminations attenuate the mechanical strength of the core in this direction. As a result, the 

resonance frequencies of the core in the transverse direction are relatively low, so that 

more clear peaks can be observed in the measured frequency range. 
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Figure 3.12: The FRFs of the core measured at C4 (a) in the axial direction measured 
at C3, and (b) in the transverse direction. 

Figure 3.13 shows the FRFs of the transformer tank measured center (T8) of the front 

wall and back walls. The agreement of the two results indicates that the tank has good 

symmetry. Each wall of the transformer tank vibrates like a plate structure with some 

restrictions at its edges. Compared with the windings and core, the structural stiffness of 

the tank wall in the transverse direction is quite low so that its mode density is very high. 

There are approximately 50 resonance peaks within the frequency range from 0–800 Hz. 

 

Figure 3.13: The FRFs of the transformer tank. 
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This analysis of the FRFs of the transformer components offers some understanding of 

the vibration properties of the transformer. In order to obtain more detailed information 

for developing a vibration-based condition monitoring method, further experiments were 

conducted. Simultaneous measurement of the FRFs of the transformer’s internal 

structures and transformer tank provides an excellent opportunity to investigate the 

vibration transmission of power transformers. The principle of the vibration method for 

detecting transformer internal faults requires analysis of the vibration signatures of the 

windings and core. However, for practical applications, only the tank vibration can be 

collected for monitoring purposes. As a result, the mechanism of the vibration 

transmission from the internal structures to the transformer tank is a critical topic. 

Furthermore, successful detection of the different types of transformer faults requires a 

clear understanding the vibration features of the faulted transformer. By introducing some 

common faults into the transformer artificially and examining the corresponding changes 

in the FRFs of the transformer caused by the faults, the vibration features of each fault 

can be extracted from the experimental data and used as indicator of the faults. 

 

3.3 Vibration Transmission in Power Transformers 

In an oil-filled power transformer, the vibration in the windings and core can transmit to 

the tank via two paths (see Figure 3.14). One path is through the mechanical joints 

between the core and the tank at the base of the tank by structure-structure coupling. The 

other path is via the cooling oil by fluid-structure coupling. Due to the complex 

mechanical structure of the transformer and the complicated mechanism of fluid-structure 

interaction, the vibration transmission of oil-filled power transformers has not been 

investigated in detail before. The simultaneously measured vibrations of the internal 

structures and the tank vibration on the 110 kV power transformer allows observations of 

the vibration transmission of transformers. 
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Figure 3.14: Vibration transmission in an oil-filled power transformer. 

Assuming that transformer vibration is excited by a given force, F, applied at certain 

location, L0, on the internal structures, the FRF of the internal structures at the same 

location is measured as Hin, and the FRF at location L1 on the transformer tank is Htank. 

Then the vibration transmission function (VTF) HT from the internal location L0 to the 

tank surface L1 is defined as: 

,  tank tank tank
T

in in in

V FH HH
V FH H

             (3.1) 

where Vin and Vtank are the internal vibration at L0 and the tank vibration at L1, 

respectively. Physically, the VTF describes vibration transmission efficiency between 

these two locations. For example, assuming the vibration at L0 is 1 and the vibration at 

L1 is 0.5, it is defined that the vibration transmission efficiency from L0 to L1 is 50%. 

 

3.3.1 Vibration Transmission in a Dry Transformer 

In order to identify the respective effects of the two transmission paths in the transformer, 

the dry transformer (without cooling oil) was tested first. For this case, only the 
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transmission path via the mechanical joints at the bottom of the tank exists in the dry 

transformer. 

The FRF of the transformer tank Htank was measured when the transformer was excited at 

hammer location L2 (the middle of the core). The FRF of the core vibration measured at 

C3 with respect to the same excitation force is used as the internal FRF Hin. Htank and Hin 

are used to calculate HT. Figure 3.15 displays the FRF of the core at C3, the FRF of the 

tank at T6, and the VTF between these two locations. Obviously, the vibration response 

of the tank is much smaller than the response of the core due to transmission loss. From 

the transmission function curve, it is clear that the transmission efficiency varies with the 

frequency. For example, the efficiency around 100 Hz is about -33 dB, which means that 

the tank vibration at 100 Hz is about 50 times less than the internal core vibration. 

However, the efficiency at 300 Hz is -7.0 dB, so that about 44.7% of the internal vibration 

can transmit to the tank at this frequency. 

 

Figure 3.15: (a) The FRF of the core at C3, (b) the FRF of the tank at T6, and (c) VTF 
between C3 and T6 of the dry transformer. 
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Given that the internal vibration only transmits via the bottom mechanical joints between 

the core and tank in the dry transformer, it is proposed that the vibration transmission 

efficiency at the bottom part of the tank may be higher than at the top part of the tank. 

Figure 3.15 compares the VTFs at T6 (the top of the tank) and T10 (the bottom of the 

tank). These two points are longitudinally symmetrical on the tank wall. The peak 

frequencies of the VTFs at these two locations are almost the same, but the average 

transmission efficiency at T10 is indeed higher. The average efficiency at T6 within 1,000 

Hz is 12.2%, but it is 16.6% at T10. In fact, at the some peak frequencies, such as 100 Hz, 

300 Hz and 750 Hz, the efficiency at the tank bottom could be several times larger than 

that at the top. 

 

Figure 3.16: Comparison of (a) the VTF at the top of the tank, and (b) the VTF at the 
bottom of the tank. 

The measured VTFs indicate that the transmission efficiency from the internal structures 

to the surface of the transformer tank is both frequency- and space-varying. The 

fluctuation of the efficiency at different frequency components or locations can be 

decoupled. This observation suggests that the uneven distribution of the vibration 
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transmission efficiency may significantly affect the amplitude of the on-line vibration 

measured on the transformer tank. 

Similar vibration transmission properties are also observed in the electrically excited 

transformer. Figure 3.17 shows the measured on-line vibrations of the core and the tank. 

In general, the tank vibrations are much smaller than the vibration of the internal core, 

and the vibration at the bottom of the tank is also larger than that at the top of the tank. 

These observations agree with the findings of the impact test. Figure 3.17(a) shows the 

on-line vibration measured at C3, which is dominated by the fundamental vibration 

component at 100 Hz. The vibration amplitude at 200 Hz is only 24.3% of the 

fundamental vibration, and the rest of harmonics are negligible. This is because the input 

voltage in the electrical test was only 9.1% of the rated voltage. As a result, the hysteresis 

and magnetostriction phenomena, which are the main causes of excitation of vibration 

harmonics, are small in the transformer. On the other hand, the vibration response of the 

core at 100 Hz is 3.3 times larger than that at 200 Hz [see Figure 3.15(a)], which means 

even if the excitation forces are the same at these two frequency components, the excited 

vibration at 100 Hz should be 3.3 times larger than that at 200 Hz. 
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Figure 3.17: Electrically excited vibrations of the dry transformer. 

When the internal vibration is transmitted to the tank surface, it is found that the vibrations 

measured at the different locations on the tank are always dominated by the harmonic 

vibration at 200 Hz [see Figure 3.17(b) and Figure 3.17(c)]. This phenomenon can be 

explained by the VTFs in Figure 3.16, since the vibration transmission efficiency at 200 

Hz is larger than the efficiency at 100 Hz. Therefore, although the internal vibration 

concentrates at 100 Hz, the large transmission loss at 100 Hz makes the vibration 

component at 200 Hz mask the tank vibration. Furthermore, comparing the on-line 

vibrations at different locations on the tank, it is found that the vibration components at 

100 Hz and 300 Hz measured at T10 are larger than these components measured at T6, 

which may be also caused by the different transmission efficiencies at these two 

frequencies (see Figure 3.16). Table 3.2 compares the vibration transmission efficiencies 

measured in the impact test and the electrical test at 100 Hz and 200 Hz. The two tests 

give comparable results, indicating a good correlation between the VTF and on-line 

vibration of transformer tank. The differences are primarily caused by the different forms 

of excitation forces in the two tests. The impact hammer force is a single-point force, but 
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the electromagnetic force is a distributed force. As a result, the tank vibration in the 

electrical test is contributed by multiple internal vibration sources, which leads to the 

calculated transmission efficiency of the electrical test being higher than it in the impact 

test. 

Table 3.2: Vibration transmission efficiency of the dry transformer. 

Vibration transmission efficiency Impact test Electrical test 

Tank top (T6) 100 Hz 2.2% 2.7% 

200 Hz 12.9% 36.0% 

Tank bottom (T10) 100 Hz 7.1% 9.2% 

200 Hz 25.9% 41.6% 

Based on the experimental results obtained from the dry transformer, the main findings 

can be summarized as: 

1. The vibration response of internal structures is one of the factors that determine the 

characteristics of the internal on-line vibration of the transformer. 

2. Internal vibrations of the dry transformer are primarily transmitted via the mechanical 

joints between the core and tank at the base of the tank. Thus, the vibration 

transmission efficiency at the bottom part of the tank is higher than that at the top 

part of the tank. 

3. The on-line vibration measured on the transformer tank is significantly affected by 

the VTF. This finding provides important information for an understanding of the 

harmonics of tank on-line vibration. Traditionally, it has been thought that the large 

content of harmonics in the tank vibration comes from the non-linear vibration of the 

internal structures due to the deep hysteresis and magnetostriction when the 
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transformer operates under heavy loading [50], [82]. However, in practice, large 

vibration harmonics exist widely in the measured tank vibrations, even for some 

transformers working under low loading conditions [such as the tank vibration of the 

110 kV transformer shown in Figure 3.17(b) and Figure 3.17(c), and the tank 

vibration of the 330 kV power transformer shown in the top graph of Figure 2.11]. 

This makes an explanation and analysis of transformer vibration a very challenging 

task. The investigation of the vibration transmission on this 110 kV power 

transformer provides strong evidence to reveal the effect of the VTF on the 

characteristics of tank vibration. The large harmonics of the tank vibration may not 

come from the internal vibrations, but be due to the relatively high transmission 

efficiency of these frequency components. 

 

3.3.2 Vibration Transmission in an Oil-filled Transformer 

Transformer cooling oil introduces another vibration transmission path for the internal 

vibrations to the transformer tank. Based on the mechanical sense, the effects of the 

transformer cooling oil on the vibration transmission should present as two aspects. On 

one hand, the fluid-structure coupling induced by the oil will enhance the transmission 

efficiency. On the other hand, the oil also adds mass loading and damping effects to the 

transformer components, which may attenuate the transmission efficiency. These two 

effects work on vibration transmission in opposing ways, and the overall effect may be 

quite complex. Nevertheless, the experiment on the oil-filled transformer will shed some 

light on this issue. 

After the transformer tank was filled with cooling oil, the same impact and electrical tests 

were conducted. Figure 3.18(a) shows the vibration response of the core at C3 in the oil-

filled transformer. Comparing it with Figure 3.15(a), the response curve of the core is 

smoother and the bandwidth becomes wider due to the mass loading and damping effects 
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of the cooling oil. With respect to the VTFs, the transmission efficiency of the oil-filled 

transformer decreases with the frequency due to the added damping and mass loading 

effects of the oil. In other words, the cooling oil works like a low-pass filter that attenuates 

vibration transmission in the high frequency range. Meanwhile, the average transmission 

efficiency in the low frequency range (<400 Hz) is enhanced. For instance, at the top of 

the tank (T6), the average vibration transmission efficiency below 400 Hz is 23.0%, 

which is a remarkable increase over that of the dry transformer (13.5%). This means that 

internal vibrations in the lower frequency range are transmitted to the tank more 

efficiently via the oil by fluid-structure interactions. The transmission efficiency at the 

top of the tank is higher than that at the bottom of the tank in the oil-filled transformer. 

This may be because the fluid-structure coupling introduced by the oil allows the internal 

vibrations to transmit to every location on the tank, rather than just from the bottom of 

the tank as in the dry transformer. This effect compensates the vibration at the top of the 

tank. Another reason is the heavier mass loading of oil in the bottom part of the tank, 

which also limits local vibration. 
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Figure 3.18: (a) The FRF of the core at C3, (b) VTF between C3 and T6, and (c) VTF 
between C3 and T10 of the oil-filled transformer. 

Figure 3.19 shows the corresponding on-line vibration of the oil-filled transformer in the 

electrical test. A clear difference between the internal vibration of the dry and oil-filled 

transformer is that the vibration harmonics of the core in the oil-filled transformer were 

obviously increased, particularly at 200 Hz and 300 Hz [see Figure 3.19(a) and Figure 

3.17(a)]. To explain this observation, Table 3.3 compares the amplification of the 

vibration responses and the accelerations at these two frequency components in the 

impact test and electrical test. The coherent increase in the two tests indicates that the 

vibration response of the core is one of main factors determining its on-line vibration. 

The increased vibration response at 200 Hz and 300 Hz enhances the on-line vibration at 

these frequency components. On the other hand, the difference in amplification in the two 

tests suggests that there are other factors that can affect on-line vibration. One hypothesis 
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is that the cooling oil may affect the distribution of the leakage magnetic field in the 

transformer tank, which changes the excitation force of the internal structures. To fully 

understand this phenomenon, more experimental and theoretical investigations are 

required. 

 

Figure 3.19: On-line vibrations of the oil-filled transformer. 
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Table 3.3: Comparison of the vibration components of the core in the dry and oil-filled 
transformer. 

 200 Hz 300 Hz 

Impact test 

Dry 11.6 dB 8.7 dB 

Oil-filled 17.8 dB 12.4 dB 

Ratio 204% 153% 

 

Electrical test 

Dry 0.045 g 0.0065g 

Oil-filled 0.095 g 0.054 g 

Ratio 211% 831% 

The measured on-line vibrations from the tank of the oil-filled transformer also present 

different features to those of the dry transformer. Table 3.4 compares the vibration 

transmission efficiencies of the oil-filled transformer in the two tests. As a result of the 

significant increase of the efficiency at 100 Hz, more vibration energy at the fundamental 

frequency is able to transmit from the internal structures to the tank surface in the oil-

filled transformer, so that the tank vibrations shown in Figure 3.19(b) and Figure 3.19(c) 

are both dominated by the fundamental vibration. The on-line vibration at the top of the 

tank becomes greater than the on-line vibration at the bottom of the tank, which also 

agrees with the finding in the impact test. 
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Table 3.4: Vibration transmission efficiency of the oil-filled transformer. 

Vibration transmission efficiency Impact test Electrical test 

Tank top (T6) 100 Hz 17.8% 19.7% 

200 Hz 25.1% 33.0% 

Tank bottom (T10) 100 Hz 15.8% 18.2% 

200 Hz 19.9% 29.6% 

By testing the vibration behaviors of the oil-filled transformer, the main effects of the 

cooling oil on the vibration transmission of the transformer were identified. The 

experimental results gained from the oil-filled transformer provide evidence to confirm 

certain findings observed in the dry transformer. The main conclusions include: 

1. The FRF of the core becomes smoother, with fewer and broader peaks due to oil 

loading. The change in the vibration response was confirmed as one of the main 

factors affecting the characteristics of the on-line vibration of the core. 

2. The vibration transmission in the low frequency range is enhanced due to the new 

transmission path provided by the cooling oil. However, the efficiency in the high 

frequency range is attenuated due to the oil loading. Moreover, because of the fluid-

structure interaction introduced by the oil, the vibration transmission efficiency at the 

top part of the tank increases. These changes of the vibration transmission efficiency 

directly affect the on-line vibration measured on the transformer tank. 
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3.4 Vibration Features of the Transformer with 

Different Faults 

An understanding of the vibration features of the different transformer faults is a 

necessary prerequisite for detecting transformer faults. Several common transformer 

faults were artificially introduced into the windings of the 110 kV power transformer and 

their effects on the vibration characteristics of the transformer were tested in order to 

explore whether the detection of these faults would be feasible on the basis of the 

vibration characteristics they introduce. 

 

3.4.1 Looseness of the Winding Clamping Force 

The first fault tested on the 110 kV power transformer was looseness of the winding 

clamping force. As one of the most common transformer problems, its effect on 

transformer vibration has been investigated by a number of scholars. It is believed that 

changes in the winding vibration due to this fault are mainly caused by the non-linear 

mechanical properties (stiffness) of the winding interlayer insulation pressboards [30], 

[32]. The insulation pressboards consist of millions of cellulose fibers, and when these 

are oil-impregnated they have complex stiffness characteristics. When a compression load 

is applied to oil-impregnated pressboards, the oil residing in the small pores of the 

cellulose fibers will flow out, and this flow will meet a certain resistance from the material. 

As a result, the stiffness of the pressboard is a function of the compression load [45]. The 

compression load primarily results from two factors; one is the dynamic electromagnetic 

force induced by the loading current in the winding, and the other is the static loading, 

i.e., the winding clamping force. Normally, the latter is much larger than the former when 

transformers operate under their rated current. When the clamping force decreases, the 

stiffness of the insulation pressboards reduces. Based on the mechanical sense, it is 

predicted that this fault should lead to a decrease in the resonance frequencies of the 
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winding vibration. Some simplified analytical models and FEM model of windings with 

this fault make the same prediction [53]–[55]. However, very few publications report 

experimental evidence from actual power transformers to support this prediction. Thus, a 

simulation on the 110 kV power transformer will provide useful experimental data for 

this fault. 

In this experiment, the clamping forces of the three-phase windings were gradually 

decreased from their standard value to 30% of the standard value by incremental 10% 

reductions. No other fault was introduced into the windings, so that the condition of the 

windings was good. The effects of this fault on the FRFs of the windings, core and their 

on-line vibrations were examined. 

The experimental results from the winding of Phase B are presented as an example to 

illustrate the effect of this fault on the vibration characteristics of the transformer. Figure 

3.20 plots the FRFs of the winding, measured at location S2 in the axial direction. The 

two curves are the response curves of the winding with 0% clamping force looseness (the 

standard value) and 60% looseness (40% of the standard value). As predicted, the overall 

trend of the two curves is very similar, while all the resonance frequencies move to the 

low frequency end when the clamping force decreases. The winding clamping force was 

decreased gradually so that the trend of this frequency movement could be tracked. Figure 

2.21 shows the spectrogram of the FRF measured at S3 in the axial direction when the 

looseness increases from 10% to 70%. The bright belts represent the frequencies of the 

resonance peaks, and a clear frequency shift can be observed at every peak. This shift is 

more obvious when the looseness is greater than 30%. This indicates that a slight decrease 

of the winding clamping looseness does not significantly affect the vibration response of 

the winding, but when the looseness accumulates to a relatively high level, it leads to an 

obvious degradation in the mechanical strength of the winding. 
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Figure 3.20: The FRF of the winding in the axial direction with different clamping 
forces. 

 

Figure 3.21: The spectrogram of the FRF (dB) of the winding in the axial direction with 
different clamping forces. The bending of the spectrum represents the shift of the 

resonance frequencies. 
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Figure 3.22 shows a waterfall plot of the corresponding on-line vibration of the winding 

measured at S3 in the axial direction. The on-line vibration, which is dominated by its 

fundamental vibration at 100 Hz, gradually rises with increasing clamping looseness. 

 

Figure 3.22: On-line vibration of the winding in the axial direction with different 
clamping forces. 

From Figure 3.22, it is evident that the spectrum at 100 Hz becomes brighter when the 

looseness increases, which represents the vibration response of the winding as this 

frequency component rises. In other words, the unit force can excite larger winding 

vibration at this frequency, which should amplify the on-line vibration at 100 Hz. 

Figure 3.23 compares the normalized changes of the vibration response and on-line 

vibration of the winding at 100 Hz. Although some other potential factors may affect the 

on-line vibration of the winding when the clamping force decreases; for example, wider 

gaps between the winding disks may change the distribution of the leakage magnetic field 

within the winding and affect the electromagnetic force, the good agreement in the curves 

shown in Figure 3.23 indicates that change in the vibration response must be one of the 

key factors that determine the on-line vibration of the windings. 
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Figure 3.23: The normalized amplitude of the vibration response and the on-line 
vibration of the winding of Phase B at 100 Hz with different clamping forces. 

The above experimental results indicate that looseness of the winding clamping force 

leads to a reduction of the mechanical strength of the winding in the axial direction. Figure 

3.24 shows the vibration responses of the windings in the radial direction with different 

clamping forces. The frequency shift of the resonance peaks also exists in this direction, 

but the amount of the shift is much smaller than that seen in the axial direction, which 

indicates that the effect of the winding clamping force on the winding vibration response 

in the radial direction is relatively small. 
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Figure 3.24: The spectrogram of the FRF (dB) of the windings in the radial direction 
with different clamping forces. The bending of the spectrum represents the shift of the 

resonance frequencies. 

The above discussion is based on the experimental results of the winding of Phase B. 

However, the experimental observations on the other two phases are the same. 

Although the clamping force is applied to the windings, the change of the vibration 

characteristics of the windings should more or less affect the vibration behavior of the 

core due to the close coupling between them. The experimental results show that the 

vibration response of the core has similar features to that of the winding in the axial 

direction, but it is hardly affected by looseness of the winding clamping force in the radial 

direction. Figure 3.25 shows the spectrogram of the core in the axial direction measured 

at location C3. Obviously, the resonance frequencies also shift to the low frequency end 

when the winding clamping force decreases. This result indicates that the winding and 

core are well coupled in the axial direction and the resonance frequencies of the same 

axial modes may be observed in the vibration response of both structures. 
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Figure 3.25: The spectrogram of the FRF (dB) of the core in the axial direction with 
different winding clamping forces. The bending of the spectrum represents the shift of 

the resonance frequencies. 

The on-line vibration of the core is more complex than the on-line vibration of the 

windings. Figure 3.26 shows the on-line vibration of the core measured at C3. Although 

the vibration at 100 Hz is still the dominant component in most tests, the vibration 

component at 50 Hz and its odd harmonics are obvious. When the winding clamping force 

decreases, the amplitude of the 100 Hz vibration presents a wavy fluctuation. In Figure 

3.25, a dark belt sweeps over 100 Hz, which represents the vibration response of the core 

as it decreases to a valley and then rises at this frequency component. 
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Figure 3.26: On-line vibration of the core in the axial direction with different winding 

clamping forces. 

Figure 3.27 compares the normalized changes of the vibration response and the on-line 

vibration of the core at 100 Hz in the axial direction. Although the coherence between 

them is not as good as the previous result for the winding, the general agreement still 

proves the close link between the vibration response of the core and its on-line vibration. 

 

Figure 3.27: The normalized amplitude of the core vibration response and its on-line 
vibration at 100 Hz in the axial direction with different winding clamping forces. 
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Although the transformer tank does not directly connect with the faulted winding, the 

tank is coupled with the core at the bottom of the tank. Thus the FRF of the tank may be 

affected by the winding fault via the core, which plays a role as the bridge between the 

winding and the tank. When the tank was excited at the center of the tank wall (T8), it 

was found that the measured FRF of the tank was barely affected by a looseness of the 

winding clamping force (see Figure 3.28). However, when the transformer was excited 

on the core, the FRF of the tank shows the same feature, in that the resonance peaks move 

to the end frequency when the winding clamping force loosens (see Figure 3.29). This 

experimental result demonstrates that the tank vibration transmitted from the windings 

and core carries the fault information of these internal structures, so that this fault can be 

detected by monitoring the features of the tank vibration. 

 

Figure 3.28: The spectrogram of the FRF (dB) of the transformer tank measured at T8 
with different winding clamping forces (excitation force on the tank wall near T8). 
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Figure 3.29: The spectrogram of the FRF (dB) of the transformer tank measured at T6 

with different winding clamping forces (excitation force on the core at location L2). 

 

3.4.2 Other Faults 

Three other common winding faults were also simulated in this transformer by replacing 

the original normal windings with faulted windings. As all of these faults are related to 

the impact of huge loading currents, and the loading current in the LV windings is much 

larger than that in the HV winding, all the faults were located on the LV winding. Because 

the LV windings are the inner windings, the faults were invisible from the outside of the 

windings. 

The three faults include the failure of the winding interlayer insulation pressboards, local 

deformation of the winding, and winding titling. The thickness of the interlayer insulation 

pressboards on the top 30% of the LV winding of Phase B was reduced 50% to simulate 

the first fault. The other two faults were applied on the LV winding of Phase C one by 
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one. To test the effect of local deformation of the winding, an arc-shaped deformation was 

created on the top 30% of the LV winding. The entire LV winding was then tilted 5o from 

the vertical for the final simulation. Due to some practical difficulties, only the FRFs of 

the faulted windings in the axial direction were measured. 

