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Abstract- Condition monitoring and fault diagnosis of 

electromagnetic devices is a normal practice to prevent 

unpredicted downtime and catastrophic failure. In this sense, inter-

laminar faults (ILFs) detection or fault diagnosis in the magnetic 

cores is a key objective. This paper aims to present advanced 

experimental measurements and numerical analysis to study 

influence of ILFs on soft magnetic properties of magnetic cores 

with Grain Oriented Electrical Steels (GOES). The predominant 

focus of these studies and associated analysis is ILFs with axial off-

set between the short circuit points. To carry out the experimental 

measurements, stacks of four standard Epstein size strips of GOES 

were assembled. Each stack was subjected to minor ILF with axial 

off-set from 0 to 𝟐𝟎𝟎 𝒎𝒎. The test samples were magnetised under 

controlled sinusoidal induction at a frequency of 50 Hz, and peak 

inductions of 1.1 T to 1.7 T. Impacts of each fault scenario on soft 

magnetic properties of the test samples was investigated by 

monitoring and interpreting the dynamic hysteresis loops (DHLs). 

In favour of supporting the practical measurements, accurate time-

domain finite element (FE) models were also undertaken to 

reproduce the DHLs, and to visualise distribution of inter-laminar 

eddy currents and power loss caused by ILFs. 
 

Index Terms: Magnetic cores, magnetic hysteresis, fault 

diagnosis, inter-laminar fault, axial off-set, finite element. 
 

NOMENCLATURE 

𝑊𝑡𝑜𝑡 Total energy loss 

𝑊ℎ𝑦𝑠 Hysteresis energy loss 

𝑊𝑒𝑑𝑑𝑦  Classical eddy current energy loss 

𝑊𝑒𝑥𝑐  Excess energy loss 

ℎ(𝑡) Magnetic field at the surface of the lamination 

ℎℎ𝑦𝑠(𝑡) Hysteresis field 

ℎ𝑒𝑑𝑑𝑦(𝑡) Eddy current field  

ℎ𝑒𝑥𝑐(𝑡) Excess field 

𝑊𝑑𝑦𝑛 Dynamic energy loss 

ℎ𝑑𝑦𝑛(𝑡) Dynamic field 

𝑊𝑎𝑑𝑑 Additional energy loss 

ℎ𝑎𝑑𝑑(𝑡) Additional field 

𝑔𝑑𝑦𝑛(𝐵) Polynomial function to control shape of DHL 

𝛿 Directional parameter 

𝛼𝑑𝑦𝑛 Variable to determine frequency law of 𝑊𝑒𝑥𝑐  

𝑘𝑎𝑑𝑑(𝐵) Polynomial function to control shape of DHL 

𝑎(𝑡) Magnetic vector potential (MVP) 

𝑎′(𝑡) Test function for the MVP 

𝑏(𝑡) Magnetic flux density or induction 

𝑗(𝑡) Electric current density 

𝑛 Outer normal on the boundary 

𝜎 Electrical conductivity 

I. INTRODUCTION 

LECTROMAGNETIC devices might be subjected to a 

variety of different failures and faults during their 

lifetime. Faults of any kind, immediately influence the 

overall performance and efficiency of the devices, and in some 

cases could potentially lead to machine breakdown. To this end, 

there is no hesitation that fault diagnosis of electromagnetic 

devices must be performed at the very beginning before they 

lead to catastrophic breakdowns. Fault diagnosis and condition 

monitoring is a procedure for monitoring the operating 

parameters of a device to detect potential faults at the first outset. 

Depend on the diagnostic objective, the procedure of fault 

diagnosis is followed by monitoring pre-defined parameters and 

interpreting their physical features, e.g., temperature, power 

loss, magnetic field, vibration, etc. [1-2]. Advanced signal 

processing and data analysis are performed to translate the 

acquired data into information to assess quality and status of the 

device under test. This is consistent with condition monitoring 

guiding principles and definition [3]. Condition monitoring of 

electromagnetic devices is consistently performed by the end 

users to prevent unscheduled shut down and unsafe operation of 

the device that could lead to irreversible and irreparable failures. 