Figure 3.30 compares the FRFs of the winding of Phase B without and with the failure of 

the winding interlayer insulation pressboard. It appears that the resonance frequencies of 

the faulted winding became higher than the resonance frequencies of the original winding 

in both the axial and radial directions. For instance, the frequency of the first peak 

increases from 63 Hz to 69 Hz after the fault was introduced. 

 

Figure 3.30: Comparison of the FRFs in the axial direction between the normal 
winding and the faulted winding with pressboard failure (for clarity, a 40 dB offset is 

applied to the bottom curve). 

Figure 3.31 gives the FRFs of the winding of Phase C with two different faults. These 

results can provide a preliminary understanding of the two faults. When the winding was 
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deformed, it is clear that the mode density increases. Compared with the normal winding, 

more resonance peaks appear on the faulted winding. For the tilted winding, the resonance 

frequencies shift slightly toward the low frequency end. For example, the frequency of 

the first peak shifts from 63 Hz to 61 Hz. 

 

Figure 3.31: Comparison of the FRFs between the normal winding and the faulted 
winding with two faults: (a) winding local deformation, and (b) winding tilting (for 

clarity, a 40 dB offset is applied to the bottom curve). 

However, there are some potential errors that may affect the accuracy of these 

observations. First, the vibration feature of each fault was extracted from a specific 

experimental result. Due to the practical difficulties involved in the experiment, only one 

single case of a faulted winding was tested, so the experimental conclusion may not be 

based on adequate experimental evidence. Second, manufacturing errors must exist 

between the faulted windings and the normal windings, and the process of replacing the 

windings inevitably introduces some errors into the transformer. These errors raise 

another question as to whether the measured changes in the FRFs of the windings are 

caused by the faults or these errors. To answer these questions, further investigation is 

required to simulate these winding faults on a more controllable experimental rig. 



 

98 
 

3.5 Conclusion and Discussion 

The FRF of a power transformer provides useful information for monitoring the health 

condition of the transformer. Compared with on-line vibration, the FRF of the transformer 

is less affected by operating signals and environmental interference. Meanwhile, the 

general features of the FRF from one power transformer may be used for understanding 

the vibration features of other transformers because the same mechanical faults in 

different power transformers may show similar changes in their FRFs. For example, 

previous research on the looseness of the winding clamping force on several different 

transformers shows the same vibration features [53], [55], [85]. 

This chapter reports experimental work focused on the FRF measurement of a 110 kV 

power transformer. By testing the FRFs of its internal structures and tank, the vibration 

transmission mechanism of the transformer was examined. An explanation of the 

vibration harmonics on the transformer tank is also proposed. The large harmonic 

contents in the on-line vibration of the tank may not be directly proportional to non-linear 

vibration of the core and windings. Rather, they may be caused by the relatively high 

transmission efficiency at these harmonic frequencies. 

The effects of four common transformer winding faults on the winding FRF are reported 

in this chapter. The looseness of the winding clamping force causes a reduction of the 

winding’s mechanical strength, and shift of the resonance frequencies of the windings to 

the low frequency end. Due to the coupling between the windings and the core, the same 

frequency shift also appears in the FRF of the core, particularly in the axial direction. On 

the other hand, this fault also affects the on-line vibrations of the transformer due to the 

changes of the vibration response at the electrical excitation frequencies. 

Another three faults were also artificially introduced into the windings respectively, but 

the results of these simulations are not satisfactory. Only one faulted winding was tested 

for each fault. As a result, although the experiment gave some observations of the 
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vibration behavior of the faulted windings, the experimental data generated is not 

adequate for extracting clear features of these faults. 

To successfully diagnose the potential faults of power transformers based on their FRFs, 

extracting the vibration features of different winding faults from the changes in the FRFs 

is a critical task. However, the experimental work on the 110 kV power transformer 

indicates that some winding faults are very difficult to simulate on actual power 

transformers due to practical limitations and cost. Therefore, a simplified and controllable 

experimental rig of transformer windings is necessary for this purpose. Different degrees 

of faults can be introduced in such a rig, allowing sufficient data to be obtained to allow 

an analysis of the cumulative effect of the causes of failure and derive an explanation of 

the mechanism of their effects on winding vibration characteristics. 
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Chapter 4 The Simplified Disk-type Winding 
Rig 

Winding failures often lead to irreparable damage of power transformers. Thus, it is 

critical to detect any fault that may cause the failures. Previous investigations on the 

vibration characteristics of power transformers show the potential for using certain 

vibration signatures of transformer windings, such as their FRFs, to detect faults. 

However, extracting these vibration features from power transformers is a challenging 

task. It is hoped that an understanding of the vibration features of windings with different 

faults can help the successful extraction of their characteristic features and thus the 

detection of these faults. Two methods can be used to extract the vibration features from 

power transformers with faults. One is to continuously monitor in-service power 

transformers and track all possible evidence, such as abnormal sound and vibration, of a 

change in the health condition of the transformer. If a fault develops in a transformer, the 

corresponding monitoring data may be used to extract the corresponding vibration 

features associated with the fault. As power transformers can operate for decades without 

any fault, the application of this first monitoring method will be a long-term task, and the 

maintenance of the monitoring system itself may become an issue as well. Therefore, 

using a healthy in-service power transformer to extract the vibration features associated 

with transformer winding faults may not be an efficient approach. The other method is to 

artificially introduce different faults into the windings and test the vibration features 

directly from the faulted transformer; this was the approach taken for the experimental 

work reported in Chapter 3. However, introducing artificial faults into large power 

transformers is very costly and has practical difficulties. Therefore, a laboratory-based 

experimental rig that can provide information on the essential features of the winding 

vibrations associated with different faults is desirable. For this purpose, a simplified 

structure consisting of concentric rings coupled by insulation materials is used to simulate 

different faulted disk-type windings. The advantages of using the coupled rings can be 

summarized as follows: 
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1. The vibration of the coupled rings is not affected by the other components of 

transformers, such as the core and tank. This ensures that the experimental results 

represent the vibration characteristics of the winding alone; 

2. The coupled rings can be easily adjusted according to different experimental 

requirements. By gradually changing the properties of the rings and insulation 

materials, certain faults that may lead to a specific winding fault can be introduced 

into the rig step by step, so that the effect of different degrees of the fault on the 

winding vibration can be examined. The same tests are very difficult to conduct on 

real transformers, particularly for the faults relevant to the permanent plastic 

deformation of the winding, such as local deformations and tilting of the winding; 

3. An analytical model for the coupled rings can be established for confirmation and 

prediction of the experimental results. The model can also provide some qualitative 

explanations of the vibration features of the winding faults; 

4. Last but not the least, the manufacturing of coupled rings is much simpler than that 

of spiral winding disks. Nevertheless, some winding disks were also used in this 

experimental study for comparison tests. It was found that constructing a winding disk 

is much more difficult than building the same sized coupled rings. 

Although the coupled rings have a similar appearance to disk-type windings and their 

merits are obvious, there is a clear difference between the two structures. The coupled 

rings are composed of a series of individual rings, while the disk-type winding is a 

continuous structure. This chapter examines the similarities and differences of the 

vibration behaviors of these two structures to verify the feasibility of the simulation. 

 

4.1 Experimental Setting of Vibration Measurement 

In order to compare the vibration behavior of the coupled rings and the disk-type winding, 

their vibration FRFs were measured. By measuring the FRFs at multiple points on these 

structures, the properties of their vibration distribution and vibration transmission can be 
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represented. Comparison of the vibration characteristics of the coupled rings and the 

winding can provide experimental evidence demonstrating the similarities and 

differences between the two structures. 

Figure 4.1 shows a schematic diagram of the experimental devices used for measuring 

the FRFs of the objects tested in the laboratory. The equipment shown in Figure 4.1 was 

used in most of vibration experiments described in the remaining part of this thesis. 

Therefore, a brief description of the equipment is given below. 

Figure 4.1: Experimental set-up for the measurement of ring vibration. 

Vibration was excited in the tested objects by an impact hammer (B & K 8206), and the 

vibration signal was detected by accelerometers (B & K 4274) via charge amplifiers (B 

& K 2635). The excitation force and the vibration signals were sent to a B & K pulse 

analyzer for computing the FRFs. The small weight of the accelerometer (1.2 g) 

minimizes the effect on the FRFs of the extra mass loading on the tested objects. 
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4.2 Comparison of Single-layer Structures 

Figure 4.2 shows a single-layer winding disk made from a single piece of conductor and 

the corresponding single-layer radial coupled rings. Both of them are made of the same 

material (aluminum alloy 5052). The radii of the five rings range from 60 mm to 100 mm 

by a 10 mm increment. Depending on their radii, the rings in the disk are defined as Ring 

1 to Ring 5 from the outer ring to the inner ring. The cross-sectional area of the rings is 

10 mm x 5 mm. The winding disk also has five turns and the same cross-sectional area. 

The mass of the winding disk equals the total mass of the five rings (both are 322 g). 

Sixteen insulation blocks are evenly inserted into the space between each two turns/rings 

from locations L1 to L16. These coupling blocks are used to represent the coupling effect 

of insulation paper wrapped around the winding conductor on the winding vibration. 

 

Figure 4.2: The single-layer winding disk (left) and radial coupled rings (right). 
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Figure 4.3: The single-layer structure supported by the cotton threads in the vibration 
experiment. 

During tests, the winding disk and the coupled rings were supported by a row of soft 

cotton threads (see Figure 4.3). To evaluate the effect of the threads on the boundary 

conditions of the tested items, Figure 4.4 compares the vibration responses measured from 

a ring supported by the threads and that predicted by the analytical model of the same 

ring with free boundary conditions (the analytical model of rings will be discussed in the 

next chapter). The results show that both the FRFs and mode shapes agree with each other 

very well, which demonstrates that the cotton threads had a negligible impact on the tested 

objects in the frequency range of interest. Physically, although the threads produce certain 

constraints for the tested objects in the axial direction, these effects are negligibly small 

because of their very low stiffness. Testing the rings and the winding disk under 

approximately free conditions can avoid the interference of external conditions and give 

a clear understanding of their vibration behaviors. 
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Figure 4.4: Comparison of the measured (supported by cotton threads) and predicted 
(using free boundary conditions) vibration responses and mode shape1 of a ring at its 

first resonance frequency. 

The mobility of the winding disk and the coupled rings was obtained by applying an 

impact hammer force at location L9 of Turn 1 and Ring 1 and by measuring the FRFs of 

the two structures with respect to the impact force. The vibration was measured at 16 

locations (from L1 to L16) on each turn/ring in both the radial and axial directions. In the 

thesis, unless otherwise stated, the vibration in the radial direction is measured when the 

structure is excited by the radial force, and the vibration in the axial direction is obtained 

when the structure is excited by the axial force. 

Figure 4.5 compares the FRFs of the two structures in the radial (in the plane of the disk) 

and axial (perpendicular to the plane of the disk) directions. For both cases, these 

responses show a similar trend, but the resonance frequencies of the winding disk are 

always lower than the resonance frequencies of the coupled rings, suggesting that the 

overall structural stiffness of the winding disk is lower than that of the coupled rings. The 

components in the coupled rings have no disconnected ends, while the winding disk has 

two open ends, which are the cause of the reduced stiffness. An analogy of this 

                                                             
1 The mode shape shows the normalized vibration distribution of the ring, including the amplitude and 

phase information. The circle of value 1 represents the equilibrium position, and the difference between the 

mode shape curve and the equilibrium position describes the vectorial vibration of the ring. For example, 

the two points on the mode shape curve with value 0.7 and 1.3 represent the same amplitude of vibrations 

with opposite phase relationships. 
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explanation is the fact that the resonance frequencies of a free beam are lower than those 

of the same beam clamped at its two ends. 

 

Figure 4.5: FRFs of the winding disk and the coupled rings (a) in the radial direction 
measured at location L4, and (b) in the axial direction measured at location L1. 

Figure 4.6 gives the mode shapes of the first two resonance frequencies of the two 

structures in the axial directions measured on Turn/Ring 1. It is clear that their mode 

shapes are almost the same. The same agreement was observed on each turn/ring and in 

both the radial and axial vibrations. 
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Figure 4.6: The mode shapes of the single-layer winding disk and coupled rings. 

Another difference between the two structures is their vibration transmission efficiencies. 

As a continuous structure, there are two vibration transmission paths in the winding disk. 

Vibrations can either transmit from one turn to another through the insulation blocks or 

along the disk’s continuous structure. In the coupled rings, only the first path is available. 

To identify this difference, Table 4.1 compares the overall kinetic energy of each turn/ring. 

The overall kinetic energy of one turn/ring is calculated as the sum of vibration velocity 

squared (with respect to a unit impact force) measured at the 16 locations on it. All the 

data is normalized based on the kinetic energy of Turn/Ring 1. As the expectation, the 

vibration transmission of the winding disk is more efficient than the coupled rings. 

Furthermore, the difference of vibration transmission efficiency in the axial direction is 

much more obvious than it is in the radial direction. This is because the coupling effects 

induced by the insulation blocks are different in two directions. On one hand, the radial 

direction is the strong coupling direction. In this direction, the structure’s vibration is 

perpendicular to the contact surface of the insulation blocks (see Figure 4.7). The elastic 
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deformation of the blocks can efficiently transmit the radial vibration from one turn/ring 

to another. As a result, although the insulation blocks are the only vibration transmission 

path in the coupled rings, its vibration transmission efficiency is close to that the winding 

disk because most of the vibration energy can transmit via the insulation blocks. On the 

other hand, the structural coupling in the axial direction is relatively week. The axial 

vibration is tangential to the contact surface so that the axial vibration is transmitted via 

the insulation blocks by the friction effect, which is much weaker. When the vibration 

transmission by the insulation blocks is less efficient, the transmission efficiency of the 

winding disk becomes much higher than that of the coupled rings because the axial 

vibration of the winding disk still can transmit along its continuous structure. 

Table 4.1: Comparison of the kinetic energy between a single-layer winding disk and 
coupled rings. 

Turn/Ring No. Radial vibration Axial vibration 

Winding disk Coupled Rings Winding disk Coupled Rings 

Turn/Ring 1 100% 100% 100% 100% 

Turn/Ring 2 26.80% 20.07% 23.71% 15.58% 

Turn/Ring 3 12.61% 8.85% 13.40% 2.52% 

Turn/Ring 4 7.67% 6.52% 5.93% 0.91% 

Turn/Ring 5 2.19% 2.13% 1.36% 0.66% 
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Figure 4.7: Vibration transmission through an insulation block. 

 

4.3 Comparison of Multi-layer Structures 

To further compare the vibration responses of the disk-type winding and stacked coupled 

rings, stacks with five layers of winding disks and coupled rings were examined. The 

winding disks were soldered together as in a typical disk-type winding. The first two disks 

of the winding were soldered at their internal ends. The connection of the second and 

third disks was made by soldering their external ends at the external surface of the stack. 

The third and fourth disks were then connected at the inner surface of the stack and the 

last connection between the fourth and fifth layers was made at the external surface (see 

the left photo in Figure 4.8, where only the connections on the external surface are visible). 

For clarity, defining the turn/ring at the lth layer (from top to bottom) and the tth turn (from 

outside to inside) is Turn/Ring lt. For example, the second largest ring on the top layer of 

the coupled-ring stack is Ring 12. The same nomenclature is used in the remaining part 

of this thesis. 
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Figure 4.8: (A) Five layers of the winding disk stack, and (B) five layers of coupled-ring 
stack. 

The tested multi-layer structures were stacked between two steel plates that simulate the 

clamping plates of the winding (only the bottom plate is shown in Figure 4.8). Once again, 

insulation blocks were inserted between the turns/rings. In addition, 16 insulation sticks 

were inserted between adjacent layers and between the clamping plates and the stacks to 

simulate the interlayer insulation pressboards in the disk-type winding. The parameters 

of the insulation materials are listed in Table 4.2. The winding disk stack and the coupled-

ring stack were excited by the impact hammer at the Turn 11 and Ring 11 at location L1, 

respectively. Their vibrations were measured on the external and internal surfaces of the 

two stacks. 

Table 4.2: Measured parameters of the insulation block and stick. 

 Insulation block Insulation stick 

Mass 0.8 g 1.6 g 

Dimension 12 mm × 10 mm × 4.5 mm 50 mm × 5 mm × 4.5 mm 

Stiffness 2.75×105 N/m 5.20×105 N/m 

Damping coefficient 1.00 Ns/m 1.80 Ns/m 
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Figure 4.9 compares the FRFs of the multi-layer stacks, and the main features are the 

same with the single-layer structures. Their vibration response curves have very similar 

trends, but the resonance frequencies of the winding are lower than the coupled-ring stack. 

However, the frequency difference between the multi-layer structures is smaller than the 

difference between the single-layer structures. For example, the frequency difference of 

the second resonance frequency of the multi-layer structures in the radial direction is 6.85% 

(winding 1,373 Hz; rings 1,467 Hz). Meanwhile, the corresponding value for the single-

layer structures is 9.26% (winding 1,209 Hz; rings 1,321 Hz). A possible explanation is 

that when the winding disks are soldered together, the restriction of the structure increases 

and it becomes harder to deform, which means an increased mechanical strength. The 

mode shapes of the winding stack and coupled-ring stack are almost the same. 

 

Figure 4.9: FRFs of the multi-layer winding disks and coupled-ring stack (a) in the 
radial direction, and (b) in the axial direction. 

Regarding the vibration transmission efficiencies of the two stacks, the experimental 

results indicate that the difference between them in the weak coupling directions also 

becomes smaller than that of single-layer structures (see Table 4.3). The weak coupling 

direction for the radial vibration is the transmission path from Turn/Ring 11 to Turn/Ring 
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51 (top to bottom). For the axial vibration, it is from Turn/Ring 11 to Turn/Ring 15 

(outside to inside). When the multi-layer rings are stacked between the steel plates, the 

mass loading of the top plate (7 kg) enhances the coupling effect of friction, and the 

interlayer insulation sticks also add a new path for vibration transmission. These two 

factors increase the vibration transmission efficiency of the coupled-ring stack in the 

weak coupling (axial) direction. 

Table 4.3: Comparison of the kinetic energy between the winding stack and the 
coupled-ring stack. 

 

Turn/Ring no. 

Radial vibration Axial vibration 

Winding 

stack 

Coupled-ring 

stack 

Winding 

stack 

Coupled-ring stack 

Turn/Ring 11 100% 100% 100% 100% 

Turn/Ring 15 13.44% 12.09% 0.10% 0.07% 

Turn/Ring 51 0.11% 0.06% 2.03% 1.78% 

 

4.4 Conclusion 

As a simplified experimental rig of the disk-type winding, the vibration characteristics of 

the coupled rings are similar to those of the disk-type winding. By comparing the 

vibration behaviors of the winding disk and the coupled rings, it is clear that the trends of 

their vibration response curves are similar, and their vibration distributions, as represented 

by their mode shapes, are almost the same. The vibration transmission efficiency of the 

two structures in the strong coupling direction is also close. The main differences are that 

the mechanical strength of the rings is higher than that of the winding disks, and its 
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vibration transmission in the weak coupling direction is lower than that of the winding 

disks. However, these differences in the multi-layer structures become smaller than those 

in the single-layer structures. Therefore, the coupled rings can be used as a simplified 

model to approximately represent disk-type windings as far as the main vibration 

characteristics of the structure are concerned. 
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Chapter 5 Modeling of Coupled Rings for 
Winding Analysis 

One of the advantages of using coupled rings to simulate winding vibration is the 

analytical model of the rings can be used to explain the experimental results. In this 

chapter, the analytical model of the coupled rings is developed. 

The study of the vibration of circular rings has made a useful contribution to a wide range 

of technical applications, such as spring design, automotive tire dynamics, aircraft 

structures, and disk-type windings. These studies can be traced back to the early years of 

the last century. Love [58] gave the mechanical model of a circular ring with a circular 

cross-section based on elastic theory in his book “A treatise on the mathematical theory 

of elasticity”. Although his model ignored the non-linear shear stress distribution across 

the cross-section of the ring, reasonably accurate results can be obtained from the model. 

In the late twentieth century, a series of publications devoted to improving the theoretical 

model of the circular ring appeared. Rings were classified as “thick rings” and “thin rings” 

according to the ratio of the ring’s radius to its in-plane thickness, and models for these 

two kinds of rings were built. Kirkhope published several papers to discuss the vibration 

of a thick ring by introducing a correction factor into his model. [59]–[61]. Based on 

Love’s work, Charnley built the model of a thin ring with a rectangular cross-section [62]. 

All the identified publications on the analytical model of circular rings focused on the 

modal analysis of a single ring, which only discusses the frequencies of the resonance 

peaks. When considering the simplified disk-type winding consisting of coupled 

concentric rings, the analytical model is much more complicated as it involves multi-ring 

vibration and the coupling effect induced by the insulation materials. In this chapter, an 

analytical model is developed to calculate the dynamic vibration response of the coupled 

rings under free conditions. 

The 3D vibrations of an arbitrary circular ring involve coupled motions consisting of 
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extension, flexion, shear, and twist in both transverse (in-plane) and axial (out-of-plane) 

directions. However, if the ring is made of uniform material and the plane containing the 

center line of the ring is a principal plane of the cross-section, just like the rings used in 

this thesis, the transverse and axial vibrations are uncoupled [63]. Thus, the transverse 

and axial vibrations of the rings can be modeled separately. For clarity, the model is 

established from the simplest structure, a single ring, to a complicated coupled-ring stack. 

In order to verify the model, some comparisons between the model solutions and the 

experimental results are given. The experimental setting is the same as the previous test 

described in the last chapter unless otherwise stated. 

 

5.1 Modeling of a Single Ring 

Though it is difficult to provide a clear demarcation between thick and thin rings purely 

on the basis of their physical dimensions, it is accepted practically that for a thin ring, the 

boundary line of the ratio of ring’s radius to its in-plane thickness is more than 10. Based 

on this understanding, the rings used in this thesis belong to the “thin ring” group. The 

3D motions of a thin ring can be described by the following ten equations [62]: 
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where (U, V, W), (P, Q, R), (K, L, M), and (kx, ky, kz) are the displacements, resultant forces, 

torques, and area radii of gyration of the cross-section in the radial, tangent, and axial 

directions, respectively; 𝛽 is the twist of the cross-section about the neutral circle; a, E, 
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𝜌, and A are the radius, Young’s modulus, density, and area of the cross-section of the 

ring; 2 ,T yC GAk  and G is rigidity modulus. For the ring with a rectangular cross-section, 

the area radii of gyration of the cross-section are 
2

2

12
,x

hk  
2

2

12
,z

tk  and 2 2 2 , y x zk k k  

where t is the in-plane thickness of the ring and h is the width of the ring (out-of-plane 

thickness). 

 

Figure 5.1: The coordinate system of a single ring. 

From Eqs. (5.1) to (5.10) it is clear that the transverse motion consists primarily of 

bending (U) and extensional (V) wave types, while the axial motion is essentially 

contributed by bending (W) and twisting (𝛽) wave types. The motions in these two 

directions are uncoupled, as mentioned before. 

 

5.1.1 Transverse Vibration of a Single Ring 

When a ring vibrates in the transverse direction only, the axial displacement W and twist 

𝛽  equal zero. After simplification, the original ten equations are reduced to five, 

including Eqs. (5.1), (5.2), (5.5), (5.7), and (5.8). 
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Because transverse vibration of windings can be excited by the electromagnetic force in 

the radial direction, in the rings model, a point force 0 0( )   rF F  in the radial 

direction and at the location 0  on the ring is used to simulate the forced excitation in 

the radial direction. Thus, the transverse displacements of the ring can be described by: 
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Eq. (5.1a) is for the radial displacement U, and Eq. (5.2) is for the tangential displacement 

V. Substituting Eqs. (5.5), (5.7), and (5.8) into Eqs. (5.1a) and (5.2) to eliminate P, Q and 

M, the equations of motion for U and V become: 
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                   (5.11) 
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                   (5.12) 

From the above two equations, it is clear the transverse vibrations in the radial and 

tangential directions are coupled. 

Based on the modal expansion method [64], the vibration of a structure can be expanded 

by an infinite number of structural modes. For the circular ring, the mode shape functions 



 

118 
 

of the transverse vibrations are periodic sine and cosine functions. Thus, U and V can be 

written as: 

1
1

sin( ,)  




 
j t

m m
m

U C m e               (5.13a) 

2
1

cos( )  




 
j t

m m
m

V C m e ,              (5.14a) 

where m is the index of the mth mode of the ring, C1m and C2m are the unknown coefficients 

that need to be solved,  m  is the initial phase angle of the mth mode determined by the 

geometrical dimensions and external conditions of the ring. For a circular ring made of 

uniform materials under certain boundary conditions (such as free conditions), the mode 

shape functions can be simplified as [62]: 

1
1

sin( ) ,
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m
m

U C m e                (5.13b) 

2
1
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j t

m
m
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Because there is a 90o phase difference between the radial displacement U and tangential 

displacement V, if one displacement takes a sinusoid form, then the other must be a cosine 

form [62]. In this thesis, it is assumed that the radial displacement takes the sinusoid form. 