Significant research has been conducted on fault diagnosis and 

condition monitoring of rotating machines, in particular three 

phase induction motors as the most popular electric motors for 

industry [4-6]. To this end, the main effort has been focused on 

stator winding, rotor bar, and bearing. Practical techniques with 

high accuracy are commercially available to identify these kinds 

of defects, among them Motor Current Signature Analysis 

(MCSA) also known as Stator Current Signature Analysis 

(SCSA), as a reliable diagnostic technique, can be highlighted 

[7]. With regard to power transformers, research and 

development has been widely undertaken for fault diagnosis in 

the winding, tap changer, bushings, and terminals [8-10]. 

Nevertheless, not enough attention has been paid to quality 

assessment and fault diagnosis of the magnetic cores, 

specifically for power transformers. 
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It is worth to highlight that, magnetic core of electromagnetic 

devices is the most important and the first part of the device to 

be constructed during the manufacturing processes. Magnetic 

core of electromagnetic devices has a major role in energy 

conversion and overall performance and efficiency of the 

device. Overall quality and efficient performance of any type of 

electromagnetic device highly depends on quality of their 

magnetic cores. Nonetheless, there is a major requirement to 

develop novel techniques of fault diagnosis and condition 

assessment of magnetic cores of power transformers and 

electrical machines. The main concern of this work is impact 

assessment of core faults, also known as inter-laminar faults 

(ILFs), in electromagnetic devices with Grain Oriented 

Electrical Steels (GOES), namely power transformers. 

Core faults mainly refer to electrical contact or low resistance 

between the adjacent laminations in clamped magnetic cores. 

ILF problems and their impacts have been identified as a 

consequential hazard to the regular operation of electromagnetic 

devices with laminated core structure. These kinds of defects in 

practical magnetic cores could arise due to several reasons, for 

example [11-14]: 

• Edge burr or degradation in insulation coating at the cut edge 

and around the bolt holes; this could occur throughout the 

magnetic cores production procedures. 

• Rotor-stator rub, for rotating electrical machines, due to 

eccentricity. 

• Vibration of loose laminations due to inappropriate clamping 

pressure. 

• Sparking from windings due to winding failure, or loose 

windings. 

Examples of degradation at the cut edge of a stator teeth of a 

1.5 kW, 50 Hz three-phase induction motor, and stator core fault 

due to rotor-stator rub are shown in Figs 1 and 2, respectively. 

In practical magnetic cores, it is highly likely that ILFs occur 

at random points with axial off-sets or displacements between 

the fault points in the plan of the laminations. A perspective 

view of magnetic core of a three-phase three-limb transformer 

with core faults at three different locations is shown in Fig 3. In 

this model, short circuit points of ILF #1 are applied on opposite 

sides of the central limb, while there is an axial off-set between 

the short circuit points of ILF #2 and ILF #3. The key objective 

of this work is to study the impacts of these kinds of faults. 

Measuring no-load power loss of power transformers is a 

normal practice to assess overall quality of the magnetic core, as 

stated in the British standard BS EN 60076-1-2011 [15]. This 

test is performed at the manufacturing site as well as, during the 

type and routine tests. Nevertheless, with this test only overall 

power loss of the magnetic cores can be monitored, and it does 

not provide any details of the magnetising processes and power 

loss distribution. It is well recognised that ILFs alter the normal 

distribution of eddy currents and magnetic field inside the 

laminations and within the defected zone [16-17]. Recent 

research showed that the phenomenology of magnetic hysteresis 

and associated analysis is an accurate approach to identify and 

classify core faults [11], [18]. Therefore, condition assessment 

of the magnetising processes of the magnetic cores can be 

employed as a reliable technique of condition monitoring [16]. 

This can be achieved by monitoring the instantaneous 

waveforms of magnetic field strength 𝐻(𝑡) and dynamic 

hysteresis loops (DHL) under specific magnetisation conditions. 
 