Substituting the mode shape functions Eqs. (5.13b) and (5.14b) into Eqs. (5.11) and (5.12), 

the equations of motion can be rewritten as: 

2 2 2 4 2 2 2 3 2
2

1 23 3
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sin( ) ,   
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                   (5.15) 
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                   (5.16) 

To solve these equations, considering a certain mode m’, multiplying sin( ' )m  and 
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cos( ' )m  at both sides of Eqs. (5.15) and (5.16) respectively, and integrating the two 

equations from 0 to 2𝜋 with respect to 𝜃. Then, simplifying the results by using the 

orthogonality of trigonometric functions and the Kronecker delta function, it is evident 

that: 

2 2 2 4 2 2 2 3 2
2 0

1 ' 2 ' 03 3

' ' ' '' sin( ' ),   
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                   (5.17) 
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                   (5.18) 

Rearranging Eqs. (5.17) and (5.18), the solutions are: 
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Substituting C1m and C2m back into Eqs. (5.13b) and (5.14b), the ring’s vibration response 

U and V with respect to the excitation force can be calculated.  
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5.1.2 Axial Vibration of a Single Ring 

In the axial vibration model of the ring, the transverse displacements U and V are zero so 

that the other five equations, including Eqs. (5.3), (5.4), (5.6), (5.9), and (5.10), remain: 
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The derivation of the axial vibration of the ring is similar to that of the transverse vibration. 

When the ring is excited by a point force 0 0( )     j t
aF F e  in the axial direction and 

at the location 0  on the ring, the axial displacement and the twist of the ring can be 

described by: 
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Eliminating L, K and P by substituting Eqs. (5.4), (5.9), and (5.10) into Eqs. (5.3a) and 

(5.6) yields: 
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Using the modal expansion method, the axial and twist vibration are expressed as: 

3
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4
1

sin( ) .j t
m

m

C m e  




               (5.22) 

Since W  and   are in phase, their mode shape functions have the same form. 

Substituting the above expressions into Eqs. (5.19) and (5.20) gives rise to: 
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Using the orthogonality of trigonometric functions and the Kronecker delta function again, 

the simplified equations are: 
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Rearranging Eqs. (5.25) and (5.26), the solutions are: 
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5.1.3 Verification of the Model 

The above models are able to calculate the FRF of a single ring subject to a unit force 

excitation. The FRF of the ring can not only present the resonance frequencies of the ring, 

but also the vibration response of the ring in the frequency range of interest. By plotting 

the amplitude of the ring’s vibration (with respect to unit force) at different locations on 

the ring, the vibration distribution of the rings at any frequency can be obtained. 

To verify the analytical models, comparisons between the experimental results and the 

model solutions of the vibrations of a circular ring are given in this section. The 

dimensions and the mechanical properties of the tested ring are listed in Table 5.1. 

Table 5.1: The parameters of the tested ring. 

Radius a (mm) In-plane thickness t (mm) Width h (mm) 

108 3 15 

Young’s modulus E (N/m2) Density   (kg/m3)  

1.16 × 1011 8.9 × 103  

In the practical computation, only finite modes are used for calculating FRF. Because the 

vibration energy of transformer windings is primarily in the low frequency range, the first 

ten modes are used in the calculation. Since the vibration of transformer windings is 

mainly in the radial and axial directions, the verification of the vibration of the ring also 

focuses on these two directions. 

Figure 5.2 compares the model solution and the experimental result of the FRF of the ring 

in the radial direction. They agree with each other quite well. The mean relative error 

between their resonance frequencies is less than 1%. This small difference may be caused 

by some experimental errors, including a slight deformation in the shape of the tested 

circular ring and the error in the estimation of the ring’s material properties. Figure 5.3 
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compares the axial vibration response of the ring. A good agreement between the model 

solution and the experimental result is also observed. 

 

Figure 5.2: The FRFs of the rings in the radial direction (the angular difference 
between the measurement location and the excitation location is 10o). 
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Figure 5.3: The FRFs of the rings in the axial direction (the included angle between the 
measurement location and the excitation location is 170o). 

Figure 5.4 compares the normalized mode shapes of the ring measured in the experiment 

and calculated by the analytical models. The mode shapes of the first mode in the radial 

direction (left) and the second mode in the axial direction (right) are presented as two 

examples. It is clear that the model can also predict the vibration distribution of the ring 

accurately. 
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Figure 5.4: (A) the first mode shape of the radial vibration of the ring; (B) the second 

mode shape of the axial vibration of the ring. 

Based on above comparisons, it can be concluded that the analytical model can precisely 

predict the vibration characteristics of a circular ring. 

 

5.2 Modeling of Single-layer Coupled Rings 

A disk-type winding is a complex structure mainly consisting of winding conductors and 

insulation materials. The single ring model forms the foundation of the analytical model 

of the winding, and represents the vibration of one turn of the winding disk. When 

multiple turns are included, the coupling effect induced by the insulation materials must 

be considered. In this section, the analytical models of two kinds of single-layer rings 

coupled by insulation materials are established. The two kinds of coupled rings are rings 

radially coupled by interturn insulation components (radially coupled rings) and rings 

axially coupled by interlayer insulation components (axially coupled rings). The 

modeling of these single-layer rings focuses on the effect of the radial coupling and axial 

coupling components on the response of the coupled rings. 
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5.2.1 Modeling of Radially Coupled Rings 

Figure 5.5 shows a single layer of radially coupled rings. The interturn insulation blocks 

between the rings simulate the coupling effect of the insulation paper in a winding disk. 

Mechanically, each insulation block can be modeled as a mass-spring-damper element, 

and these coupling elements transmit the radial vibration between the rings. Besides the 

excitation force, the resultant force induced by the elastic deformation of the coupling 

elements is applied to the rings. The modeling of the resultant force is the key of this 

analytical model. 

 

Figure 5.5: A single layer of radially coupled rings and the analytical model. 

In the analytical model, except for the first outer ring and the last inner ring, the resultant 

forces on the remaining rings have the same form. Thus, a three-ring model is used to 

deduce the theoretical solution here. This three-ring model can be readily extended to a 

multi-ring model. 

The outside, middle, and inside rings are respectively noted as Ring α, Ring β, and Ring 

γ. They are made of the same material and have identical cross-sections. As a result, most 

of parameters of the three rings are the same, except their radii. The three coupled rings 

are excited by a point force in the radial direction and at location θ0 of Ring α. The 

insulation blocks are modeled by N identical coupling elements at locations θ1 to θN. The 



 

127 
 

mass, stiffness and damping coefficient of each element are mp, kp, and Cp. Then, the 

equations of motion for the radial vibration of the three rings are: 

2 4 32 2 2 2 2 2
2

2 3 4 3 3 ,   
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where Fα, Fβ, and Fγ are the resultant forces on the three rings, respectively: 
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F k j C m U U  

All the symbols in the above equations represent the same parameters of the single ring 

model with a subscript α, β or γ that distinguishes the three rings. 

The tangential vibration of the rings can be transmitted through the coupling elements by 

friction in the form of shear forces. However, the coupling effect in the tangential 

direction due to friction should be much weaker than it is in the radial direction. 

Meanwhile, the excitation force is in the radial direction, so that tangential vibration of 

the rings is not directly excited by this external force. As a result, the effect of friction in 
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the tangential direction is very limited. Appendix B compares the calculated FRFs of the 

radially coupled rings in the radial direction with and without the tangential force, and 

the difference between them is negligible. As a result, the tangential force is assumed to 

be zero, and the equations of the tangential vibrations are: 
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2
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                   (5.33) 

Except for the subscripts, the above equations are the same as the equation of the 

tangential displacement in the single ring model. 

Eqs. (5.28) to (5.33) can be solved by a similar procedure to that used in the single ring 

model. For Ring α, simplifying Eqs. (5.28) and (5.31) by substituting the mode shape 

functions into them and using the orthogonality of trigonometric functions and the 

Kronecker delta function, the results are: 

2
1 1 ' 2 2 ' 0 0 1 1

1 1
sin( ' ) ( ) sin( ' ) sin( )( ),           
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                   (5.34) 

4 2 ' 3 1 ' 0.     m m m mY C Y C              (5.35) 

Substituting Eq. (5.35) into Eq. (5.34) to eliminate 2 ' mC , and rearranging the result, the 

motion equation of Ring α becomes: 
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Conducting the same procedures for the equations of Ring β and Ring γ gives: 
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In the practical computation, if a finite number of M modes are used, Eqs. (5.36) to (5.38) 

could be extended to 3×M independent equations with 3×M unknown coefficients (from 

Cα11 to Cγ1M), which are solvable. 

 

5.2.2 Model of Axially Coupled Rings 

A single layer of axially coupled rings is stacked from several identical rings with 

interlayer insulation blocks evenly distributed between each pair of rings. The interlayer 

insulation blocks simulate the coupling effect of the winding interlayer insulation 

pressboards (see Figure 5.6). They can be modeled in a similar way to those in the radially 

coupled rings. 
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Figure 5.6: A single layer of axially coupled rings and the analytical model. 

Again, the analytical model is developed using three rings. The axially coupled rings are 

excited by a point force on the top ring, Ring α, at location θ0 in the axial direction. The 

coupling components are located from θ1 to θN. Then, the motion equations of the axial 

vibration are: 
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where the external forces in each ring are: 
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These equations have the same form as those for the radially coupled rings. As a result, 

the derivation of the models for the axially coupled rings and radially coupled rings is the 

same. After simplification, the final equations for the axial vibration of the rings are: 

26 ' 7 '
5 ' 3 ' 3 3 0 0

1 18 '

( ) sin( ' ) sin( )( ) sin( ' ),        
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5.2.3 Matrix Equation 

If the number of the coupled rings increases from three to X (Ring 𝛼 to Ring 𝜒) and the 

first M modes are used in the model computation, then the three motion equations in each 

direction will be extended to M non-homogeneous linear equations and (X-1)×M 

homogeneous linear equations. One way to solve these equations is to convert them into 

a matrix form that can be easily solved by mathematical software, such as Matlab. 

The matrix equation is: 

[ ][ ] [ ],H C F                 (5.45) 

where: 

  C  is the matrix with ( 1)XM of unknown variables: 
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1 1 1 1 1 1... ... ...      
  

T

m m M m m MC C C C  for transverse vibration, or 

3 1 3 3 1 3... ... ...      
  

T

m m M m m MC C C C  for axial vibration; 

[F] is the matrix of the excitation force with XM elements. When the excitation force is 

applied on Ring α, the first M element is 0 0sin( ),  1 to . F m m M  The rest of elements 

are zero:  

0 0 0 0 .sin( ) ... sin( ) 0 ... 0   
TF F M  

 H  is the XM×XM coefficient matrix. 

For clarity, dividing [𝐻] to X2 of M×M sub-matrices as: 
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The remaining sub-matrices are null. 

 

5.2.4 Verification and Discussion 

To verify the models, comparative tests were conducted to measure the FRFs of the two 

single-layer structures with a maximum number of five rings (see Figure 5.7). The 

coupled rings were supported by soft cotton threads, which allow approximate free 

conditions. There are 16 insulation blocks between each two rings. In the tests, the number 

of the rings increases from two to five. For clarity, the rings from the outside to the inside 

of the radially coupled rings, and from the top to the bottom of the axially coupled rings, 

are named as Ring 1 to Ring 5, respectively. This experiment not only provides data for 

checking the theoretical solutions, but also gives experimental results to display the 

vibration characteristics of the different sizes of coupled rings. The geometrical 

dimensions and mechanical properties of the rings are listed in Table 5.2. 
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Figure 5.7: The tested single-layer rings: (A) radially coupled rings, and (B) axially 
coupled rings. 

The dimensions of each insulation block are 12×10×5 mm3. The weight of the block is 

0.8 g. The mechanical properties of the insulation blocks were tested experimentally. The 

blocks are made of hard rubber, and their stiffness is linear when the loading force on 

them is relatively small. The measured linear stiffness of each block is 2.75×105 N/m, and 

the damping coefficient is about 1 Ns/m. The experiment for measuring the mechanical 

properties of the insulation blocks is described in Appendix A. 

Table 5.2: The parameters of the tested single-layer rings. 

Radius a (mm, Ring 1 to 

Ring 5) 

In-plane thickness t (mm) Width h (mm) 

100, 90, 80, 70, 60 5 10 

Young’s modulus E (N/m2) Density   (kg/m3)  

7.0 × 1010 2.7 × 103  
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The rings were excited by an impact hammer on Ring 1 to simulate the excitation force 

used in the analytical model, and the FRFs of each ring were measured. The vibration 

characteristics of the coupled rings will be discussed first, and then the analytical model 

will be verified by comparing the experimental results with the model solutions. 

 

5.2.4.1 Radial Vibration of Radially Coupled Rings 

Figure 5.8 shows the FRFs of the radially coupled rings in the radial direction, with 

different numbers of rings. The left graph shows the vibration responses measured at the 

first outer ring, Ring 1, and the right graph is the corresponding vibration responses 

measured at the last inner ring. Note that the “last inner ring” in each test denotes a 

different ring. For example, when two rings are tested, it is Ring 2. However, when a disk 

with five rings is tested, it is Ring 5. In each graph, the four curves from top to bottom 

are the FRFs measured from the disk with two rings to the disk with five rings. 

 

Figure 5.8: FRFs of radially coupled rings with different numbers of rings, measured at 
the first outer ring (left) and the last inner ring (right) (for clarity, each curve is offset 

from the one beneath it by 20 dB). 
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When the number of the rings increases, the main features of the rings’ vibration are: 

1. The resonance frequencies of the first outer ring and last inner ring are the same or 

very close (see Table 5.3). All rings in the coupled structure resonate at almost the 

same frequencies. This result illustrates that the rings are coupled and they vibrate as 

a whole structure. The original vibration behaviors of each single ring are not 

presented in the coupled structure. For example, the first resonance frequencies of 

Ring 1 and Ring 5 are 312 Hz and 863 Hz, respectively, but when five rings are 

coupled together, only one single peak of the first mode is observed, at 565 Hz. 

2. The vibration attenuation at the last inner ring increases with increasing numbers of 

rings in the disk. In particular, some peaks of the last inner ring in the high frequency 

range cannot be identified. When more rings are coupled, the vibration transmission 

loss rises because of the increased transmission path length and the increased damping 

effect introduced by the insulation blocks. 

3. Figure 5.9 shows the normalized second mode shape of the rings when five rings are 

coupled. The mode shapes of these rings are in phase, which indicates the vibration 

distribution of each ring is the same. The vibration attenuation from Ring 1 to Ring 5 

is also obvious. 

4. The resonance frequencies of the coupled rings shift to the high frequency end as the 

number of rings increases. Figure 5.10 plots the first resonance frequency of the 

coupled rings, and the original first resonance frequencies of the first outer ring and 

last inner ring. It is evident that the resonance frequency of the coupled rings is always 

between the resonance frequencies of the first outer ring and the last inner ring. All 

the resonance peaks show the same phenomenon. 
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Table 5.3: Resonance frequencies of the radially coupled rings. 

 1st mode (Hz) 2nd mode (Hz) 3rd mode (Hz)  4th mode (Hz) 

First 

ring 

Last 

ring 

First 

ring 

Last 

ring 

First 

ring 

Last 

ring 

First 

ring 

Last 

ring 

2 
rings 

380 380 1,025 1,025 1,932 1,932 3,058 3,061 

3 
rings 

430 430 1,152 1,152 2,121 2,124 3,291 3,272 

4 
rings  

489 489 1,281 1,280 2,238 2,250 3,288 N/A 

5 
rings 

565 565 1,381 1,375 2,282 N/A 3,322 N/A 

 

Figure 5.9: The second mode shape (at 1,381 Hz) of the radially coupled rings 
normalized based on the vibration of Ring 1. 
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Figure 5.10: Comparison of the first resonance frequency of a single ring and coupled 
rings. 

To verify the analytical model of the radially coupled rings, the mobility of the coupled 

rings is calculated. Figure 5.11 compares the measured and calculated FRFs of Ring 1, 

Ring 3, and Ring 5 for the disk with five rings. It is evident that the analytical model can 

reasonably predict the resonance frequencies and the tendency of the responses of the 

different rings. The model solutions also show that the different rings vibrate with the 

same resonance frequencies when they are coupled. The main difference appears in the 

response of Ring 5 in the high frequency range. The measured curve is much flatter than 

the model solution. This observation suggests that the damping of the coupled rings is 

greater in practice than that considered in the theoretical model. 
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Figure 5.11: Comparison the FRFs of the radially coupled rings between the model 
solution and the experimental results when five rings are coupled. 



 

140 
 

 

Figure 5.12: The calculated second mode shape (1,381 Hz) of the radial vibration of the 
radially coupled rings. 

Figure 5.12 shows the calculated mode shapes of the rings. The mode shapes of Ring 1 

and Ring 5 are presented as examples. The main features of these plots agree with the 

experimental results. The orientation of the mode shapes of the different rings is the same, 

and the vibration amplitude of the inner rings is smaller than that of the outer rings as a 

result of the vibration transmission loss between the rings. 

The experimental results demonstrate that the resonance frequencies of the radially 

coupled rings shift to the high frequency end when the number of the rings increases. 

Figure 5.13 compares the first three resonance frequencies of the radially coupled rings 

measured in the experiment and calculated by the model. The same frequency shift can 

be found in the model solutions, and the relatively small frequency difference between 

the model solutions and measured results indicates that the theoretical model can predict 

the vibration characteristics of radially coupled rings. 
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Figure 5.13: Comparison of the first three resonance frequencies of radially coupled 
rings calculated by the theoretical model and measured from the experiment. 

 

5.2.4.2 Axial Vibration of Axially Coupled Rings 

The axially coupled rings comprise a stack of several identical rings. Figure 5.14 shows 

the FRFs of the top ring and bottom ring of the axially coupled rings in the axial direction 

when different number of rings are tested, and Table 5.4 lists the measured frequencies of 

the first four peaks of the coupled structure. 
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Figure 5.14: FRFs of axially coupled rings with different numbers of rings measured at 
the top ring (left) and the bottom ring (right) (for clarity, each curve is offset from the 

one beneath it by 20 dB). 

Table 5.4: Resonance frequencies of the axially coupled rings. 

 1st peak (Hz) 2nd peak (Hz) 3rd peak (Hz) 4th peak (Hz) 

2 rings 465 1,410 N/A 3,075 

3 rings 461 1,210 1,738 3,036 

4 rings 451 1,065 1,664 3,025 

5 rings 445 896 1,630 2,998 

When the number of rings increases, the vibration features of the axially coupled rings 

are: 

1. The coupled rings vibrate as a whole structure. Because the axially coupled-ring stack 

is composed of identical rings, this phenomenon is more obvious than that in the 

radially coupled rings. The resonance frequencies measured on the different rings are 

exactly the same. 

2. Although vibration attenuation is also observed, the vibration transmission of the 

axially coupled rings is more efficient than that of the radially coupled rings. For 
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instance, when five coupled rings are excited at Ring 1, the kinetic energy of Ring 5 

(bottom ring) is 32.6% of the kinetic energy of Ring 1 (top ring) for the axially coupled 

rings. However, only about 8.7% of the total kinetic energy can transmit from Ring 1 

(first outer ring) to Ring 5 (last inner ring) in the radially coupled rings. 

3. The resonance frequencies of the axially coupled rings shift to the low frequency end 

when the number of the rings increases, which is the opposite of the frequency shift 

in the radially coupled rings. With regarding to each peak, the frequency shift of the 

second peak is much more obvious than the shift of the remaining peaks. This suggests 

that the second peak may be caused by a specific mechanism. Figure 5.15 shows the 

measured mode shapes of the second and third peaks. It is clear that the third peak is 

the second mode of the rings while the second peak is caused by the coupling effect, 

and its mode shape is a combination of those of the first and second modes. 

4. The mode shapes of the different rings are in phase. Since this is the same in the 

radially coupled rings, it will not be discussed further here. 
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Figure 5.15: The mode shape of the second and third peaks of the axially coupled rings 
with different numbers of rings. 

After the vibration features of the axially coupled rings are established experimentally, 

cross-checking these features with the analytical model will not only verify the model but 

also provide further understanding of the experimental observations. Figure 5.16 shows 

the FRFs of Ring 1, Ring 2, and Ring 4 when five rings are coupled together. The good 
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agreement between them demonstrates that the accuracy of the analytical model is 

acceptable. Similarly to the radially coupled rings, some damping effects not considered 

in the model makes the calculated response give sharper peaks than those seen in the 

experimental data, particularly for the rings far from the excitation force, such as Ring 4 

in Figure 5.16. 

 

Figure 5.16: Comparison between the model solution and the experimental data for the 
vibration response of axially coupled rings when five rings are coupled together. 

Another discrepancy in Figure 5.16 that is the calculated resonance frequencies are higher 

than the measured values, especially for these peaks in high frequency range. In order to 
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explain this discrepancy, Figure 5.17 compares the frequencies of the first four peaks of 

the axially coupled rings when different numbers of rings are used. The peak frequencies 

predicted by the model are almost constant, except for that of the second peak induced by 

the coupling effect. This means the calculated resonance frequencies of the axially 

coupled rings are fixed and not affected by the number of rings in the model. From Figure 

5.17, it is clear that the difference between the calculated and measured resonance 

frequencies is quite small for the low-order peaks, but is more obvious for the high-order 

peaks. The error also becomes larger when the number of rings increases. A possible 

reason is that the mass loading of the rings and coupling components is not included in 

the model. When the number of the rings increases, the increased mass loading by the 

rings and insulation blocks slightly drags the resonance frequencies of the rings to the 

low frequency end. Mechanically, the mass term affects the vibration response more 

efficiently in the high frequency range. As a result, the frequency difference is more 

obvious for these high-order peaks. 

The frequency of the second peak decreases when the number of rings increases. This 

phenomenon can be found both in the experimental and theoretical results. Figure 5.18 

shows the calculated mode shape of the second peak, and it is also very similar to the 

experimental data shown in Figure 5.15. 
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Figure 5.17: Comparison of the first four resonance frequencies of axially coupled 
rings calculated by the theoretical model and measured from the experiment. 

 

Figure 5.18: The calculated mode shape of the second peak when different numbers of 
rings are coupled. 

The above comparisons confirm that the analytical model can reasonably predict the 

vibration characteristics of the axially coupled rings, including their resonance 

frequencies and mode shapes. The main error is the frequency difference of the high-order 
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resonance peaks. However, even for the highest order peak measured in the experiment 

(the fourth peak), the error is less than 5%. Therefore, it can be concluded that the 

accuracy of the model is acceptable. 

 

5.3 Modeling of the Coupled-ring stack 

The simplified disk-type winding model, a coupled-ring stack, has been used in Chapter 

4 for comparing the vibration characteristics between a disk-type winding and coupled 

rings. The rings in the stack are coupled by interturn insulation blocks in the radial 

direction and interlayer insulation sticks in the axial direction (see Figure 5.19). These 

two kinds of coupling components play a role as bridges to transmit vibrations from one 

ring to another as two mechanisms. One is the elastic effect in the strong coupling 

direction, and the other is the friction effect in the weak coupling direction. For example, 

the radial vibration is transmitted by the elastic effect induced by the interturn insulation 

blocks between the rings in the same layer (radial direction that is the strong coupling 

direction), and the friction effect induced by the interlayer insulation sticks between 

different layers of the ring disks (axial direction that is the weak coupling direction). Their 

roles in the transmission of the axial vibration are inverted. Compared with models of the 

single-layer structures in which only the elastic effect of the coupling components is 

considered, both effects must be included in the analytical model of the coupled-ring stack. 

The transverse and axial vibration of the coupled-ring stack under free conditions will be 

modeled in this section. 
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Figure 5.19: The coupled-ring stack with two kinds of insulation materials. 