  
(a) (b) 

Fig 1 (a) Stator slot of a three-phase stator core (b) degradation in the 

insulation coating at the cut edge 
 

 
Fig 2 Damage on surface of a stator core due to rotor-stator rub 

 

The significant contribution of this work is to propose 

advanced experimental and numerical approaches to calculate 

additional magnetic field strength and additional power losses 

caused by ILFs. The predominant focus of this study is to assess 

the relation between power losses caused by ILFs and the axial 

off-set between the short circuits. This helps to identify the most 

severe faults in magnetic cores. The presented approach 

complies with the phenomenology of magnetic hysteresis in 

ferromagnetic materials. Furthermore, classical 3D FE models 

are presented to model ILFs and their influence on dynamic 

behavior of magnetic cores and localised distributions of eddy 

current power loss. The experimental-numerical approaches 

alongside the FE models can be effectively used to calculate 

additional eddy currents, associated magnetic fields and 

eventually the additional power loss due to ILFs. This provides 

new insight in effective condition assessment of magnetic cores 

of power transformers, and other electromagnetic devices 

constructed from GOESs. 
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(a) 

  

(b) (c) 

 
(d) 

Fig 3 Perspective view of magnetic core of a three-phase transformer with 

ILFs (a) Overall view (b) ILF with no axial off-set (c) ILF with axial off-set 

on sides of a limb, and (d) ILF with axial off-set between bolt hole and yoke 

II. THEORETICAL BACKGROUND 

Phenomenological concepts of magnetic hysteresis provide a 

solid ground to comprehend energy loss mechanism and 

dynamic behavior of magnetic materials. In this respect, 

understanding materials structure and their response to different 

magnetising regimes is essential. This section presents the 

theoretical background to model ILFs and their influences on 

magnetising processes. 

A. Energy loss separation in GOESs 

GOESs are widely used to construct magnetic cores of 

reactors, power transformers, and large turbogenerators. 

Dynamic performance of GOESs, with anisotropic texture and 

large grain structure, can be decently studied on the basis of the 

Thin Sheet Model (TSM) hinged on the statistical energy loss 

separation developed by Bertotti [4]. In this method, the total 

energy loss 𝑊𝑡𝑜𝑡 is separated into hysteresis loss 𝑊ℎ𝑦𝑠, classical 

eddy-current loss 𝑊𝑒𝑑𝑑𝑦, and excess loss 𝑊𝑒𝑥𝑐 [19]: 
 

𝑊𝑡𝑜𝑡 = 𝑊ℎ𝑦𝑠 + 𝑊𝑒𝑑𝑑𝑦 + 𝑊𝑒𝑥𝑐  (1) 
 

Energy loss mechanism can be further interpreted based on the 

magnetic fields, and hence (1) can be converted into magnetic 

field separation: 
 

ℎ(𝑡) = ℎℎ𝑦𝑠(𝑡) + ℎ𝑒𝑑𝑑𝑦(𝑡) + ℎ𝑒𝑥𝑐(𝑡) (2) 
 

where ℎ(𝑡) is the magnetic field at the surface of the lamination, 

ℎℎ𝑦𝑠(𝑡) is hysteresis field, ℎ𝑒𝑑𝑑𝑦(𝑡) is classical eddy-current 

field, and ℎ𝑒𝑥𝑐(𝑡) is excess field. 

Magnetic hysteresis is a complex phenomenon, nevertheless, 

in recent research it was experimentally and analytically 

demonstrated that ILFs make the magnetising processes even 

more complicated [11], [18]. Consequently, depends on fault 

severity, magnetising regime and DHL of a magnetic core 

subjected to ILF are different from the inherent properties of the 

materials, e.g. what could be measured for a single strip 

lamination. The first and the most obvious effect of ILFs is 

development of additional eddy current loops within the 

defected laminations. The circulating eddy currents change the 

normal magnetising processes and claim for additional magnetic 

field strength, which increase both localised and overall power 

losses. Therefore, (1) and (2) can be further developed to 

represent the additional energy loss 𝑊𝑎𝑑𝑑 and associated 

magnetic field ℎ𝑎𝑑𝑑(𝑡) caused by ILFs [18]: 
 

𝑊𝑡𝑜𝑡 = 𝑊ℎ𝑦𝑠 + 𝑊𝑒𝑑𝑑𝑦 + 𝑊𝑒𝑥𝑐 + 𝑊𝑎𝑑𝑑 (3) 
  

ℎ(𝑡) = ℋℎ𝑦𝑠(𝑏) + ℎ𝑒𝑑𝑑𝑦(𝑡) + ℎ𝑒𝑥𝑐(𝑡) + ℎ𝑎𝑑𝑑(𝑡) (4) 

 

In certain analysis, analytical modelling is exclusively 

performed to understand dynamic behaviour of the materials. In 

these applications, a two components loss model is more 

convenient. This modelling is executed by separating the total 

energy loss and associated magnetic field into hysteresis and 

dynamic components [11], [19]: 
 

𝑊𝑡𝑜𝑡 = 𝑊ℎ𝑦𝑠 + 𝑊𝑑𝑦𝑛 (5) 
  

ℎ(𝑡) = ℋℎ𝑦𝑠(𝑏) + ℎ𝑑𝑦𝑛(𝑡) (6) 
 

Based on the two-term model, (3) and (4) yield: 
 

𝑊𝑡𝑜𝑡 = 𝑊ℎ𝑦𝑠 + 𝑊𝑑𝑦𝑛 + 𝑊𝑎𝑑𝑑 (7) 
  

ℎ(𝑡) = ℋℎ𝑦𝑠(𝑏) + ℎ𝑑𝑦𝑛(𝑡) + ℎ𝑎𝑑𝑑(𝑡) (8) 
 

Considering the hysteresis and dynamic magnetic fields of the 

two-term model as the basis of this modelling, (8) yields [18]: 
 

𝐻(𝑡) = 𝐻ℎ𝑦𝑠(𝐵) + 𝑔𝑑𝑦𝑛(𝐵)𝛿 |
𝑑𝐵

𝑑𝑡
|

𝛼𝑑𝑦𝑛(𝐵𝑝𝑘)

+ 𝑘𝑎𝑑𝑑(𝐵)
𝑑𝐵

𝑑𝑡
 

 (9) 
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where 𝛿 = ±1 for ascending and descending branches of the 

hysteresis loop. The exponent 𝛼𝑑𝑦𝑛(𝐵𝑝𝑘) designates the 

frequency dependence of excess loss component, and 𝑔𝑑𝑦𝑛(𝐵) 

and 𝑘𝑎𝑑𝑑(𝐵) are polynomial functions of the flux density 𝐵 to 

control overall shape of the modelled DHL [18], [19]. Accuracy 

of the expanded TSM (9) for dynamic modelling of stacks of 

laminations subjected to ILFs has been proved in a recent 

publication [18]. 

B. Finite element model 

The eddy-current problem in the lamination stack (with or 

without ILFs) is modeled by the classical magnetic vector 

potential (MVP, 𝑎) formulation with magnetic induction           

𝑏 = curl 𝑎 and induced current density 𝑗 = −𝜎𝜕𝑡𝑎 

(conductivity 𝜎). It reads [20]: 

Find 𝑎 such that, 

 

 (10) 
 

with 𝑎′ a suitable test function; ℋ(𝑏) the characteristic material 

law (linear, nonlinear hysteretic or not); ℎ is the field (imposed) 

at boundary Γ; (⋯ , ⋯ )Ω and < ⋯ , ⋯ > Γ denote, respectively, 

a volume integral in the computational domain Ω and a surface 

integral on its boundary Γ of the scalar product of the two 

arguments. The laminations and the ILFs (when present) belong 

to Ω𝑐 the conducting part of Ω where induced currents appear.  

Each lamination is explicitly modelled and sufficiently finely 

meshed along its thickness. The MVP 𝑎 is discretized with edge 

elements, as well as and test function 𝑎′, adopting a Galerkin 

approach [20]. Uniqueness of MVP 𝑎 is ensured by a co-tree 

gauge condition in the non-conducting part of the computational 

domain [21]. We adopt a Jiles-Atherton vector hysteresis model 

for ℋ(𝑏) [22]. The Newton-Raphson method was employed to 

solve the set of nonlinear algebraic equations obtained after 

space and time discretisation of model (5). 

III. EXPERIMENTAL TEST SETUP 

In practical magnetic cores, it is highly likely that ILFs occur 

at random points with axial off-sets or displacements between 

the short circuit points in the plan of the laminations. As the key 

objective of this work, impacts of these faults were studied. 

Experimental work and numerical analysis were carried out on 

standard Epstein size laminations of 0.3 mm thick with standard 

grades of M105-30P CGO 3 wt % SiFe with a measured 

resistivity of 𝜌 = 0.461 μΩm. Stacks of four laminations were 

put together and tagged to study a range of defects with axial 

off-set from 0 to 200 𝑚𝑚, as shown in Table I. 