In the previous ring models, there is an assumption that the vibrations of the rings in the 

transverse and axial direction are uncoupled. However, when the rings are stacked, if the 

distribution of the excitation forces is not symmetrical with the gravity center of the 

structure, a twist that can excite the orthogonal vibration is inevitable. It leads to the 

transverse and axial vibrations become coupled, which makes the complexity of the 

model rise steeply. However, if it can be demonstrated experimentally that the orthogonal 

vibration is much smaller than the main vibration in the same direction as the excitation 

force, the vibrations in the two directions still can be treated as uncoupled motions. 

Figure 5.20 compares the measured FRFs of a coupled-ring stack in the radial and axial 

directions. It is clear that when the excitation force is in the radial direction, the orthogonal 

vibration in the axial direction is much smaller than the radial vibration, and vice versa. 

If defining the kinetic energy of the main vibration as 100%, the kinetic energy of the 

orthogonal vibration is always less than 10% (for the radial excitation force, axial 

vibration is 6.2% of radial vibration; for the axial excitation force, radial vibration is 2.3% 

of axial vibration). In terms of these experimental results, the transverse and axial 

vibrations of the coupled-ring stack are assumed to be uncoupled in the thesis. 
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Figure 5.20: Orthogonal vibrations of a coupled-ring stack: (a) vibrations excited by 

hammer force in the radial direction; (b) vibration excited by hammer force in the axial 
direction. 

 

5.3.1 Radial Vibration of a Coupled-ring stack 

The analytical model of the coupled-ring stack is composed of L layers of ring disks. 

There are T turns of rings in each layer. Ring lt denotes the ring located at the lth layer 

from top to bottom and the tth turn from outside to inside. The variables with a subscript 

lt are associated with Ring lt. For example, U12 is the radial vibration of Ring 12 which is 

located at the first layer and the second turn of the stack. N insulation blocks are evenly 

inserted between each two turns of rings at the locations θb1 to θbN. N’ insulation sticks 

are evenly inserted between each two layers of ring disks at the locations from θs1 to θsN’. 

The excitation force is applied to Ring 11 at location θ0. 

The equations of motion of each ring in the coupled-ring stack have the same form as 

those of the ring in a single-layer rings, except that the force terms are more complicated. 

Figure 5.21 shows the radial vibrations of a 2×2 stack excited by a radial force Fr on Ring 
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11. It is used as an example to analyze the force terms on the rings. 

 

Figure 5.21: Radial vibration of a 2×2 coupled-ring stack. 

The forces on Ring 11 include the excitation force Fr, the elastic force Fe induced by the 

elastic deformation of insulation blocks, and the shear force Ff generated by the relative 

motion between the ring and insulation sticks in the radial direction. To accurately 

describe the force Ff, each insulation stick should be modeled as a beam, so that the 

relative motion between the ring and stick can be determined by solving the displacement 

of the beam in radial direction. However, the force Ff is mainly induced by the friction 

effect, which is mechanically equivalent to the damping effect and thus the insulation 

sticks can be simplified as a series of dampers between different layers of rings (see 

Figure 5.21). Meanwhile, the friction force also causes small elastic deformations of the 

insulation sticks, which can be modeled as springs. Therefore, the overall force on Ring 

11 can be described as: 
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where kf and Cf is the equivalent stiffness and damping coefficient of the shear friction 

induced by the insulation stick. 
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The external forces on the remaining rings consist of the elastic force and the friction 

force, which have the similar forms of Fe and Ff in Eq. (5.47). Substituting these external 

forces into the motion equations of the transverse vibration of the coupled rings, the 

displacement of each ring in the transverse direction can be solved. 

Back to the L×T coupled-ring stack, assuming the radial displacement of Ring lt is: 

1
s n( ) .i 



 j t
lt ltm

M

m
U C m e               (5.48) 

Then there are L×T×M equations with the same number of unknown variables Cltm. Since 

the derivation of these equations is almost the same as the derivation shown in Section 

5.2.1, it is not repeated here, and only the matrix form equation is given: 

[ ][ ] [ ].H C F                 (5.49) 

 C  is the matrix of the L×T×M unknown variables: 

11 1 1 1 1... ... ...   
 
 

T

LTm Mm Tm M L mC C C C . 

 F is the excitation force matrix. The first M elements of this matrix are

0 0sin( ),  1 to , F m m M , and the rest of elements are zero: 

0 0 0 0sin( ) ... sin( ) 0 ... 0 .   
TF F M  

 H  is the LTM×LTM coefficient matrix that can be divided into L2 of the TM×TM sub-

matrices. So  H  can be rewritten as: 

 
11 1

1

 
 


 
  

L

L LL

H H
H

H H

,              (5.50) 
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Defining three new variables as: 

2 3
1

4

,  t
tm

m t m
t m

t m

Y YY
Y

Y  

2

1
( ) sin( ) ( ),1 sin   
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p p p bx n bn
n

y k j C m yZ x  

 
'
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' 1

sin( )sin( ,2 )  
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f snx sn
n

y f j C x yZ k  

and the three M×M matrices as: 

 

1

2

0 0
0 0

,

0 0







 
 
 
 
 
 

tm

tm
t

tm M

Y
Y

A

Y

 

 

11 12 1

21 22 2

1 2

1 1 1
1 1 1

,

1 1 1

 
 
 
 
 
 

M

M

M M MM

Z Z Z
Z Z Z

B

Z Z Z

 

 

11 12 1

21 22 2

1 2

2 2 2
2 2 2

.

2 2 2

 
 
 
 
 
 

M

M

M M MM

Z Z Z
Z Z Z

D

Z Z Z

 

Also defining   xyH as the sub-matrix at the xth line and the yth column in Eq. (5.50), each 

  xyH can be rewritten as T2 of M×M sub-matrices consisting of the matrices [At], [B], and 

[D]: 
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when 1 x y  or 1 x y  

.
 
       
  

xy

D
H

D

 

All the blank elements in the above matrices are null. The rest of   xyH , which are not 

mentioned above, are null matrices. 

 

5.3.2 Axial Vibration of a Coupled-ring stack 

Figure 5.22 is the schematic of the axial vibration of a 2×2 coupled-ring stack. The 

transmission of the axial vibration between the rings also depends on the insulation blocks 

and sticks. The interturn insulation blocks create the shear friction force between the rings 

and blocks in the axial direction, so that they can be modeled as spring-damper elements. 

On the other hand, the coupling effect of the interlayer insulation sticks includes two 

aspects. First, the relative displacement of the two layers of rings, such as Ring 11 and 
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Ring 21 in Figure 5.22, generates elastic deformation of the sticks. As a result of this 

elastic effect, the sticks can be modeled as mass-spring-damper elements. Second, the 

elastic force is also applied on the insulation sticks, which leads to a bending motion of 

the sticks. The bending of the sticks can also transmit axial vibrations between the rings. 

The bending motion can be modeled as the flexural vibration of beams (in the axial 

direction). Therefore, the analytical model of the axial vibration of the coupled-ring stack 

is composed of the rings and beams coupled by masses, springs and dampers. 

 

Figure 5.22: Axial vibration of a 2×2 coupled-ring stack. 

The geometrical description of the model is the same as that of the radial vibration motion. 

The insulation blocks are located from θb1 to θbN each two turns of rings, and the insulation 

sticks are inserted between each two layers of rings at the locations from θs1 to θsN’. The 

excitation force is applied on Ring 11 at location θ0 in the axial direction. Defining the 

sticks at the location θsn’ between the lth layer and (l+1)th layer of the coupled-ring stack 

is Beam ln’. For example, the insulation stick at location θs2 between the first layer and 

the second layer of the stack is Beam 12. The touch point between the stick and the tth 

turn of ring disk is location Pt, and the bending displacement of Beam ln’ at Pt is Sln’(Pt) 

(see Figure 5.22). 

The analytical model of a beam can be found in any mechanical vibration textbook or 

relevant publications [64]. The mode shape function of beam bending S can be presented 
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as: 

 1 2 3 4
1

cosh sinh cos sin ,( ) ( ) ( ) ( ) 




   
j t

m m m m m m m m
m

S B k x B k x B k x B k x e   (5.51) 

where B1m to B4m are the unknown variables that need be solved; km is the wave number 

determined by the length of the beam Lb and the boundary conditions; and x is the location 

on the beam. 

Considering the practical case of the stack, the two ends of the insulation sticks are both 

free. Substituting the boundary conditions into Eq. (5.51), it can be rewritten as: 

1

( ,) 





j t

m m
m

S B x e                (5.52) 

where: 

 
cosh( ) cos( )( ) cosh( ) cos( ) sinh( ) sin( ) ,
sinh( ) sin( )




   


m b m b
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k L k Lx k x k x k x k x
k L k L

 

2 1 , ( 3).
2




 m b
mk L m  

For the first three modes, m bk L  equals 4.730, 7.853, and 10.996, respectively. 

The motion equation of the bending of a beam is: 

4
2

4 


  


s s s s s
SA S E I F

x
.              (5.53) 

In Eq. (5.53), Es, s , and As are the Young’s modulus, density, and area of cross-section 

of the insulation stick. Is is second moment of the area of the cross-section. For a stick 

with a rectangular cross-section, 
12

 s s
s

A hI , where hs is the out-of-plane thickness of the 

stick. Fs is the external force applied on the stick. 
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The 2×2 coupled-ring stack shown in Figure 5.22 is used as an example to deduce the 

model. Assuming the insulation stick is located at θs1, so that this stick is Beam 11. Its 

vibration can be modally expanded as: 

11 11
1

( ) 





j t

m m
m

S B x e .               (5.52a) 

The force term on the beam is: 

      2
11 11 1 11 1 21 1 1 12 1 11 2 22 1 2( ) 2 ( ) ( ) ( ) ( ) 2 ( ) ( ) ( ) .                s p p p s s s sF k j C m W S P W x P W S P W x P

                   (5.54) 

Substituting Eqs. (5.52a), (5.54), and the axial vibration of the ring 

1

' sin( ) 





j t

lt ltm
m

W C m e  into Eq. (5.53), and simplifying the resultant equation by using 

orthogonal properties, the motion equation of the stick is: 
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    (5.55) 

The motion equations of the rings are the same as the equations given in Section 5.2.2, 

except that the force term is more complicated. For instance, the force applied on Ring 

11 is: 

'
2

0 0 11 ' 1 ' 1 '
' 1

11 12
1

11 ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ).

        

     





  

  

     

 

  











N

p p p sn n sn
n

N

f f bn bn bn
n

r e fF F F F k j C m W S P

k j C W W

F
 

                   (5.56) 

Therefore, the motion equation of the axial vibration of Ring 11 is: 
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                   (5.57) 

Eqs. (5.57) and (5.55) are the motion equations of one ring and one stick. The 2×2 coupled 

rings shown in Figure 5.22 have four rings and N’ sticks. If still using the first M modes 

to compute the model solution, the axial vibration of this structure can be described by 

(4+N’)×M  equations with the same number of unknown variables. Considering L×T 

coupled rings, the number of the equations increases to [(L×T)+(L-1)N’]×M . If the 

equations of the rings are arranged in the front of the equations of the sticks, the matrix 

form equation is: 

[ ][ ] [ ].H C F                 (5.58) 

 C  is the matrix of the unknown variables: 

11 1 1 1 1 11 1 1 ' ( 1)1 1 ( 1) '... ... ... ... ... ... .         
  

T

m Tm M L m LTm M m N m M L m L N m MC C C C B B B B  

 F  is the excitation force matrix. The first M elements are 0 0sin( ),  1 to , F m m M  and 

the rest of elements are zero: 

0 0 0 0sin( ) ... sin( ) 0 ... 0 .   
TF F M  

[𝐻] is a large coefficient matrix that includes the square of [(L×T)+(L-1)N’]×M  elements. 

To present this matrix logically, the first step is dividing it into four sub-matrices: 
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 1H is a LTM×LTM matrix that describes the interaction of the rings.  2H  and  3H  

are LTM×(L-1)N’M and (L-1)N’M×LTM matrices respectively, which represent the 

elastic forces between the rings and the insulation sticks.  4H  is a (L-1)N’M×(L-

1)N’M matrix describing the bending of the insulation sticks. To give their details, they 

are further divided into a series of sub-matrices. 

 1H  is divided as L2 of TM×TM sub-matrices: 
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1  xyH  is the sub-matrix at the xth line and yth column. When x y , the sub-matrix is a 

null matrix. When x=y, and x=1 or L, the sub-matrix is: 
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In the above matrices [At], [B], and [D] are all M×M matrices: 
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The experimental rig of the coupled-ring stack will be used for simulating several 

different common winding faults in the next chapter. The above analytical models, with 

some necessary modifications, will be utilized for checking and explaining the 

experimental results. Therefore, the verification of the models of the coupled-ring stack 

will be given in the next chapter. 

 

5.4 Conclusion 

This chapter focuses on the modeling of coupled rings under free boundary conditions. 

The analytical model of the rings is built based on elastic theory, and the two kinds of 

insulation materials (insulation blocks and insulation sticks) used in the coupled rings are 

modeled as coupling elements. 

The development of the analytical models of the coupled rings began from the model of 

a single circular ring. It was then extended to single-layer coupled rings, and the coupled-

ring stack. The predicted FRF of the single ring model shows good agreement with the 

measured results, which verifies the fundamental model of the circular ring. By 

connecting the rings via the insulation blocks, which are modeled as mass-spring-damper 

elements, the models of the two kinds of single-layer structures, radially coupled rings 

and axially coupled rings, are established. The comparison between the model predictions 

and the experimental results demonstrates that the analytical models are able to 

reasonably predict the FRFs of the coupled rings. In addition, the research on the single-

layer coupled rings also provides useful information about the vibration characteristics of 

different size of coupled rings. When smaller rings are added into radially coupled rings, 

the resonance frequencies of the coupled rings (the disk) increase. If more identical rings 

are stacked in axially coupled rings, the resonance peaks shift slightly toward the low 

frequency end. This finding may be useful for predicting the vibration behaviors of 

different sizes of transformer windings. 
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The key task for building the analytical model of the coupled-ring stack is to describe the 

coupling effect induced by the interturn insulation blocks and interlayer insulation sticks. 

These two kinds of insulation materials in the coupled-ring stack play different roles in 

the vibration transmission of the stack in the radial and axial directions. On one hand, the 

transmission of radial vibrations is mainly dependent on the elastic deformation of the 

interturn insulation blocks, so that these blocks are modeled as mass-spring-damper 

elements. Meanwhile, the coupling effect of the interlayer insulation sticks, which 

presents as shear friction between the sticks and rings, is simplified as spring-damper 

elements. On the other hand, the interlayer insulation sticks dominate the transmission of 

the axial vibrations in the coupled-ring stack, and each insulation stick is modeled as a 

beam with a series of mass-spring-damper elements on it. The effect of the interturn 

insulation blocks on the transmission of axial vibrations is secondary, and they are 

modeled as spring-damper elements to represent the shear friction between them and the 

rings. This modeling work of the coupled-ring stack provides the theoretical model for 

identifying the effect of these insulation materials on the vibration of the coupled-ring 

stack. In the next chapter, this model will be utilized to give qualitative explanations for 

the vibration features of the coupled-ring stack with some common transformer faults.  
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Chapter 6 Simulation of Winding Faults Using a 
Coupled-ring Stack 

The coupled-ring stack provides a simplified testing model for investigating the vibration 

features of disk-type windings with various faults. By modifying the geometrical 

arrangement of the rings and insulation materials, and the constraint conditions, some 

common transformer problems that occur in disk-type windings can be artificially 

introduced into the coupled-ring stack. In this chapter, five common winding faults, 

including looseness of the winding clamping force, failures of interlayer insulation 

pressboards, tilting of the winding, local deformation of the winding, and ageing of the 

winding insulation paper, are simulated on the stack to extract their vibration features. 

These features, especially the shift of resonance frequencies due to these faults, are 

explained by the results of the analytical model. 

 

6.1 Winding Faults in the Axial Direction 

Most winding faults are related to problems with the insulation materials or mechanical 

deformation of the windings. The vibration-based condition monitoring method is able to 

detect those faults that affect the mechanical properties of the winding. In this section, 

three winding faults that mainly affect the winding’s mechanical strength in the axial 

direction are simulated on the coupled-ring stack. They are: looseness of the winding 

clamping force; failures of the interlayer insulation pressboards; and tilting of the winding. 

These three faults have been simulated on a 110 kV power transformer in Chapter 3. 

However, the results from this simulation were not satisfactory, particularly for the last 

two faults. Because of the practical difficulties in these experiments, and cost reasons, 

only very limited data was obtained from the 110 kV power transformer, which is not 

enough to represent the vibration characteristics of the faulted windings. The coupled-

ring stack is therefore used to provide in-depth information about the effects of these 
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faults on the vibration characteristics of transformer windings. 

 

6.1.1 Looseness of the Winding Clamping Force 

Transformer windings are built around the vertical limbs of the core and are clamped by 

the clamping plates and accessories between the top and bottom limbs of the core [see 

Figure 6.1(a)]. Figure 6.1(b) shows two practical cases of looseness of the winding 

clamping force in power transformers. Looseness of the winding clamping force is a slow 

but unavoidable process caused by the cumulative effects of the vibration of the windings 

and core. The impacts generated by large loading currents may accelerate this process. 

When the clamping force decreases to a significant degree, it can lead to serious winding 

faults. For instance, the interlayer insulation pressboards of the windings may fall from 

the disk gaps. 

 

Figure 6.1: Transformer windings with looseness of the clamping force. 

As a common winding fault, the effect of looseness of the clamping force on the vibration 

of transformer windings has been previously investigated in published studies [45], [53]–

[55], as well as in the field study of the fault in the 110 kV power transformer presented 

in Chapter 3. The vibration features of the winding with this fault were characterized by 
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the reduced mechanical strength of the winding. This was due to the decreased stiffness 

of the winding interlayer pressboards [30], [32]. 

In this section, looseness of the winding clamping force is simulated on the coupled-ring 

stack for the analysis of the effect of this fault on the winding’s vibration features. Results 

obtained from the field study with the 110 kV power transformer and some previous 

research [45], [53]–[55] are also used to check the simulation results and further confirm 

the similarities between the coupled-ring stack and the disk-type winding.  

 

Figure 6.2: The experimental rig for the simulation of looseness of the winding 
clamping force. 

Figure 6.2 shows the experimental rig used for this simulation. The coupled-ring stack 

consists of five vertically packed disks, with each disk being made of five concentric rings. 

The rings were coupled by interturn insulation blocks in the radial direction and interlayer 

insulation sticks in the axial direction. The stack is held between two steel clamping plates, 

with each plate weighing 7 kg. The geometrical dimensions of the rings, coupling 

components and their distribution are identical to the coupled-ring stack used in Chapter 

4. Four clamping bolts were used to attach the two clamping plates and apply the 

clamping force to the stack in the axial direction. In order to measure the clamping force, 

a part of the screw thread on each bolt was smoothed, and full-bridge strain gauges were 

glued on this area (see the red circles in the left photo of Figure 6.2). The strain gauges 

were connected to a strain gauge amplifier. The output signals from the amplifier indicate 

the axial strain in the four bolts. 
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Full-bridge strain gauges are composed of four slices of strain gauges (see Figure 6.3). 

This arrangement can maximally cancel noise signals, including the bending motion of 

the bolt and interference from the external temperature, and only measure the strain of 

the bolt in the axial direction [87]. When the strain is measured, the clamping force on 

each bolt can be calculated as: 

' ,



 c b b b bF E A E A               (6.1) 

where Eb and Ab is Young’s modulus and the area of the cross-section of the bolt, which 

are 210 GPa and 1.54×10-4 m2 respectively. 휀 is the practical strain on the bolt, 휀′ is the 

measured strain, and    is the strain gauge factor. For the full-bridge strain gauges used 

in the experiment,    is 2.6. 

 

Figure 6.3: Full-bridge strain gauges mounted on the clamping bolt. 

The stiffness of the interlayer insulation sticks was measured by an Instron machine. 

Figure 6.4 shows that the amount of compression of the interlayer insulation sticks is 

linear and proportional to the compression force when the force is lower than 500 N. 

Further increasing the compression force results in smaller compression. It is clear that 

the stiffness of the stick increases with the compression force. Compared with the stiffness 

curve in Figure 6.5 measured from a winding insulation pressboard, the trends for the 

stiffness of the insulation sticks and pressboards are similar. 
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Figure 6.4: Stiffness curve of the insulation stick. 

 
Figure 6.5: Typical stiffness curve of winding interlayer insulation pressboard (data 

from [65]). 

To study the effect of looseness of the clamping force on the vibration of the stack, the 

different clamping forces on each insulation stick were established. The force began at 

1,000 N and gradually decreased to 200 N in steps of 200 N. For clarity, the five tests for 

the five levels of clamping force are named as Test 1 to Test 5. In the first three tests 

(clamping force on each stick is 1,000 N, 800 N and 600 N respectively), the stiffness of 

the sticks is in the non-linear range. The stiffness becomes constant in the last two tests 
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(clamping force on each stick is 400 N and 200 N respectively). The clamping force 

contributed by the weight of the top clamping plate is 70 N, and there are 16 interlayer 

sticks between each two layers of rings. Therefore, the clamping force applied to each 

clamping bolt in the five tests should be 3,983 N, 3,183 N, 2,383 N, 1,583 N and 783 N, 

respectively. In the practical tests, 3% error is acceptable. The coupled-ring stack was 

excited by the impact hammer at location L1 of Ring 11, and the FRF of the stack was 

measured on the external and internal surfaces of the stack. 

 

Figure 6.6: FRF of the coupled-ring stack in the axial direction for five different 
clamping forces (for clarity, each curve is offset from the one beneath it by 5 dB). 

Figure 6.6 shows the FRFs of the stack in the axial direction measured from Ring 11 for 

five different clamping forces. The angular difference between the measurement location 

and the excitation location is 5o. The resonance frequencies of the coupled-ring stack shift 

to the low frequency end when the clamping force decreases. This agrees with the result 

obtained from the test of the 110 kV power transformer. The frequency shifts in the first 

three tests are more obvious than those in the last two tests. Table 6.1 gives the frequencies 

of the first three peaks in the tests. It is clear that change of the resonance frequencies 

from Test 4 to Test 5 is very small. This observation confirms that the change in the 
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resonance frequencies of the stack in the axial direction is mainly caused by the change 

in the stiffness of the interlayer insulation sticks. In the first three tests, the stiffness of 

the sticks reduces due to the non-linear nature of the stress and strain relationship of the 

sticks. As a result, the resonance frequencies of the coupled-ring stack move to the low 

frequency end. However, in Test 4 and Test 5, the stiffness of the sticks is almost constant. 

For these tests, the change of the resonance frequencies of the stack is quite small. 

Table 6.1: The resonance frequencies of coupled-ring stack in the axial direction as a 
function of the clamping force. 

 Test 1 Test 2 Test 3 Test 4 Test 5 

1st peak (Hz) 347 321 293 290 290 

2nd peak (Hz) 1,163 1,057 956 950 948 

3rd peak (Hz) 1,995 1,904 1,826 1,812 1,810 

Figure 6.7 shows the FRFs of the coupled-ring stack in the radial direction when the stack 

was excited by a radial force, and Table 6.2 lists the frequencies of the first three 

resonance peaks in this direction. The resonance frequencies also move to the low 

frequency end as the clamping force is reduced, but the magnitude of the shift is smaller 

than that of the axial vibration. These features also qualitatively agree with the results 

from the 110 kV power transformer. Such agreement also provides confidence in using 

the coupled-ring stack to simulate the vibration of windings with faults. 
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Figure 6.7: FRFs of the coupled-ring stack in the radial direction with different 
clamping forces (for clarity, each curve is offset from the one beneath it by 10 dB). 

Table 6.2: The resonance frequencies of the radial vibration of the rings as a function 
of the clamping force. 

 Test 1 Test 2 Test 3 Test 4 Test 5 

1st peak (Hz) 390 367 350 322 295 

2nd peak (Hz) 709 689 678 670 650 

3rd peak (Hz) 1,447 1,433 1,428 1,427 1,419 

Another interesting phenomenon is that the resonance frequency shift in the radial 

direction is approximately linear, which is different to the features of the axial vibration. 

The clamping force applied on the stack generates an axial pressure on the rings and 

interlayer insulation sticks. When the rings oscillate in the radial direction, the pressure 

induces a friction force between the rings and sticks in the radial direction that is 

proportional to the clamping force. This friction partially determines the mechanical 

strength of the stack in the radial direction. As a result, when the clamping force decreases, 
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the friction force drops linearly, which means the resonance frequencies of the radial 

vibration continuously shift to the low frequency end. 

 

Figure 6.8: The normalized change of clamping force, stiffness of the insulation sticks 
and resonance frequencies of the coupled-ring stack. 

Figure 6.8 summarizes the relationship between the clamping force, the stiffness of the 

interlayer sticks, and the resonance frequencies of the coupled-ring stack in two directions. 

The data in the figure shows the relative change of certain parameters in the five tests. 

For example, the clamping force of Test 3 is 0.6 in the figure, representing 60% of the 

initial clamping force associated with Test 1. From the figure, it is evident that the 

frequency shift of the coupled-ring stack in the axial direction has a similar trend as that 

of the stiffness of the interlayer insulation materials. Meanwhile, the relative decrease of 

the resonance frequencies in the radial direction is proportional to the relative decease of 

the clamping force. Because the stiffness curve of the interlayer insulation sticks can be 

approximated by an exponential function with respect to the clamping force, the different 

trends of the frequency shifts in the two directions may be an indicator of looseness of 

the clamping force. Ideally, if the resonance frequencies of a winding decrease in both 
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directions, it shows the possibility that its clamping force may have decreased. After some 

time, if the frequency shift in the axial direction alone becomes slower, this might indicate 

that the clamping force has reduced to a fairly low value and thus immediate maintenance 

action is necessary. However, to verify this conclusion, further investigation on the 

mechanical properties of real winding insulation pressboards is necessary. 

Looseness of the clamping force may also cause changes in vibration transmission within 

the stack. Table 6.3 gives the kinetic energy of the axial vibration of the five rings on the 

external surface of the stack. The kinetic energy of one ring is calculated by the sum of 

the kinetic energy density measured at 16 locations on the ring. The kinetic energy of 

each ring is normalized based on the kinetic energy of Ring 11 (where the excitation force 

is applied) in Test 1. From Table 6.3, the main features of the kinetic energy of the rings 

with respect to the clamping force can be summarized as: 

1. The kinetic energy of Ring 11 increases when the clamping force decreases. This is 

because the constraint on Ring 11 decreases with the looseness of the clamping force 

so that larger vibrations can be excited on Ring 11 by the excitation force. 

2. The vibration transmission efficiency decreases when the clamping force drops off. 

Although the vibration of Ring 11 becomes larger, the kinetic energy of Ring 51 

becomes smaller as the clamping force decreases. This decrease of the vibration 

transmission efficiency is related to the coupling strength of the stack, which is 

determined by the stiffness of the interlayer insulation sticks. 

3. The overall kinetic energy of the five rings on the external surface of the stack 

increases as the clamping force decreases. The overall kinetic energy of the five rings 

in the stack is contributed by two factors. One is the local energy of Ring 11, which 

increases with the reduction of the clamping force. The other is the kinetic energy of 

the remaining rings, which reduces with the decrease of the clamping force. Although 

these two competing factors pull the overall kinetic energy of the five rings in opposite 

directions, the former factor dominates. 
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Table 6.3: Comparison of the kinetic energy of the rings in the axial direction with 
different clamping forces. 

 Test 1 Test 2 Test 3 Test 4 Test 5 

Ring 11 100% 116% 123% 126% 136% 

Ring 21 20.2% 18.5% 21.9% 19.1% 15.5% 

Ring 31 9.22% 7.82% 9.33% 7.98% 7.56% 

Ring 41 8.25% 5.48% 5.75% 4.66% 4.49% 

Ring 51 5.88% 3.93% 2.98% 2.94% 2.96% 

Overall 144% 152% 163% 161% 166% 

Table 6.4: Comparison of the kinetic energy of the rings in the radial direction with 
different clamping forces. 

 Test 1 Test 2 Test 3 Test 4 Test 5 

Ring 11 100% 102% 106% 109% 115% 

Ring 21 4.54% 4.01% 3.59% 3.01% 2.50% 

Ring 31 3.64% 3.42% 3.01% 2.85% 2.42% 

Ring 41 1.31% 1.51% 1.01% 1.09% 0.88% 

Ring 51 0.98% 0.80% 0.51% 0.34% 0.21% 

Overall 111% 112% 114% 116% 121% 
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The vibration transmission of the stack in the radial direction has similar features to that 

in the axial direction (see Table 6.4). This experimental observation suggests the transient 

vibration of winding excited by impact force (the impact force could be generated by 

inrush current for example) should increases when the clamping force decreases. 

Therefore, an increase of the transient vibration of windings may be a potential indicator 

of looseness of the winding clamping force. 

The vibration features of the coupled-ring stack with a decreased clamping force can be 

summarized as: (1) the resonance frequencies shift to the low frequency end. The shift in 

the axial direction is consistent with the change of the stiffness of the interlayer insulation 

components, while the frequency shift of the vibration modes in the radial direction is 

directly related to the decrease in the clamping force; (2) the vibration transmission 

efficiency reduces, but the overall kinetic energy of the stack increases; (3) the 

experimental data shows the looseness of the clamping force does not affect the mode 

shapes of the rings because the reduction of winding clamping force does not have clear 

directivity. 

 

6.1.2 Failures of the Interlayer Insulation Pressboards 

For the 110 kV power transformer, a fault in the interlayer insulation pressboards was 

simulated by decreasing the thickness of the pressboards. To simulate this fault on the 

coupled-ring stack, three groups of insulation sticks with different thickness were inserted 

into the gaps of the first three layers of the ring disks (see Figure 6.9). The thickness of 

these insulation sticks was 6 mm, 4.5 mm and 3 mm, respectively, and the rest of 

insulation sticks in the coupled-ring stack were 4.5 mm thick. All insulation sticks were 

made of the same material. For clarity, the tests with three different thicknesses of 

insulation sticks are named Test 1, Test 2 and Test 3. The experimental rig for studying 
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the effect of this fault is almost the same as that in the simulation of looseness of the 

clamping force, except that the four clamping bolts were removed. The clamping force in 

the simulation only comes from the static mass loading of the top clamping plate, which 

is constant during the test.2 The stack was still excited by the impact hammer at Ring 11 

at location L1 in two directions. Compared with the experiment on the transformer, which 

only provided one result for a faulted winding in the axial direction, this simulation on 

the coupled-ring stack is able to demonstrate the effect of different degrees of faults on 

the vibration responses in both the radial and axial directions. 

 

Figure 6.9: Locations of the gaps between the first three layers of ring disks on the 
coupled-ring stack. 

Figure 6.10 displays the FRFs of the coupled-ring stack from the three tests, which shows 

the different features in the two directions. For the vibration in the radial direction, no 

obvious difference was found between these tests. However, a clear frequency increase 

in the resonance peaks can be observed in the FRF in the axial direction. For instance, the 

                                                             
2 Even using the strain gauges to control the clamping force on the bolts, it is still very difficult to ensure 

the clamping forces on the four bolts are balanced and constant. Considering the effect of some faults on 

the vibration of the coupled-ring stack may very limited, especially when the degree of the faults is small, 

removing the clamping bolts could minimize the effect of the fluctuation of clamping force on the vibration 

characteristics of the coupled-ring stack. 
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fifth peak in Test 1 is at 3,086 Hz. It becomes 3,221 Hz in Test 2, and increases to 3,395 

Hz in Test 3. This frequency shift in the axial direction agrees with the observation from 

the test on the 110 kV power transformer. 

 

Figure 6.10: FRFs of the coupled-ring stack with different thicknesses of interlayer 
insulation sticks (a) in the radial direction, and (b) in the axial direction (for clarity, 

each curve is offset from the one beneath it by 10 dB). 

The interlayer insulation sticks work as springs between ring disks. A decrease of the 

thickness of the insulation sticks leads to an increase in their stiffness, which enhances 

the overall mechanical strength of the stack in the axial direction. As a result, the 

resonance frequencies of axial vibration of the stack move to the high frequency end. 

However, in the radial direction, the effect of the insulation sticks on the vibration of the 

stack mainly presents as friction between the ring disk and the insulation sticks, which is 

not affected by the thickness of the insulation sticks. Thus the vibration response of the 

stack in the radial direction is barely changed in the three tests. 

Changes in the mechanical properties of the winding interlayer insulation pressboards 

may be caused by different faults, such as abrasion, ageing, or missing pressboards. The 

coupled-ring stack provides an experimental rig to simulate different faults related to the 

pressboards. In practice, changes in the thickness of winding insulation pressboards are 
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rare, while many common faults are related to missing winding interlayer insulation 

pressboards. When a transformer experiences a shock due to a large current, the transient 

vibration of the winding structure may increase enormously, and the insulation 

pressboards may fall out of the interlayer spacing of the windings. This problem is 

common in long-term service power transformers and traction transformers that 

frequently experience the impacts of large currents [66], especially when their clamping 

force is low. The vibration features of windings with this fault have been investigated by 

other researchers [32], [47], [48]. This previous work has demonstrated that this fault 

indeed affects the FRF of windings, but due to the structural variation of the tested 

windings and the different experimental settings, it is difficult to extract the common 

features of this fault. 

 

Figure 6.11: (A) A winding missing interlayer insulation components; and (B) its 
simulation rig (insulation sticks between L1 and L16 are removed). 

To simulate missing interlayer pressboards, some insulation sticks were removed from 

the stack. Three tests were conducted to examine the effects of increasing the numbers of 

missing sticks on the vibration response of the stack. In the first test, the whole column 

of sticks between L1 and L16 [see Fig. 6.11(B)] were removed. Then two extra adjacent 

columns (between L2 and L1, and between L16 and L15) were removed. In the last test, 

other two adjacent columns (L3 and L2, and L15 and L14) were further removed. For 

clarity, these three tests are named Test 1 to Test 3. 

Figure 6.12 shows the FRFs of the coupled-ring stack under the three different test 
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conditions, and the frequencies of these resonance peaks are listed in Table 6.5 and Table 

6.6. As the number of missing sticks increases, the peak frequencies in the FRFs shift to 

the low frequency end. This frequency shift in the axial vibration is more obvious than 

that in the radial vibration. Decreased axial stiffness in the stack due to the missing 

interlayer sticks is the main cause of the frequency shift of axial vibration. However, the 

mechanical strength in the radial direction is primarily determined by the interturn 

insulation blocks between the rings, and the effect of insulation sticks on the radial 

vibration of the stack is secondary. As a result, the shift in peak frequencies in the radial 

vibration is not as obvious as that in the axial vibration. For example, the frequency of 

the fifth peak of the axial vibration shifts from 3,237 Hz in Test 1 to 3,011 Hz in Test 3 

(6.95%), while the frequency of the fourth peak moves from 3,362 Hz to 3,231 Hz (3.89%) 

for the radial vibration. 

 

Figure 6.12: FRFs of the coupled-ring stack with missing interlayer insulation sticks (a) 
in the radial direction, and (b) in the axial direction (for clarity, each curve is offset 

from the one beneath it by 10 dB). 
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Table 6.5: The resonance frequencies of the radial vibration of the coupled-ring stack 
missing some interlayer insulation sticks. 

 
Test 1 Test 2 Test 3 

1st peak (Hz) 569 562 550 

2nd peak (Hz) 1,467 1,435 1,392 

3rd peak (Hz) 2,310 2,260 2,211 

4th peak (Hz) 3,362 3,287 3,231 

Table 6.6: The resonance frequencies of the axial vibration of the coupled-ring stack 
missing some interlayer insulation sticks. 

 Test 1 Test 2 Test 3 

1st peak (Hz) 412 401 395 

2nd peak (Hz) 653 620 591 

3rd peak (Hz) 922 893 854 

4th peak (Hz) 1,766 1,682 1,661 

5th peak (Hz) 3,237 3,085 3,011 

The features of the FRFs of the coupled-ring stack with missing interlayer sticks are 

similar to that of the stack with a reduced clamping force. The mechanisms of these two 

faults are both related to the decrease in the coupling strength of the stack. For the fault 

of looseness of clamping force, the decrease of coupling strength is mainly caused by the 

non-linear stiffness of the insulation sticks while the reduced overall stiffness due to the 
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missing sticks is more straightforward. 

Table 6.7 gives the normalized kinetic energy of the five external rings from Ring 11 to 

Ring 51 in the axial direction. This feature is very similar to that caused by looseness of 

the clamping force. When more insulation sticks are removed from the coupled-ring stack, 

the vibration transmission efficiency of the stack is reduced. For example, in the non-

faulted coupled-ring stack, the kinetic energy of Ring 51 is 1.78% of the kinetic energy 

of Ring 11. In Test 3, when about 30% of the insulation sticks are removed, this efficiency 

is only 1.17%. Meanwhile, the local vibration of Ring 11 and the overall vibration of the 

five external rings increase. The overall kinetic energy of the rings in Test 3 is more than 

twice that of the rings without a fault. This significant increase in vibration can be used 

as a warning signal of this fault. 

Table 6.7: Comparison of the kinetic energy of the rings in the axial direction in the 
stack with increasing numbers of missing interlayer insulation sticks. 

 Perfect rings Test 1 Test 2 Test 3 

Ring 11 100% 132% 170% 223% 

Ring 21 12.2% 13.3% 16.9% 20.6% 

Ring 31 5.51% 6.01% 7.01% 8.91% 

Ring 41 3.85% 4.00% 5.05% 6.16% 

Ring 51 1.78% 1.72% 2.02% 2.61% 

Overall 123% 157% 201% 261% 

The study of the vibration distribution of transformer windings with faults may lead to a 

possible method of identifying the location of the fault. To locate the missing insulation 

sticks, the mode shapes of the stack at the resonance frequencies were measured. As the 
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intact coupled-ring stack is axially symmetric, the orientation of its mode shapes is only 

determined by the excitation conditions. The location of the excitation force coincides 

with the one of the anti-nodes of the mode shapes. However, when interlayer sticks are 

removed, the stack becomes asymmetrical and it is expected that the angular orientation 

of the modes may shift to the location where the missing insulation sticks are located. 

Surprisingly, the experimental results do not support this hypothesis. Figure 6.13 and 

Figure 6.14 give the first and second mode shapes of the rings in Test 2. The excitation 

force was applied at three different locations, and it is obvious that the mode shapes 

always point to the excitation location and are not affected by the missing interlayer sticks. 

The same phenomenon can be found in all modes of the rings in both the radial and axial 

directions. The absence of insulation sticks introduces an asymmetry to the support 

condition of the coupled-ring stack, but does not change the geometrical symmetry of the 

rings. The experimental results demonstrate that the slight asymmetrical effect due to the 

missing insulation sticks is not strong enough to change the orientation of the mode 

shapes of the rings. 

 

Figure 6.13: The first mode shape of the coupled-ring stack measured on Ring 11 in 
Test 2. 
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Figure 6.14: The second mode shape of the coupled-ring stack measured on Ring 11 in 
Test 2. 

However, the absence of a local stiffness component (such as the insulation sticks) can 

be most effectively detected by measuring the relative axial displacement at the same 

angular position and between the adjacent layers (disks). , , ( )l t kH  defines the axial 

displacement response at location ( , , )kl t  of the stack [for instance, 2,1,3 ( )H is the 

displacement response of Ring 21 measured at angular location L3]. The elastic force (per 

unit excitation force) owing to the stiffness coefficient , 1l lk  of the interlayer insulation 

element between the rings ( , )l t and ( 1, )l t  at this angular location k  can be 

measured as: 

( , ),( 1, ) , 1 , , 1, ,ˆ ( , ) [ ( ) ( )]    
  

  l t l t k l l l t k l t kk H H  .             (6.2) 

This elastic force provides a bounding constraint to the relative motion between the rings

( , )l t and ( 1, )l t  at k . A significant increase in , , 1, ,[ ( ) ( )] 


l t k l t kH H may be observed 

if , 1l lk  and thus the bounding force drop to zero when the insulation stick at this location 

is removed. Therefore, a frequency-averaged difference in the axial response may be used 

to measure the spatial variation due to the absence of insulation sticks: 
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where t=1 corresponds to the external rings and L is the total number of disk layers in the 

coupled-ring stack. 

Figure 6.15 shows the mean difference in axial vibration at the 16 angular locations of 

the external rings of the stack, and the frequency range is from 10 Hz to 4,000 Hz. It 

clearly indicates the locations of the missing interlayer sticks. At the locations of the 

missing sticks, the mean difference is remarkably larger than the other locations, and 

when more sticks are removed, this difference increases. 

 

Figure 6.15: Mean difference (dB) of the axial vibration response of the coupled-ring 
stack indicating the locations of the missing interlayer insulation sticks. 

Figure 6.16 shows the mean difference of the radial vibration of the external rings. This 

can also identify the location of the fault. However, compared with Figure 6.15, the radial 

vibration is not as sensitive to the missing sticks as the axial vibration. This is because 

the radial stiffness of the stack is dominated by the interturn insulation blocks, and not by 

the interlayer insulation sticks. 
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Figure 6.16: Mean difference (dB) of the radial vibration response of the coupled-ring 
stack, indicating the locations of the missing interlayer insulation sticks. 

In summary, the observed vibration features of the coupled-ring stack in relation to 

failures of the interlayer insulation components are: (1) the peak frequencies of the 

vibration response shift to the higher frequency end if the thickness of the interlayer 

insulation components reduces; (2) the peak frequencies of the vibration response shift to 

the low frequency end if some of the interlayer insulation components are removed; (3) 

when increasing numbers of interlayer components are removed, the vibration 

transmission becomes less efficient while the overall kinetic energy of the stack increases; 

(4) the locations of the missing insulation components are sensitive to the frequency-

averaged difference between the axial vibration responses of the coupled-ring stack. 

 

6.1.3 Tilting of the Winding 

Tilting of the winding from the vertical direction is another common winding fault. Disk-

type windings have two possible tilting problems. The first is found in the winding 

conductors, especially for those disk-type windings using continuously transposed cable 

(CTC) conductors. The force produced by a short circuit can cause the two adjacent CTC 

cables, or two conductors in one CTC cable, to tilt against each other [67]. The second 

problem is global tilting of the winding, which will be discussed here. 
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Tilting of the entire winding has two major causes [68]. One is an imbalance of the ampere 

turns between the HV and LV windings, and the other is that the centers of the HV and 

LV windings are not in the same plane. Ideally, the electromagnetic forces of the HV and 

LV windings have the same amplitude and opposite directions so that their forces can be 

cancelled by each other. However, the above two problems can lead to unbalanced 

electromagnetic forces on the HV and LV windings. These problems are common in most 

transformers due to unavoidable small manufacturing errors, and for normal service 

conditions, this unbalanced force is negligible. However, the force may increase 

thousands of times due to a short circuit or large loading impacts. Large impact forces 

cause the HV and LV windings to tilt against each other. This tilting destroys the 

symmetry of the windings and further increases the unbalanced force, which can cause a 

vicious cycle and result in a series of fatal winding faults. Therefore, early detection of 

tilting of windings is useful for the safe operation of power transformers. No published 

work could be found on the effects of tilting on the vibration characteristics of windings. 

The following experimental simulation attempts to examine these effects. 

 

Figure 6.17: (A) A tilted winding in practice; and (B) its simulation rig (tilt angle in the 
photograph is 15o). 

Figure 6.17 shows the experimental setting for simulating a tilting fault. The setting is the 

same as the previous simulation. The experiment included three tests with tilt angles of 
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the coupled-ring stack at 5o, 10o, and 15o, respectively, and the tilt was toward location 

L1. To distinguish the three tests, they are noted as Test 1 to Test 3. 

Figure 6.18 shows the FRFs of the tilted stacks in the radial and axial directions, and the 

frequencies of the resonance peaks in the two directions are listed in Table 6.8 and Table 

6.9, respectively. The FRFs in the radial direction show little difference. From Table 6.8, 

it can be seen that when the tilt angle increases, the peak frequencies slightly shift to the 

low frequency end (by less than 2%). In the axial vibration response of the stacks, a larger 

shift (a maximum of about 15% for the first three peaks) of the peak frequencies to the 

lower frequency end is observed. This frequency shift in the axial direction agrees with 

the observations from the 110 kV power transformer with the same fault. 

 

Figure 6.18: FRFs of the tilted coupled-ring stacks (a) in the radial direction, and (b) in 
the axial direction (for clarity, each curve is offset from the one beneath it by10 dB). 
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Table 6.8: The resonance frequencies of the radial vibration of the tilted coupled-ring 
stack. 

 Test 1 Test 2 Test 3 

1st peak (Hz) 568 568 566 

2nd peak (Hz) 1,462 1,460 1,450 

3rd peak (Hz) 2,298 2,301 2,282 

4th peak (Hz) 3,356 3,341 3,330 

Table 6.9: The resonance frequencies of the axial vibration of the titled coupled-ring 
stack. 

 Test 1 Test 2 Test 3 

1st peak (Hz) 410 403 385 

2nd peak (Hz) 651 640 625 

3rd peak (Hz) 928 914 880 

4th peak (Hz) 1,771 1,766 1,762 

5th peak (Hz) 3,240 3,242 3,222 

Table 6.10 compares the kinetic energy and the transmission efficiency of the coupled-

ring stack with the incremental tilt angles. Because the change is relative small, only the 

results of the tilted stack in Test 3 and the stack without fault are compared. It is clear that 

the tilt angle barely affects the transmission of radial vibration. For the axial vibration, 

the transmission efficiency decreases when the tilt angle increases, especially from Ring 
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11 to Ring 51. In contrast to the previous two faults, although the vibration transmission 

efficiency decreases, there was no clear change in the local vibration of Ring 11 and the 

overall kinetic energy of the stack. 

Table 6.10: Comparison of the kinetic energy between the tilted coupled-ring stack in 
Test 3 and the normal coupled-ring stack without tilt. 

Ring No. Radial vibration Axial vibration 

Tilt No fault Tilt No fault 

Ring 11 101% 100% 99.2% 100% 

Ring 15 11.7% 12.1% 0.06% 0.07% 

Ring 51 0.23% 0.21% 1.28% 1.78% 

Because the interactions between the different layers of the stack are determined by the 

mechanical properties of the interlayer insulation sticks, changes in the interaction area 

between the layers caused by the tilting may explain the corresponding shift in the peak 

frequencies and the decrease in the vibration transmission efficiency. As shown in Figure 

6.19, when the stack tilts from the vertical direction, the area of the contact surface 

between the adjacent rings reduces, which is equivalent to a reduction of the coupling 

strength of the system. As a result, the overall mechanical strength of the stack, especially 

in the axial direction, reduces and so do the corresponding resonance frequencies as well 

as the vibration transmission efficiency. Furthermore, the mechanical strength of the stack 

in the radial direction is mainly determined by the interturn insulation blocks between 

rings, which are unchanged by tilting. Thus, the vibration characteristics in the radial 

direction are barely affected by tilting of the stack. 
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Figure 6.19: Change of the coupling strength for tilted rings. 

Tilting of the coupled-ring stack is a directional fault in the structure. The effects of this 

fault on the vibration distribution of the rings were examined. Figure 6.20 shows the first 

mode shape of the axial vibration of the stack in Test 3. It is obvious that the direction of 

the tilting does not change the orientation of the rings’ mode shape, and the direction of 

the mode shapes is determined by the location of the excitation force. The same 

phenomenon is also observed from other mode shapes. This result indicates that the 

asymmetry of the stack induced by the tilt angle is not great enough to affect the 

orientation of the mode shapes of the rings. 

 

Figure 6.20: The first mode shape of the tilted coupled-ring stack in Test 3. 

In general, tilting of the stack leads to a decrease in the mechanical strength of the 

structure in the axial direction. As a result, it causes a shift of the resonance frequencies 

of the axial vibration to the low frequency end, and the vibration transmission in the axial 

direction is less efficient. However, compared with the previous two faults, the effect of 
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the tilt angle on the vibration characteristics of the coupled-ring stack is relatively small. 

The effect of this fault on the vibration behaviors of the coupled-ring stack in the radial 

direction is very limited. 

 

6.1.4 Theoretical Model of the Faults 

The simulations on the coupled-ring stack demonstrate that each of the above three 

winding faults results in a decrease of the mechanical strength of the structure, 

particularly in the axial direction. In practice, this decrease in mechanical strength is 

primarily due to the degradation of the mechanical properties of the interlayer insulation 

sticks. In order to provide some theoretical evidence, the analytical model of the coupled-

ring stack is used to confirm some of the experimental results, such as the frequency shift 

of the resonance peaks. 

 

6.1.4.1 Effect of the Clamping Plates 

In Chapter 5, the analytical model of the coupled-ring stack was built under free 

conditions (free of clamping forces at the top and bottom of the stack), but the rings were 

stacked between two clamping plates in the practical simulations. Therefore, the 

boundary effects induced by the clamping plates must be considered in the model. 

The clamping plates are made of steel. Each plate weighs about 7 kg and its thickness is 

20 mm. To meet the practical requirements of the experiments, several different sizes of 

holes had been drilled in the plates. Theoretically, the vibration properties of the clamping 

plates could be modeled as a flat plate with some holes in it. However, because the mass 

of the clamping plates is much greater than that of the coupled-ring stack (about 1.8 kg 

including the rings and insulation materials), the effect of the clamping plate on the 



 

192 
 

vibration of the stack can be simplified. 

Figure 6.21 compares the FRFs of the coupled-ring stack measured on Ring 11 and the 

top clamping plate. It is clear that the mean response of the top clamping plate is more 

than 20 dB less than the response of the ring, and the resonance peaks of the clamping 

plate do not coincide with those in the response of the ring. The vibration amplitudes 

measured at different locations on the plate are similar. Based on this experimental 

observation, the top clamping plate is simplified as a rigid body at the top of the first layer 

of ring disks, without rotational motions. Its mass is mcp. (Ucp, Vcp, Wcp) and (Fx, Fy, Fz) 

are the plate displacements and resultant forces applied on the plate in the x, y and z 

directions, respectively (see Figure 6.22). The direction x of the plate is the same direction 

of the excitation force applied on the coupled-ring stack in the radial direction. 

 
Figure 6.21: FRFs of the stack measured on Ring 11 and the top clamping plate. 

 

Figure 6.22: The coordinate system of the top clamping plate. 
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The bottom plate is on the ground, and the measured vibration response of the bottom 

plate is even smaller than that of the top plate. Figure 6.23 shows the FRFs of the bottom 

plate. The mean velocity of the bottom plate is about 30 dB less than the velocity of Ring 

11. The small vibration of the bottom plate is negligible. As a result, the support to the 

coupled-ring stack is modeled as rigid ground. 

 

Figure 6.23: FRFs of the stack in the radial direction measured on Ring 11 and the 

bottom clamping plate. 

Using the above assumptions for the clamping plates, the analytical model of the coupled-

ring stack between the clamping plates can be described by Figure 6.24. Because the 

clamping bolts were removed from the coupled-ring stack in most of the simulations, the 

clamping bolts are not involved in the analytical model. 
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Figure 6.24: Analytical model of the coupled-ring stack with the clamping plates. 

In this model, the resultant forces applied on the top disk and bottom disk of the stack 

need to be modified. For the top disk, utilizing Ring 11 as an example, its motion equation 

for the radial vibration is: 
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where Fr is the resultant force applied on Ring 11 in the radial direction: 

 2
0 0 11 12

1
'

11 ' 21 ' ' 0 ' 0 '
' 1

( ) ( ) ( ) ( ) ( )

( ) 2 ( ) ( ) cos( ) sin( ) ( ).

         

         





     

         

 



N

p p p bn bn bn
n

N

f f sn sn cp sn cp sn

r

sn
n

F k j C m U U

k j C U U U V

F
 

The equation of motion for the axial vibration is: 
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where Fa is the resultant force applied on Ring 11 in the axial direction: 
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The resultant force on the rest of rings at the top disk can be expressed in the same way. 

The motion equations for the top clamping plate in the three directions are: 
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where the resultant forces applied on the top clamping plate are: 
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Regarding the rings on the bottom layer, using Ring L1 as an example, its resultant forces 

in the two directions become: 
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The change in the resultant forces on the rest of rings at the bottom layer of the ring disk 

is the same. 
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6.1.4.2 Model Verification 

To verify the analytical model of the coupled-ring stack with clamping plates, the 

calculated FRFs of the intact coupled-ring stack (with five disks; each disk consisting of 

five concentric rings) are compared with the experimental results. The parameters used 

in the model calculation are listed in Table 6.11. The values of the parameters were 

obtained from measurements, except for kf and Cf, which represent the shear friction 

between the rings and coupling elements. As mentioned before, the practical 

measurement of these two terms is difficult, and based on the experimental results, the 

coupling effect induced by friction is much weaker than the coupling effect induced by 

the elastic deformation of insulation materials, which means that kf and Cf should be much 

smaller than kp and Cp. Therefore, in the model calculation, it is assumed that kf and Cf 

are 20% of kp and Cp, respectively. 

Table 6.11: Parameters used in the model calculation. 

Parameters of the rings 

E (N/m2) 𝝆 (kg/m3) G (N/m2) h (m) t (m)  

7.0×1010 2.7×103 2.6×1010 0.01 0.005  

Parameters of the interturn insulation blocks 

kp (N/m) Cp (Ns/m) kf (N/m) Cf (Ns/m) mp (g)  

2.8×105 1.0 5.6×104 0.2 0.8  

Parameters of the interlayer insulation sticks 

kp (N/m) Cp (Ns/m) kf (N/m) Cf (Ns/m) Lb (m) Es (N/m2) 

7.5×104 0. 5 1.5×104 0.1 0.05 1.0×107 

𝝆𝒔 (kg/m3) As (m2) hs (m) mp (g)   

1.2×103 2.3×10-5 0.005 0.2   
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Figure 6.25 shows the comparison of the FRFs of coupled-ring stack measured from the 

experiments and calculated by the analytical model. In general, the calculated response 

curves show similar trends to the measured results. The resonance peaks in the model 

solutions are sharper than those in the experimental results, especially in the low 

frequency range. This suggests that the real damping of the stack is higher than that 

considered in the theoretical model. One of the possible reasons is the measurement error 

in the damping coefficient of the insulation elements. Meanwhile, only the martial 

damping of the insulation blocks and sticks is considered in the theoretical model, and 

some other potential damping effects (such as friction between rings and insulation 

materials) which are not involved in the model may increase the difference. 

 

Figure 6.25: FRFs of the coupled-ring stack measured from the experiments and 

calculated by the model (a) in the radial direction, and (b) in the axial direction (for 

clarity, a 10 dB offset is applied to the model solutions). 

The measured and calculated resonance frequencies of the coupled-ring stack are given 

in Table 6.12. The maximum error appears in the first resonance frequency of the radial 

vibration. However, because the first resonance peak in the measured curve is relatively 

flat, it is difficult to identify the accurate frequency of this peak, which may increase the 

practical error. For the rest of peaks, the errors are less than 11%. Considering the 
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structural complexity of the coupled-ring stack and the limitation of the analytical model, 

it is proposed that the accuracy of the analytical model is acceptable. 

Table 6.12: Resonance frequencies of the coupled-ring stack. 

 Radial vibration Axial vibration 

1st mode 2nd mode 3rd mode 4th mode 1st 
mode 

2nd 
mode 

3rd 
mode 

Measured 
(Hz) 

568 1,462 2,298 3,356 630 1,762 3,234 

Calculated 
(Hz) 

482 1,323 2,376 3,521 619 1,865 3,225 

Error (%) 15.1 10.5 3.4 4.9 1.8 5.9 0.3 

 

6.1.4.3 Theoretical Simulation of Winding Faults 

In the previous experiments, the vibration features of the coupled-ring stack with three 

faults are discussed via the frequency shifts of the resonance peaks, vibration transmission 

efficiency and vibration distribution (mode shape). The most intuitive and useful feature 

that can be easily used for the monitoring of power transformers should be the frequency 

shift of the resonance peaks. The resonance frequencies of the transformer’s internal 

structures can be identified from the transient vibration of in-service transformers [76], 

so that monitoring the resonance frequencies of windings is a practical and feasible way 

to detect winding faults. Therefore, the change of the resonance frequencies observed in 

the experimental simulation due to different winding faults is valuable information and 

should be carefully verified by the analytical model. 

In this section, the three faults, including looseness of the clamping force, missing 

interlayer insulation pressboards, and tilting of the winding, are introduced into the 
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analytical model of the coupled-ring stack. The development of these faults is associated 

with changes in the mechanical properties of the interlayer insulation sticks in the 

coupled-ring stack, leading to a shift of the resonance frequencies of the structure, 

especially in the axial direction. By modifying the mechanical properties of the interlayer 

sticks in the analytical model, such resonance frequency shifts can be simulated 

theoretically. Even though certain faults, such as missing interlayer insulation pressboards, 

have a minor effect on the resonance frequencies of the stack in the radial direction, the 

correct simulation of the radial vibration requires an accurate measurement of the shear 

friction between the rings and insulation materials. Nevertheless, as the resonance 

frequencies of the radial modes are not sensitive to shear friction, a detailed discussion of 

this friction is not given. 

In the analytical model, the first fault, looseness of the clamping force, is described as the 

decrease of the stiffness kp of the interlayer coupling elements and the Young’s modulus 

Es of the interlayer beams. Tests 1 to 4 (clamping force from high to low) of the 

experimental simulation mentioned in Section 6.1.1 are repeated in the analytical model. 

Based on the measurement of the stiffness of the interlayer sticks with different clamping 

forces (see Figure 6.4), the values of the two parameters in the four tests are shown in 

Table 6.13. The rest of the parameters used in the calculation are the same as the values 

given in Table 6.11. 

Table 6.13: Modified parameters in the analytical model for the simulation of different 

clamping force. 

 Test 1 Test 2 Test 3 Test 4 

kp (N/m) 9.38×104 8.44×104 7.88×104 7.73×104 

Eb (N/m2) 1.25×107 1.13×107 1.05×107 1.03×107 

Figure 6.26 compares the normalized frequency shift of the first three resonance peaks of 



 

200 
 

the stack in the axial direction measured in the experiment and those calculated by the 

analytical model. The frequency shift ratio is defined as 
0

100%  n
f

f
f

, where f0 is the 

resonance frequency of the coupled-ring stack with standard clamping force in Test 1, and 

fn is the corresponding resonance frequency in Test n. From the figure, it can be seen that 

the resonance frequencies calculated by the analytical model also become smaller when 

the clamping force decreases, and they show a similar trend as the experimental data. The 

frequency shifts in the first three tests (Test 1 to Test 3) are more obvious than that of the 

last test, Test 4. However, a clear difference is that the frequency shift observed in the 

experiment is much larger than that of the calculated results. For example, the measured 

frequency shift of the first peak is 16.4%, while the corresponding shift in the model is 

only 1.6%. One of the possible reasons is the analytical model only considers the change 

in the mechanical properties of the interlayer insulation sticks, but does not involve a 

decrease of the static force loading due to the looseness of the clamping force.  

 

Figure 6.26: Normalized resonance frequency shift of the coupled-ring stack with 

different clamping forces (for clarity, the curves of each peak are offset from the ones at 

the left of them by 10%). 
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The second fault verified in the analytical model is missing interlayer insulation 

pressboards. Figure 6.27 compares the experimental results and the model solutions of 

this fault. Test 0 presents the coupled-ring stack without any fault, and 1/16, 3/16 and 5/16 

of the interlayer sticks are removed from the stack in Test 1, Test 2 and Test 3, respectively. 

In the analytical model, this fault is described as the absence of the interlayer coupling 

elements and beams at the locations of the missing sticks. When more sticks are removed 

from the stack, both the measured and calculated resonance frequencies shift to the low 

frequency end. However, the frequency shift in the experiment is more obvious for the 

lower-order peaks. 

 

Figure 6.27: Normalized resonance frequency shift of the coupled-ring stack missing 

interlayer insulation sticks (for clarity, the curves of each peak are offset from the ones 

at the left of them by 10%). 

The third fault is tilting of winding from the vertical direction. In the experiment, the tilt 

angle of the coupled-ring stack increases from 5o to 15o from Test 1 to Test 3. When the 

stack is tilted, the contact area between the rings and interlayer sticks decreases, which 

reduces the coupling strength of the stack. In the analytical model, this is equivalent to a 

decrease of the mechanical properties of the interlayer coupling elements. For example, 
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if the contact area reduces by 5%, all the parameters of the interlayer coupling elements, 

including their mass, stiffness and damping coefficient, also reduce by 5%. Based on the 

geometrical change of the coupled-ring stack, the mass, stiffness and damping of the 

interlayer coupling elements used in the calculation are given in Table 6.14. 

Table 6.14: Modified parameters in the analytical model for the simulation of the tilted 

coupled-ring stack. 

 Test 0 Test 1 Test 2 Test 3 

mp (g) 0.20 0.18 0.16 0.14 

kp (N/m) 7.50×104 6.75×104 5.93×104 5.10×104 

Cp (Ns/m) 0.50 0.45 0.40 0.34 

 

Figure 6.28: Normalized resonance frequency shift of the tilted coupled-ring stack (for 
clarity, the curves of each peak are offset from the ones at the left of them by 10%). 

Figure 6.28 displays the comparison of the resonance frequency shift of the tilted stack 

measured in the experiment and calculated by the model. The error of this fault is smaller 
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than that seen in the previous two modes. However, a clear difference still exists at the 

first resonance peak. Furthermore, because the frequency shift of the higher-order peaks 

is relatively small in the experiment, the calculated shift of the third peak is larger than 

the measured result. 

The simulation of these winding faults based on the analytical model of the coupled-ring 

stack provides theoretical evidence for understanding and explaining the experimental 

results. The three faults are introduced into the model in different ways: a decrease of kp 

and Es for a looseness of the clamping force, removing the entire interlayer coupling 

elements and beams for the missing interlayer sticks, and a decrease of mp, kp and Cp for 

tilting of the winding. On one hand, all of these faults are related to a reduction of the 

mechanical strength of the coupled-ring stack in the axial direction, and the calculated 

resonance frequencies of the stack indeed shift to the low frequency end, which agrees 

with the experimental observations. It is demonstrated that that a decrease of the 

mechanical properties of the interlayer sticks is one of the key factors that leads to the 

shift of the resonance frequencies of the coupled-ring stack in the axial direction. 

However, on the other hand, although the three faults are introduced into the model in 

three different ways, the vibration features observed from the model solutions are the 

same. The degree of the frequency shift increases with frequency. In other words, the shift 

of the higher-order resonance peaks is always larger than the shift of the lower-order 

resonance peaks in the model solutions. As a result, the model solutions cannot repeat 

some of the distinctive features of the faults, such as the large frequency shift of the 

resonance peaks of the coupled-ring stack seen with looseness of the clamping force, and 

the small frequency shift of the third resonance peak observed in the tilted coupled-ring 

stack. 

In general, by utilizing the analytical model, it is confirmed that the interlayer insulation 

sticks are one of the main elements that determine the vibration behavior of the coupled-

ring stack in the axial direction. Changes in the mechanical properties of the sticks can 

directly affect the resonance frequencies of the stack. The error between the experimental 
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results and the model solutions mainly presents as larger frequency shift measured in the 

experiments, especially in the low frequency range. It is suggested that a decrease of the 

mechanical properties of the interlayer sticks may not be the only reason for the resonance 

frequency shifts of the coupled-ring stack. There may be some other factors that can affect 

the resonance frequencies of the stack, especially at the low frequency end. To fully 

understand these experimental features, more experimental and theoretical investigations 

are required. 

 

6.2 Winding Deformation and Ageing of the Insulation 

Paper 

In this section, another two faults that affect the mechanical properties of transformer 

windings in the radial direction will be introduced into the coupled-ring stack and the 

induced changes in the winding vibration will be analyzed. One of these faults is local 

deformation of the winding, which has been tested on the 110 kV power transformer. The 

other is ageing of the winding insulation paper. 

 

6.2.1  Winding Local Deformation 

Local deformation of transformer windings is typically caused by the huge 

electromagnetic force in the windings. Winding deformation is often observed to take the 

form of local arc-shaped surface and occur in approximately half of windings in the radial 

direction, where the maximum radial electromagnetic force is located (see Figure 6.29). 

A large deformation is a threat to the electrical stability and mechanical strength of the 

winding and may cause serious problems, such as increased electrical loss, loss of 

winding stability, and damage to insulation materials. 
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Figure 6.29: A deformed winding after a short circuit impact. 

Most of the previous research on this fault has used electrical methods [71]–[73] for 

detecting winding deformations. There has been very little work on the vibration 

characteristics of deformed windings. Meng and Wang used FEM modeling to investigate 

the relationship between the winding’s electromagnetic force and its plastic deformation 

[74]. However, their work focused on winding local deformation in the axial direction 

and did not discuss the vibration characteristics of deformed windings. Shao reported a 

FRF test on a deformed disk-type winding [48], but the indented deformation (into the 

winding surface) used in their experiment was produced artificially by mallet impact, 

which is quite different from a real arc-shaped deformation on windings (out of the 

winding surface). 

 

Figure 6.30: The deformed rings used in the simulation. 

By using deformed rings to replace the original circular rings, local winding deformation 

was simulated by the coupled rings. Figure 6.30 shows the deformed rings used in the 
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simulation. R is the external radius of the original ring. A circular arc is added to the ring 

to simulate the arc-shaped local deformation. The external radius of the local deformation 

is r, and d is the distance between the centers of the two circles. Therefore, the 

deformation from the original ring is .  D r d R  In order to examine the vibration 

change of the rings with different degrees of deformation, three groups of deformed rings 

with increased degrees of deformation were utilized in the experiment. The deformations, 

from small to large, were defined as Case 1 to Case 3, and the circular rings without 

deformation were defined as Case 0. The geometrical dimensions of the deformed rings 

are listed in Table 6.15. 

Table 6.15: Geometrical dimensions of the deformed rings. 

Ring No. R (mm) r (mm) D (mm) 

Case 1 Case 2 Case 3 

Ring 1 100 55 3 6 9 

Ring 2 90 45 3 6 9 

Ring 3 80 35 3 6 9 

Ring 4 70 25 3 6 9 

Ring 5 60 15 3 6 9 

Local deformation affects the vibration characteristics of the circular ring. The theoretical 

analysis of the coupled rings with a local deformation requires a new model of the 

deformed rings that is outside the scope of the existing analytical model, so the 

investigation of this fault only focuses on the experimental part. Before introducing a 

local deformation into the coupled-ring stack, the vibration features of a single ring with 

a deformation were tested. 
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6.2.1.1 Vibration of a Single Deformed Ring 

The FRF of the deformed ring was measured in the radial and axial directions under free 

conditions. To investigate the vibration features of a ring with increasing deformations, 

Figure 6.31 shows the FRFs of Ring 3 with different degrees of deformation as an 

example. Its resonance frequencies are listed in Table 6.16. 

 

Figure 6.31: FRFs of Ring 3 with different degrees of deformation D (a) in the radial 

direction, and (b) in the axial direction (for clarity, each curve is offset from the one 

beneath it by 30 dB). 
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Table 6.16: Resonance frequencies of Ring 3 with different degrees of deformation. 

 Radial vibration Axial vibration 

1st mode (Hz) 2nd mode (Hz) 3rd mode (Hz) 1st mode (Hz) 2nd mode (Hz) 

Case 0 513 1,425 2,733 811 2,449 

Case 1 496 503 1,389 1,419 2,659 2,692 784 810 2,390 2,491 

Case 2 485 499 1,360 1,409 2,600 2,664 755 821 2,313 2,511 

Case 3 476 503 1,340 1,407 2,547 2,649 738 827 2,272 2,508 

According to the experimental results, the main vibration features of the deformed ring 

are: 

1. Each resonance frequency splits into a pair of peaks, and the frequency band fw 

between the two split peaks increases when the deformation becomes larger (see 

Figure 6.32). This phenomenon can be observed in both the radial and axial vibrations; 

2. The central frequency f0 of each pair of split peaks moves to the low frequency end 

(see the solid curves in Figure 6.32) when the degree of deformation increases; 

3. To describe the degree of the frequency shift of the split peaks, the frequency shift 

ratio 
0

100%  w
f

f
f

 is defined. For the same degree of deformation D, the 

frequency shift ratio in the axial direction is always larger than that in the radial 

direction. For instance, the frequency shift ratio of the first mode of Ring 3 in the axial 

direction is 11.37%, which is about twice that seen in the radial direction (5.52%). 

This phenomenon suggests that the axial vibration of the ring is more sensitive to 

deformation than the radial vibration, although the local deformation is in the radial 

direction. 
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Figure 6.32: Resonance frequencies (the second mode of Ring 3) of the split peaks and 

their central frequency (a) in the radial direction, and (b) in the axial direction. 

As mentioned before, the spatial distribution and orientation of a vibration mode in a ring 

is determined by the ring’s geometrical dimension, support and excitation conditions. For 

a free perfect circular ring without any deformation, the orientation of the mode shape is 

only determined by the location of the excitation force. However, if the ring is deformed, 

it introduces an asymmetrical factor into the ring. This asymmetrical factor directly 

changes the ring’s geometrical properties that may be enough to affect the vibration 

distribution of the ring. As a result, the orientation of the mode shapes may be determined 

by both the location of the excitation force and the location of the deformation. To observe 

the dependence of the modal orientation on the force and deformation locations, the 

deformed rings were excited by a point force at three different locations (L9, L11 and 

L14). Figure 6.33 shows the first mode shape of Ring 3 with a small deformation (Case 

1) in the axial direction. The location of the deformation is denoted by the small dot, and 

the location of the excitation force is denoted by the large dot. When the ring is deformed, 

the response of the first mode is split into a pair of peaks (lower peak and upper peak) 

due to the asymmetrical geometry. The three graphs in the upper part of Figure 6.33 are 

the mode shapes of the lower peak, while the bottom graphs are the mode shapes of the 

upper peaks. It is clear that the orientation at the lower peak frequency always points 
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toward the location of the deformation. Meanwhile, the orientation of the upper peaks is 

still determined by the location of the hammer force, just like a perfect ring. 

 

Figure 6.33: The mode shape of the first mode of Ring 3 in the axial direction with a 

Case 1 deformation. 

The same phenomenon can be observed in every deformed ring in both directions. For 

each pair of split peaks, the mode shape corresponding to the lower peak frequency was 

always orientated toward to the location of the deformation, and the mode shape of the 

upper peak is determined by the location of the exciting force. This observation provides 

an experimental method to identify the position of a local deformation on the ring. 

Because the deformed rings used in this experiment were made by laser cutting, this 

simulation only discusses the effect of deformation due to a change of geometrical 

dimensions. The author also tested the vibration features of a deformed ring whose 

deformation was produced by impact force in the radial direction (see Appendix C). The 

experimental observations are the same, which means certain other effects due to the 

deformation, such as stress concentration and fatigue of materials, do not change the main 

vibration features of the deformed ring. 
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6.2.1.2 Simulation on a Coupled-ring Stack 

After the vibration features of a local deformation on a single ring were investigated, this 

fault was simulated on the coupled-ring stack. The experimental setting is the same as 

that in the previous tests (see Figure 6.34). Three coupled-ring stacks with increasing 

degrees of deformation were tested to assess whether the effect of a local deformation on 

the stack is the same as that on a single ring or not. For clarity, these tests are noted as 

Test 1 to Test 3. 

 

Figure 6.34: (A) A deformed winding; and (B) its simulation rig. 

The FRFs of the deformed stack are given in Figure 6.35. With increased deformation, 

the peak frequencies of the responses shift to the low frequency end. This frequency shift 

can be observed over the whole frequency range. A detailed explanation of the changes 

in the vibration characteristics with increasing deformation requires a clear understanding 

of the coupling of the transverse waves as they are scattered by the local non-

homogeneities caused by the deformation of the circular rings. However, only a 

qualitative interpretation will be provided here. The deformation effectively increased the 

overall length and average radius of the rings in the stack. Furthermore, the geometrical 

deformation also slightly increased the overall mass of the rings (1.2% heavier). All these 

effects inevitably contribute to the decrease in the resonance frequencies of the stack. 
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Figure 6.35: FRFs of the coupled-ring stacks with different degrees of deformation (a) 

in the radial direction, and (b) in the axial direction (for clarity, each curve is offset 

from the one beneath it by10 dB). 

Other observations are the split resonance peaks and increased bandwidth in the 

frequency responses as the deformation increases. However, in contrast to the peak-

splitting phenomenon observed from the single deformed ring, the split is only found at 

several resonance peaks of the axial vibration, and does not exist in the response of the 

radial vibration. This phenomenon can be clearly observed at the second and third peaks 

in the axial vibration, and by analyzing the mode shapes of the two peaks, it was found 

that these two peaks are the first and second resonance modes of the rings, respectively. 

The splitting of the resonance peaks increases the mode density of the structure, which 

agrees with the observations from the experiment on the 110 kV power transformer. 

The split peaks suggest that the deformation breaks the symmetry of the circular rings 

and makes the original degenerate modes to have different resonance frequencies. As a 

result, the mode shapes corresponding to the resonance frequencies can be identified since 

the orientation of the mode shapes is affected by the asymmetry of the stack. Because the 

split peaks only exist in the axial vibration, the orientation change of the mode shapes is 

only found in this direction. Figure 6.36 shows the measured first and second mode shapes 
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of the split peaks in the axial direction. As is the case with the single deformed ring, the 

mode shapes at the lower peak frequencies always have one of their anti-nodes toward 

the location of the deformation, while those at the upper peak frequencies have one of 

their anti-nodes toward the location of the impact force. 

 

Figure 6.36: Axial mode shapes of the coupled-ring stack with a deformation described 

by Test 3. 

The above experiment on the coupled-ring stack demonstrates the vibration features of 

the stack in relation to the local arc-shaped deformation. These include: (1) the peak 

frequencies of the vibration response shift to the low frequency end; (2) some of the low-

order resonance peaks in the axial direction split into pairs of peaks, and the frequency 

band between the split peaks increases with the degree of deformation; (3) the mode shape 

of the lower peak in the pair of split peaks always points toward the location of the 

deformation. 
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6.2.2 Ageing of the Winding Insulation Paper 

Winding conductors are wrapped in insulation paper that is polymerized from millions of 

cellulose fibers. The insulation ability of the winding insulation paper ages over time due 

to the high electrical and thermal pressure in the transformer tank. Except for sudden 

death caused by a lightning strike or unbearable short circuits, the remnant life of a power 

transformer is largely determined by the condition of its insulation materials, especially 

the winding insulation paper. For this reason, the insulation properties of winding 

insulation paper have been a topic of great interest to researchers for a long time, and it 

is worthwhile examining whether the vibration method can detect ageing of the insulation 

paper or not. 

A series of works contributed by Hill et al. [14], [15], [20] demonstrated that the 

mechanical properties of winding insulation paper are affected by the degree of paper 

ageing. Their research shows the possibility that the vibration method may be able to 

detect ageing of insulation paper. However, their research focused on the in-plane tensile 

strength of the insulation paper and did not discuss the practical effects of paper ageing 

on winding vibration. In fact, no relevant publications could be found. Therefore, to 

provide further experimental evidence, the investigation of this fault is conducted in three 

steps. First, the mechanical properties of ageing paper in both the in-plane and out-of-

plane directions are tested. Next, its effect on the vibration of the single-layer winding 

disks wound with real winding conductors is examined. This fault is then simulated on 

the coupled-ring stack to extract its vibration features. 

 

6.2.2.1 Accelerated Ageing Experiment 

In order to produce aged samples of insulation paper for the vibration test, an accelerated 

ageing experiment was designed. Two single-layer winding disks wound with real 

winding conductors and some conductor strips (see Figure 6.37 and Figure 6.38) were 



 

215 
 

immersed in transformer cooling oil in a sealed steel container. All the winding disks and 

conductor strips were wrapped with winding insulation paper. The dimensions of the two 

winding disks are listed in Table 6.17. The container was heated at 160ºC in a furnace for 

28 days. The temperature control of the furnace is within ±1oC. Previous work has 

indicated that at such a high temperature the insulation paper should fail within 28 days 

[23], [69], [70]. 

During the ageing experiment, the two disks and two of the conductor strips were taken 

out of the oil every 7 days. After de-oiling and drying at 60ºC for 6 hours, the paper 

samples were removed from the conductor strips for testing of their mechanical properties 

and the FRFs of the two disks were also measured. The two disks were then put back into 

the container for further ageing. 

Table 6.17: Geometrical parameters of the tested disks. 

 Winding disk 1 Winding disk 2 

Number of turns 5 6 

Diameter of outer turn (mm) 161 200 

Diameter of inner turn (mm) 133 164 

Thickness of conductor (mm) 3 3 

Width of conductor (mm) 15 15 
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Figure 6.37: Two winding disks with insulation paper (after the accelerated ageing 
experiment). 

 

Figure 6.38: A conductor strip with insulation paper. 

 

6.2.2.2 Mechanical Properties of Insulation Paper 

The change in the mechanical properties of the aged paper is characterized by the 

increased numbers of micro-cracks along the polymer chains of cellulose molecules, due 

to the high thermal pressure. Figure 6.29 compares the cellulose fibers of the paper before 

and after the accelerated ageing experiment. In the new sample, most of the cellulose 

fibers are unbroken. On the other hand, obvious cracks (highlighted by the red circle) can 

be observed in the aged paper. To describe this change mechanically, the ultimate tensile 

strength and stiffness of the paper were measured. 
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Figure 6.39: Cellulose fibers of insulation paper before and after the ageing experiment 
(sample size approx. 10 µm×10 µm). 

The samples of insulation paper were tested using an Instron machine. Figure 6.40 shows 

the in-plane ultimate tensile test of the paper. The samples were clamped at two ends and 

pulled in opposite directions until they were torn, while their extension and the tensile 

force were measured. One clear trend is that the ultimate force decreases with increased 

ageing time. The same experimental results were reported in Hill et al. and Verma et al.’s 

works [15], [70]. This is because the micro-cracks along the cellulose fibers leads to a 

decrease in the tensile strength of the insulation paper. Another interesting observation is 

that the stiffness of the paper in the in-plane direction does not decrease, but instead 

increases. A possible explanation is that the cellulose fibers harden as a result of the large 

fluctuation in thermal pressure during the ageing and cooling process before the test. 

Similar to cold-rolled steel, these cellulose fibers become stiffer, but more brittle. This 

also provides another reason why the paper cracks easily after ageing. 
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Figure 6.40: In-plane tensile strength test of insulation paper and the results. 

 

Figure 6.41: Out-of-plane stiffness test of insulation paper and the results. 

The mechanical properties of the insulation paper in the out-of-plane direction 

(perpendicular to the surface of the paper) have never previously been reported. In the 

real transformers, the pre-loading in this direction mainly introduced by clamping force 

and electro-magnetic force. Figure 6.41 shows the stiffness test of the insulation paper in 

the out-of-plane direction under different loading. Twelve layers of stacked paper were 

compressed, and the pressure force and compression were recorded. The surface area of 

the stacked paper is 324 mm2 (18 mm × 18 mm). Since the variation is relatively small, 

only the results gained from the new, 14-day, and 28-day aged paper are shown for in 

Figure 6.41. It is observed that the out-of-plane stiffness of the paper is almost linear and 
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decreases with ageing time. This phenomenon can be explained as shown in Figure 6.42. 

 

Figure 6.42: The out-of-plane stiffness model of the aged winding insulation paper. 

As mentioned before, a piece of insulation paper consists of thousands of cellulose fibers 

formed by many layers of stacked fibers. The internal strength at any location of a fiber 

layer in the out-of-plane direction is mainly contributed by the supporting stiffness of the 

adjacent layers and the transverse stiffness of the fibers themselves. The supporting 

stiffness of the adjacent layers can be modeled as a series of supporting springs, as shown 

in Figure 6.42. Within the aged paper, the cellulose fibers have many cracks. As a result, 

each fiber is broken into several short pieces, and the fiber’s transverse stiffness is 

significantly reduced in these broken areas. Such local decreases of transverse stiffness 

can be modeled as a local spring with reduced overall spring stiffness constant. Assuming 

there are L layers of cellulose fibers in the insulation paper, the number of supporting 

springs between the lth and (l+1)th layer is Nl, the stiffness of each supporting spring for 

the normal insulation paper is ks. Thus the overall out-of-plane stiffness kp of the new 

insulation paper under test can be expressed as: 

1
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For the aged paper, if the stiffness of  percentage of the supporting springs in each layer 
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is reduced to ks’, where ks’<ks, and the locations of the broken areas are statistically 

random, then the overall stiffness of the paper under testing becomes: 

1

1
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For example, if 20%   and ks’= ks/2, then the overall out-of-plane stiffness of this 

aged insulation paper is reduced by 10% of its original value. 

Table 6.18: Mechanical properties of the aged winding insulation paper. 

Ageing 

time 

Ultimate tensile force 

(N) 

In-plane stiffness (105 

N/m) 

Out-of-plane stiffness 

(107 N/m) 

New 862 5.39 1.45 

7 days 780 6.80 1.42 

14 days 533 8.46 1.40 

21 days 447 8.13 1.36 

28 days 342 8.95 1.32 

Table 6.18 summarizes the mechanical properties of the insulation paper with accelerated 

ageing time. The most significant change is that the ultimate tensile force in the in-plane 

direction decreases 60.3% compared to that of new paper. The stiffness of the paper in 

the two directions exhibits opposite tendencies. Stiffness in the in-plane direction 

increases by approximately 57% after 14 days of ageing, and increases slowly over the 

next two weeks. Meanwhile, the stiffness in the out-of-plane direction displays an 

approximately linear reduction with ageing time, and it drops by 10% after 28 days of 

ageing. 
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6.2.2.3 Vibration of Aged Single-layer Winding Disks 

The investigation of the vibration characteristics of winding disks focuses on radial 

vibration, since winding vibration excited by electromagnetic force lies mainly in the 

radial direction [33]. A single-layer winding disk consists only of a copper conductor and 

insulation paper. As the mechanical properties of copper are very stable at 160°C, any 

obvious change in the vibration behavior of the winding disk during the accelerated 

ageing experiment should be caused by the ageing of the insulation paper. 

To examine the effects of paper ageing on the radial vibration of the two winding disks, 

the FRFs of each disk were measured with increased ageing times. Figure 6.43 shows the 

locations of the impact force and accelerometers for the vibration test of the winding disks. 

During the measurements, the disk was supported by soft cotton threads and was excited 

by an impact hammer at location 0  in the radial direction. Its radial vibration was 

measured by accelerometers from locations 1  to 8 . The angular difference between 

0  and 3  is 10°. The surface of the disk is covered by insulation paper. If the 

accelerometers were attached to the paper, then some interference would be involved in 

the measured disk vibration. Therefore, the insulation paper was cut out at the 

measurement points, and the accelerometers were mounted directly onto the surface of 

the winding conductor. However, cutting the insulation paper may slightly affect the 

vibration response of the winding disk. In order to minimize this effect, only eight 

measurement points on the external and internal surfaces of the disk were used, so that 

cutting the paper at these locations did not affect the coupling strength of the disk. 
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Figure 6.43: The experimental setting for measuring the FRFs of the winding disks. 

The vibration responses of the two winding disks at different measurement points display 

similar trends in their changes with ageing time. Figure 6.44(a) and Figure 6.44(b) are the 

vibration frequency responses at two measurement points ( 1  and 3 ) of Disk 1, while 

Figure 6.44(c) is the response at location 3  of Disk 2. The main features of the 

measured response can be summarized as: 

The resonance frequencies of both winding disks shift to the low-frequency end with 

increased ageing time. The percentages of the relative frequency shifts are shown in 

Figure 6.45(a). The frequency shift percentage is defined as: 

0

0

'



f

f f
f

,                (6.11) 

where f0 is the original resonance frequency, and 'f  is the resonance frequency of the 

ageing disk. It is observed that the resonance frequencies of the same modes of the two 

disks have similar percentage shifts, and that the shift of the lower frequency peaks is 

higher than that of the higher frequency peaks. 
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Figure 6.44: FRFs of the winding disks after different ageing times. (a) Disk 1 at L1; 

(b) Disk 1 at L3; (c) Disk 2 at L3 (for clarity, each curve is offset from the one beneath 

it by 10 dB). 

The bandwidth of the resonance peaks becomes narrower when the ageing time increases. 

Figure 6.45(b) shows the change of the damping ratios of the disks determined by the 3 

dB Down Method [80]. The percentage change is calculated as: 

0

0
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 ,                (6.12) 

where 0  is the original damping ratio, and '  is the damping ratio of the ageing disk. 
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From the figure, it is clear the damping of the disks decreases with ageing time, especially 

for the first two resonance modes. The calculated damping ratio of the third resonance 

peak of Disk 2 suddenly increases corresponding to 21 days ageing. This phenomenon 

may be explained by the contribution of another mode at the measurement location. Such 

contribution significantly broadens the width of the peak. 

 

Figure 6.45: (a) Resonance frequency shift and (b) damping ratio change of the two 
disks with increased ageing times. 

Table 6.19 compares the kinetic energy of the two winding disks after different ageing 

times. The data is normalized based on the vibration of the first outer turn, Turn 1, of each 

winding disk. Compared with winding disks with new insulation paper, the local vibration 

of Turn 1 of the aged winding disks increases slightly, while the vibration transmission 

efficiency of the disks decreases with the ageing time. 

Because insulation paper ageing does not have clear directionality on the winding disks, 
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no experimental data indicates that ageing paper can affect the vibration distribution of 

the disks. 

Table 6.19: Comparison of the kinetic energy of the winding disks with insulation paper 
after different degrees of ageing. 

Ageing 

time 

Winding disk 1 Winding disk 2 

Turn 1 Turn 5 Turn 1 Turn 6 

New 100% 12.6% 100% 7.07% 

7 days 110% 13.0% 102% 7.11% 

14 days 98.9% 9.52% 103% 6.52% 

21 days 108% 9.02% 112% 6.01% 

28 days 106% 8.82% 114% 4.42% 

In general, the above experiments of winding disks with ageing insulation paper provide 

some evidence that the degradation of the mechanical properties of insulation paper 

indeed affects the vibration characteristics of winding disks. When the ageing time 

increases, the resonance frequencies of the disk move to the low frequency end and the 

vibration transmission efficiency reduces. A possible explanation of these features is the 

coupling strength of the winding disk becomes weaker due to the decrease of the out-of-

plane stiffness and damping of the aged paper. For a single-layer winding disk, the 

insulation paper located between the turns of the disk serves as a bridge to transmit the 

radial vibration energy from one turn to another. Therefore, the out-of-plane mechanical 

strength of the paper is one of the main factors that determine the mechanical properties 

of the winding disk in its radial direction (see Figure 6.46). As a result, a decrease in the 

out-of-plane stiffness of the aged insulation paper should cause a reduction of the overall 
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mechanical strength of the winding disk in the radial direction. On the other hand, a 

degradation of the mechanical strength of the aged paper in the in-plane direction results 

in easier damage to the insulation paper, but its potential effect on the radial vibration of 

the winding disk should be very limited. 

 
Figure 6.46: Effect of insulation paper on the radial coupling strength of the winding 

disk. 
 

6.2.2.4 Simulation on the Coupled-ring Stack 

The previous test of the winding disks confirmed that ageing of the insulation paper can 

affect the radial vibration of the winding disks. To provide more information about this 

fault, it was simulated on the coupled-ring stack. Rather than only testing the radial 

vibration of the winding disks, the vibration in both the radial and axial directions was 

measured on the coupled-ring stack. 

Based on the experimental results obtained from the single-layer winding disks, it is 

proposed that ageing of the winding insulation paper reduces the overall mechanical 

strength of the winding in its radial direction. Therefore, this fault was qualitatively 

simulated on the coupled-ring stack with missing interturn insulation blocks, which also 

decreases the mechanical strength of the stack in the radial direction.3 

                                                             
3 An ideal simulation of insulation paper ageing on the coupled-ring stack should be to use several groups 
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Figure 6.47 shows the simulation rig for this fault. In the experiment, some interturn 

insulation blocks were removed. To represent different degrees of paper ageing, three 

tests (Test 1 to Test 3) were conducted, with increasing numbers of blocks removed in 

each test. Two columns of interturn insulation blocks, at locations L1 and L9, were 

removed from the coupled-ring stack in Test 1. Next, two extra columns, at L5 and L13, 

were removed in Test 2. In Test 3, another four columns of blocks were removed so that 

all the blocks at odd locations (L1, L3, L5 … L15) were absent. 

 

Figure 6.47: Coupled-ring stack missing interturn insulation blocks. 

The FRFs of the coupled-ring stack with the missing interturn insulation blocks are 

plotted in Figure 6.48, and the resonance frequencies in the two directions are listed in 

Table 6.20 and Table 6.21. A clear frequency shift toward the low frequency end can be 

observed in the radial vibration, which agrees with the feature found in the test of the 

winding disks. An interesting phenomenon is that even when 50% of the interturn 

insulation blocks are removed from the stack, no obvious change is observed in the axial 

vibration. From Table 6.21, it can be seen that the resonance frequencies of the stack in 

the axial direction do not move to the low frequency end, but shift slightly toward the 

high frequency end. This very small shift may be a measurement error, or may be caused 

                                                             
of interturn insulation blocks made of different materials with gradually reduced Young’s modulus. 

However, there are some practical difficulties with finding such materials. The current simulation method 

is a compromise. The difference in these two simulation methods will be examined in the analytical model. 
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by the decrease in mass when the insulation blocks are removed. The removed interturn 

insulation blocks comprise approximately 1.7% of the overall mass of the coupled-ring 

stack (not include the mass of the clamping plates). 

 
Figure 6.48: FRFs of the coupled-ring stack with missing interturn blocks (a) in the 

radial direction, and (b) in the axial direction (for clarity, each curve is offset from the 

one beneath it by 10 dB). 

Table 6.20: The resonance frequencies of the radial vibration of the coupled-ring stack 

missing interturn insulation blocks. 

 Test 1 Test 2 Test 3 

1st peak (Hz) 592 590 586 

2nd peak (Hz) 1,383 1,356 1,338 

3rd peak (Hz) 2,320 2,262 2,190 

4th peak (Hz) 3,402 3,340 3,275 



 

229 
 

Table 6.21: The resonance frequencies of the axial vibration of the coupled-ring stack 

missing interturn insulation blocks. 

 Test 1 Test 2 Test 3 

1st peak (Hz) 638 642 641 

2nd peak (Hz) 1,686 1,689 1,691 

3rd peak (Hz) 3,249 3,238 3,252 

Table 6.22 compares the kinetic energy of the rings in the radial direction. The kinetic 

energy is normalized based on the vibration of Ring 11 without fault. The main features 

are that the local vibration of Ring 11 slightly increases when greater numbers of blocks 

are removed, and the vibration transmission efficiency in the radial direction (Ring 11 to 

Ring 15) declines. These are similar to the features found in the tests of the winding disks. 

The experimental results also show that the transmission of the axial vibration of the stack 

is barely affected by the missing interturn insulation blocks. 

Table 6.22: Comparison of the kinetic energy of the rings in the radial direction in the 

stack missing interturn insulation blocks. 

 No fault Test 1 Test 2 Test 3 

Ring 11 100% 106% 127% 136% 

Ring 15 12.09% 8.76% 8.50% 7.25% 

Ring 51 0.21% 0.20% 0.24% 0.22% 

Based on the above observations, the effect of the interturn insulation blocks on the axial 

vibration of the stack is very limited. This effect is much smaller than the effect of 
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interlayer insulation sticks on the radial vibration of the stack. Compared with the 

interlayer sticks, which affect the mechanical properties of the stack in both the radial and 

axial directions (although its effect in the radial direction is secondary), the effect of the 

interturn insulation blocks on the vibration characteristics of the stack is only reflected in 

the radial direction. When considering actual disk-type windings, these observations 

suggest that the effect of the interlayer pressboards on the mechanical strength of the 

windings should be more significant than the effect of the winding insulation paper. 

In conclusion, the investigation into ageing of winding insulation paper reveals some new 

findings for this fault: (1) the out-of-plane stiffness of the insulation paper reduces with 

increased ageing time; (2) degradation of the mechanical properties of the insulation 

paper leads to a decrease of the overall mechanical strength of winding disks. As a result, 

the resonance frequencies of the winding disks in the radial direction move to the low 

frequency end; (3) based on the simulation on the coupled-ring stack, the frequency shift 

of the resonance peaks of the stack due to ageing of the insulation paper is only observed 

in the radial direction. The FRF of the stack in the axial direction is not affected by this 

fault. 

 

6.2.3 Theoretical Model of Insulation Paper Ageing 

Ageing of the winding paper is introduces into the analytical model in two ways. First, 

just like in the experiment, the interturn coupling elements at the locations of the missing 

blocks are removed in the model. Second, the mechanical properties of each interturn 

coupling element are decreased to simulate the ageing of the insulation paper. For clarity, 

these two simulation methods are referred to as Method 1 and Method 2. The 

experimental results show that the main effect of this fault is to change the resonance 

frequencies of the coupled-ring stack in the radial direction, so the theoretical simulation 

will focus on the frequency shift of the resonance peaks in this direction. 
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In comparison with the simulation with missing interturn coupling elements (Method 1), 

simulating the ageing of the winding insulation paper as a reduction in the mechanical 

properties of the interturn coupling elements (Method 2) is closer to the practical situation. 

In order to compare the results of these two methods, Table 6.23 gives the frequency shift 

ratio of the first four resonance peaks calculated by the two methods. The frequency shift 

ratio is still defined as 
0

100%  n
f

f
f

, where f0 is the resonance frequency of the 

coupled-ring stack without fault, and fn is the corresponding resonance frequency in Test 

n. In the simulation with Method 1, 1/8, 1/4 and 1/2 of the interturn coupling elements 

are removed in Test 1, Test 2, and Test 3, respectively. In the simulation with Method 2, 

the stiffness kp and damping coefficient Cp of each interturn coupling element respectively 

decrease 1/8, 1/4, and 1/2 in Test 1 to Test 3. From Table 6.23, it is clear that the results 

obtained from the two methods are almost identical. 

Table 6.23: Comparison of the resonance frequency shift of the coupled-ring stack 

calculated by two analytical models. 

 1st peak shift 2nd peak shift 3rd peak shift 4th peak shift 

Model 1 Model 2 Model 1 Model 2 Model 1 Model 2 Model 1 Model 2 

Test 1 99.7% 99.7% 99.6% 99.6% 99.5% 99.5% 99.3% 99.3% 

Test 2 99.2% 99.2% 98.9% 98.9% 98.6% 98.6% 98.2% 98.3% 

Test 3 98.5% 98.5% 98.0% 98.0% 96.3% 96.4% 94.6% 94.3% 

Figure 6.49 compares the normalized frequency shift ratio of the first four resonance 

peaks measured from the experiment and calculated by the analytical model (Method 1). 

Test 0 presents the coupled-ring stack without fault. The experimental results and model 

solutions show a similar trend, in that when more interturn blocks are removed from the 
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stack, these peaks shift to the low frequency end. This agreement provides theoretical 

evidence that the mechanical properties of the interturn blocks are the key factor affecting 

the vibration behavior of the coupled-ring stack in the radial direction. 

 
Figure 6.49: Resonance frequency shift of the coupled-ring stack with missing interturn 

insulation blocks (curves of each peak are offset from those at the left of them by 10%). 

The discrepancy in the frequency shift between the experimental data and the model 

solution is relatively small. In most cases, the measured frequency shift is slightly larger 

than the calculated shift. This suggests that other factors that have not been considered in 

the analytical model may affect the resonance frequencies of the coupled-ring stack. 

These factors could come from the simplifications of the model, such as the coupling 

effect between the transverse vibration and axial vibration, and the static mass loading of 

the top clamping plate. 

 

6.3 Conclusion and Discussion 

Five common winding faults, including looseness of the winding clamping force, missing 

interlayer insulation pressboards, tilting of the winding, local deformation of the winding, 
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and ageing of the winding insulation paper, were simulated on the coupled-ring stack in 

this chapter. The purpose of these simulations was to extract the vibration features of the 

winding structure when each fault was generated. The distinctive features of certain fault 

can be used as the indicator for the identification of the fault. 

The five faults have some similar effects on the vibration characteristics of the coupled-

ring stack. All result in a reduction in the mechanical strength of the coupled-ring stack, 

which presents as a decrease in the resonance frequencies of the stack in the axial or/and 

radial directions. Most of these faults also attenuate the vibration transmission of the stack. 

According to the analysis with the theoretical model, these features are always related to 

a decrease of the mechanical properties of the coupling insulation components in the stack 

(except for winding local deformation). However, the vibration of each fault also has its 

own particular features. These are summarized in Table 6.24. 

From Table 6.24, it is clear that the features of any fault are different to those of the other 

faults. As mentioned earlier, previous research has reported that it is possible to extract 

the resonance frequencies of the internal structures of a power transformer based on its 

on-line transient vibration [76]. Therefore, if the resonance frequencies of the transformer 

windings in both the radial and axial directions can be monitored, these distinctive 

vibration features can be utilized to detect and identify these five common winding 

failures. This will significantly improve the efficiency and accuracy of existing vibration-

based condition monitoring methods for power transformers. 

The investigation of the vibration distribution of the coupled-ring stack also provides 

some experimental methods to identify the location of the faults for certain winding faults 

that have clear directivity, such as missing interlayer insulation components and local 

winding deformations. These methods require a multipoint vibration measurement on the 

external surface of the coupled-ring stack. Although such measurement is very difficult 

to be conducted on in-service power transformers currently, they are still helpful for 

understanding the vibration distribution of faulted windings. In addition, a new 
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technology has been proposed in the last decade, which uses optical fibers to measure the 

internal vibration of in-service power transformers [86]. If this technology can be 

developed and utilized on actual power transformers, it will be possible to identify the 

location of faults based on the measured internal vibration of power transformers. 

Table 6.24: Distinctive features of faults in terms of the resonance frequency shift of the 

coupled-ring stack. 

 Frequency shift in the radial 
direction 

Frequency shift in the axial 
direction 

Looseness of 
the clamping 

force 

Obvious. Shift is proportional 
to the looseness of the 
clamping force 

Obvious. Shift is determined 
by the non-linear stiffness of 
the interlayer pressboards 

Missing 
interlayer 

pressboards 

Medium. Shift is smaller than 
the corresponding shift in the 
axial direction 

Obvious 

Tilting Slight Obvious in the low-order 
peaks. Medium in the high-
order peaks 

Local 
deformation 

Obvious Obvious. The mode density 
also increases due to the 
splitting of some resonance 
peaks 

Insulation 
paper ageing 

Obvious None 
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Chapter 7 Conclusions and Further Work 

7.1 Conclusions 

Vibration-based condition monitoring method of power transformers has some unique 

advantages over other traditional monitoring methods, such as on-line and non-invasive 

monitoring and real-time diagnosis. This thesis presents a series of experimental and 

theoretical studies on the vibration characteristics of power transformers, in particular, 

their disk-type windings. The aim of this study was to enhance the understanding of the 

vibration behavior of transformer windings and extract the vibration features of different 

winding faults. This work may provide useful information for improving the efficiency 

and accuracy of the existing vibration-based monitoring method for power transformers. 

The practical utilization of the condition monitoring of in-service power transformers 

primarily requires a monitoring device. The TranstethoscopeTM is a condition monitoring 

device designed by Zhejiang University and UWA transformer teams, and it has been 

installed on in-service power transformers. It provides hardware for collecting monitoring 

data from power transformers, including their vibration, electrical and thermal signals, 

and a software platform for programming the monitoring algorithms. In Chapter 2, the 

monitoring data recorded by the TranstethoscopeTM units from two in-service power 

transformers was analyzed to reveal the relationship between their on-line vibration and 

the operating signals (input voltage and loading current). A preliminary monitoring model 

based on the SIM method was developed to evaluate the health of the monitored 

transformers. 

By analyzing the long-term monitoring data from a 330 kV power transformer, it was 

found that the on-line vibration of the power transformer shows good coherence with its 

operating signals, especially the loading current. The transverse vibration measured at the 

middle of the tank wall is dominated by the fundamental vibration component at 100 Hz, 

while the axial vibration recorded underneath the transformer tank has considerably more 
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harmonic vibration components. This observation suggests that the transverse and axial 

vibrations measured on the tank primarily represent the internal vibrations of the windings 

and the core, respectively. 

A monitoring model based on the SIM method was established by using the operating 

signals as the system inputs and the on-line vibration as the output, with the appropriate 

system function to describe the relationship between the inputs and output. When the 

input operating signals are known, the on-line vibration of the transformer can be 

predicted by the monitoring model. The error between the predicted vibration and 

measured vibration can be used as an indicator to evaluate the health condition of the 

transformer. For practical applications, in order to increase the accuracy of the model, the 

voltage and current, as well the reciprocal of the voltage, internal temperature and the 

position of the tap-changer, were all considered inputs. The reliability of this model was 

partially verified on the 330 kV power transformer. The vibration error was always less 

than 10% for this healthy transformer. 

The monitoring data gained from the 110 kV traction transformer showed that the on-line 

vibration of the transformer suffered frequent large impacts from heavy loading currents 

was considerably more complex than that of normal power transformers. The on-line 

vibration of the traction transformer was dominated by high-order harmonic vibration 

components as a result of the non-linear effect of the hysteresis phenomenon. This non-

linear feature of the transformer’s on-line vibration means that the existing monitoring 

model is not satisfactory for traction transformers. The accuracy of this monitoring model 

based on SIM method is affected by the operating signals, and thus it is only suitable for 

transformers with relatively stable loadings. Other limitations of the model include that 

each transformer requires a unique model and the diagnostic results of this model lack 

clear physical meaning to identify the fault types. To solve these problems and improve 

the current vibration-based monitoring method for power transformers, investigations 

into the vibration features of power transformers with common faults are desirable. 
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The FRF of a power transformer is independent of its input voltage and loading current, 

and represents the essential mechanical properties of the transformer, which may be 

closely linked to faults affecting the mechanical strength of the transformer. The FRFs of 

different power transformers also have similar features, as many transformers contain 

components that have qualitatively similar mechanical properties. Therefore, it was 

suggested that the FRFs of power transformers could provide a better monitoring method 

than the on-line vibration of power transformers. In Chapter 3, the experimental work 

focused on the measurement of the FRFs of a 110 kV power transformer. 

By measuring the FRFs of the core, windings, and tank of the 110 kV power transformer 

with and without cooling oil, vibration transmission from the internal vibration sources 

to the surface of the transformer tank in the dry and oil-filled transformer was revealed. 

The internal vibrations of the core and windings were transmitted to the tank through two 

paths. One is via structure-structure coupling through the mechanical joints between the 

core and tank at the base of the tank, and the other is through fluid-structure coupling via 

the cooling oil. When the tank was filled with cooling oil, the vibration transmission 

efficiency was enhanced in the low frequency range, and the amplitude of the tank 

vibration increased at the top of the tank. On the other hand, the mass loading of the 

cooling oil affected the vibration responses of the internal core and windings and 

attenuated the vibration transmission efficiency in the high frequency range. The 

experimental investigation of the vibration transmission of the power transformer also 

demonstrated that the on-line vibration measured on the tank could be significantly 

different to the internal vibration due to the fluctuation of the vibration transmission 

efficiency at different frequency components. 

Another valuable experiment on this power transformer was the testing of the vibration 

features of the transformer with several common windings failures. The simulation of 

looseness of the winding clamping force indicated that the resonance frequencies of the 

windings shifted to the low frequency end when the clamping force was decreased. 

Because of the strong coupling between the components of the transformer, the same 
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phenomenon was also observed in the FRFs of the core and the tank. As a result, 

monitoring for changes in the resonance frequencies of the transformer based on the 

measured vibration signals on the tank is a feasible method to detect failures in the 

windings. 

Another three winding failures modes, including failure of the interlayer insulation 

pressboards, tilting of the winding, and local deformation of the winding, were also tested 

on the transformer windings. However, very limited information could be gained from 

these tests due to the practical difficulties of these experiments. This experience showed 

that artificially introducing winding failures into actual power transformer windings is 

very difficult and costly. Using a simplified disk-type winding model to test various 

winding faults in the laboratory environment is more feasible. 

In Chapter 4, a simplified disk-type winding model consisting of concentric rings coupled 

by insulation materials was established for simulating the vibration characteristics of 

windings. In the coupled-ring stack, the interturn insulation blocks represent the winding 

insulation paper and the interlayer insulation sticks represent the winding interlayer 

insulation pressboards. The main advantages of this rig include: 1) it cancels the coupling 

effect between the windings and other transformer components, such the core and the 

tank, so that the experimental results represent the features of the winding alone; 2) the 

geometrical properties of the coupled-ring stack can be easily altered for simulating 

different winding faults, and the degree of these faults can also be controlled; 3) the 

analytical model of the coupled rings can be readily established for confirming and 

explaining the experimental results. 

The vibration characteristics of the coupled rings and the winding disk were tested to 

examine the similarities and differences between the two structures. The experimental 

results showed that their FRFs and vibration distributions were very close, which 

indicates that their vibration behavior is similar. The main differences between the two 

structures were in two aspects: first, the resonance frequencies of the coupled rings were 
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higher than the corresponding resonance frequencies of the winding disk. This is because 

as closed structures, the mechanical strength of the coupled rings is higher than that of 

the winding disk, which is open at both ends. Second, the vibration transmission 

efficiency of the coupled rings in the weak coupling direction was lower than that of the 

winding disk because the winding disk is a continuous structure. The experimental results 

also provided some evidence that the differences of the two structures became smaller 

when the size of the structures increased. Hence, it was considered that as a simplified 

model, the coupled rings are an acceptable experimental apparatus to simulate the main 

vibration characteristics of disk-type windings with different faults. 

In Chapter 5, the analytical model of the coupled rings was established. The rings were 

modeled based on elastic theory, and the insulation materials were modeled as coupling 

elements. The transverse and axial motions of the rings were modeled as two independent 

motions, and the model solutions were compared with the experimental results for 

verification. 

The model solution for the single ring showed a good agreement with the experimental 

result. When the rings were coupled by the insulation blocks as single-layer coupled rings, 

the insulation blocks were modeled as mass-spring-damper elements. By comparing the 

model solution with the experimental results, it was demonstrated that the analytical 

model of the single-layer rings could accurately predict the resonance frequencies and the 

mode shapes of the rings. The analytical model of the coupled-ring stack was deduced at 

the end of Chapter 5. The two kinds of insulation materials in the stack were modeled as 

different coupling elements for the radial and axial vibrations. In the radial direction, the 

mechanical strength of the stack was primarily determined by the interturn insulation 

blocks, which were modeled as mass-spring-damper coupling elements. Meanwhile, 

because the effect of the interlayer insulation sticks on the radial vibration of the stack 

presents as shear friction between the rings and sticks, the insulation sticks were modeled 

as spring-damper elements. In the axial direction, the interlayer insulation sticks had a 

dominant role. Each stick was modeled as a beam and several groups of mass-spring-
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damper elements. The bending of the beam represented the displacement of the central 

line of the stick, and the coupled effect due to the elastic deformation of the stick in the 

axial direction was described as mass, spring and damper elements. The friction effect 

induced by the interturn insulation blocks was presented as spring-damper elements. This 

analytical model of the coupled-ring stack was used to qualitatively explain the vibration 

features of the coupled-ring stack with different winding faults. 

In Chapter 6, five common winding faults were simulated on the coupled-ring stack. 

These five faults were looseness of the winding clamping force, failures of the interlayer 

insulation pressboards, tilting of the winding, local deformation of the winding, and 

ageing of the winding insulation paper. The first three faults were primarily related to 

changes in the mechanical strength of the structure in the axial direction, while the last 

two faults affected the mechanical or geometrical properties of the stack in the radial 

direction. 

In summary, the vibration features of the coupled-ring stack with these faults were: 

1. Looseness of the clamping force on the coupled-ring stack caused a reduction of the 

resonance frequencies of the stack in both the axial and radial directions. The 

experimental results showed that this decrease of the resonance frequencies in the 

axial direction was determined by a change in the stiffness of the interlayer insulation 

sticks, while the frequency shift in the radial direction was proportional to the change 

in the clamping force. When the clamping force was reduced, the vibration 

transmission efficiency of the stack was also reduced in both directions. 

2. When the thickness of the interlayer insulation components decreased, the resonance 

frequencies of the coupled-ring stack in the axial direction increased because the 

decreased thickness of the interlayer components enhanced the overall mechanical 

strength of the stack in the axial direction. However, a more common failure of 

interlayer insulation components is that some of them are missing from the winding. 

The simulation on the coupled-ring stack showed that this failure led to the resonance 
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frequencies and vibration transmission efficiency of the stack reduced in both 

directions. The interlayer insulation sticks primarily affected the mechanical strength 

of the stack in the axial direction, so that a greater reduction was observed in this 

direction. When the missing interlayer sticks were concentrated in a certain location 

in the stack, a directional fault was introduced into the structure. The location of the 

missing sticks was sensitive to the frequency-averaged difference between the axial 

vibration responses of the external rings in the coupled-ring stack. 

3. When the coupled-ring stack was tilted, only the low-order resonance peaks of the 

axial vibration showed an obvious shift to the low frequency end. The vibration 

transmission efficiency of the stack also decreased slightly in the axial direction. The 

effect of this failure on the radial vibration of the stack was very small. 

4. Arc-shaped local deformations in the coupled-ring stack resulted in a reduction of the 

resonance frequencies in both the radial and axial directions. Moreover, some 

resonance peaks of the axial vibration split into pairs, and the gap between each pair 

of split peaks became wider when the degree of deformation increased. This local 

deformation introduced an asymmetrical factor into the stack that affected the 

vibration distribution of the rings. It was found that mode shape of the lower peak of 

each pair of split peaks always pointed to the location of the deformation. This finding 

provides an experimental method to locate this type of deformation based on the 

measured FRFs of the stack. 

5. Ageing of the winding insulation paper weakened the mechanical strength of the 

paper. The vibration test of the winding disks with aged insulation paper confirmed 

that ageing of the winding insulation paper indeed affects the vibration behavior of 

the winding disk in the radial direction. The simulation on the coupled-ring stack 

showed that this fault caused a decrease in the resonance frequencies and vibration 

transmission in the radial vibration. These features were partially caused by the 

decrease in the out-of-plane stiffness of the aged insulation paper. No obvious effects 
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of the fault were observed on the axial vibration of the stack. 

All the five failures had a common feature, in that they all caused a shift in the resonance 

frequencies of the coupled-ring stack toward the low frequency end, which indicates a 

decline in the overall mechanical strength of the coupled-ring stack. By using the 

analytical model of the coupled-ring stack to examine the experimental results, it was 

confirmed that the mechanical properties of the insulation materials in the stack is one of 

the key factors affecting the overall mechanical strength of the stack. With the exception 

of local deformation of the winding, the resonance frequency shift of the stack was always 

related to a degradation of the mechanical properties of the insulation materials. However, 

although the vibration features of these failures have some similarities, their effects on 

the resonance frequencies of the stack showed some distinctive details. The distinctive 

features of each fault may be used as an indicator for detecting and identifying the fault, 

which will significantly improve the efficiency and accuracy of the current vibration-

based condition monitoring methods for power transformers. 

 

7.2 Further Work 

Based on this thesis, three recommendations for further work can be made: 

1. More simulations on the coupled ring rig 

It is recommended to conduct more simulations on the coupled-ring stack. All the 

simulations in this thesis were run on a 5×5 coupled-ring stack. Repeating the simulations 

on coupled-ring stacks of different sizes will provide more information about the 

vibration features of faulted windings with different sizes. Furthermore, other winding 

faults could be introduced into this rig, such as winding deformation in the axial direction 

and tilting of winding conductor. In real power transformers, different kinds of winding 

failures may exist simultaneously. The combined effect of several winding failures is 
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worthwhile investigating. Appendix B discusses the combined effect of looseness of the 

clamping force with other winding faults. It is advised to simulate more combinations of 

winding faults. 

2. Improving the theoretical model of the winding 

Some further work on the improvement of the theoretical model of the coupled-ring stack 

is necessary. Most of author’s research focused on the experimental part, and the 

theoretical model presented in the thesis can only provide some qualitative explanations 

for the experimental results. Some simplifications were utilized in the theoretical model 

to decrease the complexity of the model, which also reduced the accuracy of the model. 

One of the unsolved questions arising from this thesis is the nature of the difference in 

the resonance frequency shift ratios between the experimental results and the current 

model solutions, especially for the low-order resonance peaks in the axial direction. This 

error suggests that certain factors that affect the vibration behaviors of the coupled rings 

have not been considered in the current analytical model. By rebuilding the model of the 

coupled-ring stack with certain effects that were not considered in the current model, such 

as the static mass loading of the clamping plate, details of the coupling effect induced by 

shear friction, frequency-dependent mechanical properties of the insulation materials, and 

coupling between the axial and transverse vibrations, the accuracy of the analytical model 

will be improved and give better explanations of the experimental results. On the other 

hand, numerical modeling of the vibration response of the coupled-ring stack and of the 

winding stack is also encouraged, as this offers an opportunity to further examine the 

similarities and differences between these two structures and to further verify whether the 

results obtained in this thesis are applicable to winding structures that are significantly 

larger. 

3. Extracting the resonance frequencies of windings from in-service power 

transformers 

The frequency shift of the resonance peaks of windings due to different faults observed 
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from the simulations of the coupled-ring stack could be integrated into the diagnosis 

algorithm of the TranstethoscopeTM software as an indicator for detecting these faults if 

the resonance frequencies of windings can be identified. As mentioned earlier, one of the 

author’s colleagues in the UWA transformer team has successfully extracted the 

resonance frequencies of the winding from of an in-service 10 kVA distribution 

transformer based on the Ibrahim Time Domain (ITD) method [76]. When the resonance 

frequencies of the internal structures can be extracted from in-service power transformers, 

the vibration features (such as resonance frequency shift) of failed windings demonstrated 

in this thesis can be utilised as indicators to diagnose the different failures. The usability 

of this method should be further verified on in-service power transformers. 
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Appendix A. Measurement of Mechanical Properties of 

Insulation Block 

To describe the mechanical properties of the visco-elastic element, its stiffness and 

damping coefficient are required. To measure the stiffness of the insulation materials used 

in the coupled rings, one insulation block that is made of hard rubber is compressed by a 

vertical force, and Figure A.1 records the relationship between the force and the 

compression. The gradient of the curve is the stiffness of the insulation block. From the 

figure, the approximate linear stiffness of the rubber block is 2.75×105 N/m (Young’s 

modulus is 1.03×107 N/m2). To measure the damping coefficient of the rubber block, 3 

dB Down Method is used [80]. The right photo of Figure A.2 shows the rig of the test. A 

metal block is attached on the rubber block and the whole system is supported on the rigid 

floor. The left curve of Figure A.2 is the measured FRF of this structure. Then the 

damping ratio 휁 of the structure can be calculated as:  

2 1

2





p

f f
f

，                (A.1) 

where fp is the resonance frequency, 2 1f f  defines the frequency band of -3 dB to the 

peak value of resonance frequency. 

When the damping ratio is calculated, the damping coefficient C of the rubber block 

equals to: 

2C kM ,                (A.2) 

where k is the stiffness of the rubber block, and M is the mass of the metal block. 

Based on the experimental result, the approximate damping coefficient of the rubber 

block is 1.00 Ns/m. 
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Figure A.1: Stiffness test of the insulation block (loading force vs. compression). 

 

Figure A.2: Damping ratio test of the insulation block. 

The interlayer insulation sticks used in the coupled-ring stack are made of the same 

material as the insulation blocks, so that the mechanical properties of the sticks can be 

estimated by the experimental results as well.  
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Appendix B. Radial Vibration of Radially Coupled 

Rings with Tangential Force 

For the analytical model of a radially coupled rings consists of 3 rings, when the tangential 

force is involved, the motion equations of the radial vibration of the three rings are the 

same with Eqs. (5.28) to (5.30), but their motion equations of the tangential vibration 

become: 
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where '


F  to '


F  are the resultant forces applied on the three rings in the tangential 

direction.  

The tangential forces applied on the rings are induced by the shear friction between the 

rings and insulation blocks, which are 
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To examine the effect of the tangential force on the radial vibration of the coupled rings, 

Figure B.1 compares the calculated FRFs of the rings in the radial direction without and 

with tangential force. kf and Cf describe the coupling effect between the rings and 

insulation blocks induced by the shear friction. The measurement of these two parameters 

is difficult to be conducted, and they are respectively assumed as 20%, 50% and 100% of 

kp and Cp in the model calculation for Case 1, Case 2 and Case 3. Case 0 presents the FRF 

of the rings without tangential force.  

 

Figure B.1: Calculated FRFs of the radially coupled rings in the radial direction 
without/with tangential force. 

From Figure B.1, it is clear that the difference between the four calculated vibration 

response curves is very small. When kf and Cf increase, the calculated resonance 

frequencies of the coupled rings slightly increase. For example, the 3rd resonance 

frequency shifts from 2855 Hz in Case 0 to 2888 Hz in Case 3, which increases 1.1%. 

However, according to the experimental results shown in Chapter 4, it is believed that the 

coupling effect induced by the shear friction between the rings and insulation blocks 

should be much smaller than the coupling effect induced by the elastic deformation of the 

insulation blocks, which means kf and Cf must be much smaller than kp and Cp. Therefore, 

the effect of the tangential force on the radial vibration of the coupled rings is very small. 

500 1000 1500 2000 2500 3000 3500

-100

-80

-60

-40

-20

Frequency (Hz)

M
ob

ili
ty

 (d
B

)

Case 0

Case 1

Case 2

Case 3



 

262 
 

Appendix C. Vibration of Deformed Ring due to Radial 

Impact Force 

A single copper ring made of winding conductor was tested with increased deformation. 

Different from the deformed rings used in the text which are cut from a metal plate, the 

deformation on this ring is created by impact force in the radial direction. As a result, the 

mass of this deformed ring does not increase, and some other effects, such as stress 

concentration and fatigue of materials, are involved in this test. The diameter of the ring 

is 198 mm. Its in-plane thickness is 3 mm, and its height (out-of-plane thickness) is 15 

mm.   

The magnitude of the deformation on this ring increased in the test. The ring was tested 

from a circular ring without deformation to a ring with serious deformation by 4 steps 

from Case 0 to Case 3:  

Case 0: Circular ring without deformation (because copper is relatively soft, this “circular” 

ring is not a perfect circle); 

Case 1: Slight deformation (the maximum deformation is about 4mm); 

Case 2: Obvious deformation (the maximum deformation is about 10mm); 

Case 3: Serious deformation (the maximum deformation is about 18mm). 

 

Figure C.1: The deformed copper ring. 

Figure C.2 and Figure C.3 show the FRFs and the mode shapes of the ring. The vibration 
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features of this deformed copper ring are exactly the same as the features found in the 

deformed aluminium rings in the text. Each resonance peak splits into a pair of peaks. 

When the degree of deformation increases, the frequency band between the pair of split 

peaks becomes larger, and the central frequency of the two split peaks shifts to low 

frequency end. The mode shape of the lower frequency peak points to the location of the 

deformation. 

 

Figure C.2: FRFs of the deformed ring in the radial direction (for clarity, each curve is 
offset from the one beneath it by 40 dB) 
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Figure C.3: The mode shapes of the 1st mode in radial direction with Case 3 

deformation. 

Appendix D. Combined Effect of Clamping Force and 

Other Faults 

In practice, there may be more than one fault in the long-term service windings, therefore, 

it is worthwhile to examine the combined effect of winding faults on the winding vibration. 

Considering the looseness of clamping force widely exists in the long-term service 

windings, the combined effect of this fault and another fault was tested on the coupled-

ring stack. The winding faults in the text were studied when the clamping force applied 

on the stack is only produced by the weight of the top clamping plate. In this section, 

these faults were tested under different clamping forces.  

The experimental results show that the features of resonance frequency shift and vibration 

distribution are the same with the findings in the text for most of the faults. For example, 

Figure D.1 shows the axial vibration response of the stack under different clamping forces 
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when five sixteenth interlayer insulation sticks were removed from the stack. Two 

different clamping conditions were applied to the coupled-ring stack. In Test 1, the 

clamping force is 200 N, while the clamping force is 2000 N in Test 2. Under different 

clamping forces, the shift of the resonance frequencies of the stack is always to the low-

frequency end. Furthermore, the method based on Eq. (6.3) for identifying the locations 

of missing insulation sticks in the stack still works for this case (see Figure D.2).  

 

Figure D.1: Comparison of the FRFs of the coupled-ring stack missing some interlayer 
insulation sticks under different clamping forces (for clarity, a 10 dB offset is applied to 

the results of Test 2). 
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Figure D.2: The mean difference of the vibration responses of the coupled-ring stack 
missing interlayer insulation sticks. 

However, one exception is found in the test of winding local deformation. Figure D.3 and 

Figure D.4 show the FRFs and the mode shapes of the coupled-ring stack with local 

deformations under different clamping forces. Four tests (Test 3 to Test 6) were conducted 

for the applied clamping force at 500 N (Test 3), 1000 N (Test 4), 1500 N (Test 5), and 

2000 N (Test 6). The phenomenon of splitting peaks can be observed in all the tests. But, 

when the clamping force increases (starting from Test 5), the orientation of the mode 

shapes of the lower peaks in the split pairs no longer points to the location of the 

deformation but are determined by the location of the excitation force. This is because, 

when the clamping force increases to a considerable level, the constraint on the stack is 

dominated by a large uniform compression load. As a result, the effect of the 

asymmetrical factor induced by the deformation becomes less important in influencing 

the orientation of the mode shapes. 
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Figure D.3: FRFs of the deformed coupled-ring stack under different clamping forces 
(for clarity, each curve is offset from the one beneath it by 10 dB). 

 

Figure D.4: The 1st mode shapes of the lower peak of the deformed stack under different 
clamping forces. 
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