Following recent experience [18], ILFs of 10 𝑚𝑚 wide and 

~500 µm thick were artificially introduced using lead-free 

solder (resistivity 𝜌 = 0.13 μΩm). Experimental results of 

Stack #1, with zero off-set as the most sever fault, and Stack #7 

with no ILF were used as reference to evaluate other stacks. 

Perspective views of these two stacks are shown in Figs 4-a and 

4-b, respectively. A perspective view, side, and top views of the 

test samples with axial off-set are also shown in Figs 5-a to 5-c, 

respectively. A top view image of one of the test samples, 

Stack #4 with axial off-set of 60 𝑚𝑚, is also shown in Fig 6. 
 

Table I Test samples with ILFs with axial off-set 

Stack Number 
Axial offset 

𝒛 (𝒎𝒎) 

Stack #1 0 

Stack #2 20 

Stack #3 40 

Stack #4 60 

Stack #5 100 

Stack #6 200 

Stack #7 No ILF 

 

 
(a) 

 

(b)  
Fig 4 Perspective view of stacks of four laminations (a) without ILF 

(Stack #1) and (b) with ILFs at zero off-set (Stack #7) 
 

 
(a) 

 
(b) 

 
(c) 

Fig 5 Perspective view (b) side view and (c) top view of stacks of four 

laminations axial off-set between the fault points 
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Fig 6 Top view image of Stack #4 with 60 𝑚𝑚 off-set 

 

In accordance with the British standard BS EN 10280:2007 

[23] each stack was magnetised using a computer-controlled 

magnetising system [24]. A double yoke single sheet tester 

(SST) with 𝑁1 = 865 and 𝑁2 = 250, as primary and secondary 

winding turns, was used as the magnetising sensor; a perspective 

view of the SST with detailed dimensions is shown in Fig 7. 
 

 
Fig 7 Schematic view of a double yoke SST used in the magnetising system 

IV. EXPERIMENTAL RESULTS 

In the first part of this study DHLs of the test samples were 

measured using the magnetising system described in section III. 

The results for the test samples with axial off-set from 0 to 

200 𝑚𝑚 at peak flux densities of 1.7 T, 1.5 T, 1.3 T and 1.1 T 

and magnetising frequency of 50 Hz are shown in Figs 8-a to 8-

d, respectively. Fig 8 clearly shows that the area enclosed by the 

DHLs, which represents the specific energy loss per cycle, is 

expanded by reducing the axial off-set between the fault points. 

These results imply the influence of ILFs on hysteresis behavior 

and dynamic performance of the test samples. More precisely, 

magnetic hysteresis reacts to this fault by expanding the DHL 

area and thereby leading to increase in total energy loss. 

Following these measurements and to make a better indication 

on the results, coercivity 𝐻𝑐  and total energy loss 𝑊𝑡𝑜𝑡 of the test 

samples were calculated from the measured DHLs; the results 

are shown in Figs 9 and 10, respectively. As an essential finding 

of this experiment, it was observed that 𝐻𝑐  and 𝑊𝑡𝑜𝑡 of the test 

samples decline by rising the axial off-set between the short 

circuit points. The highest coercivity and energy loss were 

observed for Stack #1 with 𝑧 = 0 𝑚𝑚, and they are notably 

reduced by increasing the axial off-set. More importantly, these 

quantities approached the values associated with Stack #7, when 

the axial off-set reached 100 𝑚𝑚 and above. 

 
(a) 

 

(b) 

 

(c) 

 

(d) 

Fig 8 DHLs of the test samples measured at a magnetising frequency of 

50 Hz, and peak flux densities of 

(a) 𝐵𝑝𝑘 = 1.7 𝑇, (b) 𝐵𝑝𝑘 = 1.5 𝑇, (c) 𝐵𝑝𝑘 = 1.3 𝑇 and (d) 𝐵𝑝𝑘 = 1.1 𝑇 
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Fig 9 Measured coercivity of the test samples at power frequency of 50 Hz 

and peak flux densities from 𝐵𝑝𝑘 = 1.1 𝑇 to 𝐵𝑝𝑘 = 1.7 𝑇 
 

 
Fig 10 Total energy loss of the test samples at power frequency of 50 Hz and 

peak flux densities from 𝐵𝑝𝑘 = 1.1 𝑇 to 𝐵𝑝𝑘 = 1.7 𝑇 
 

In order to illustrate the influence of ILFs on the characteristics 

of test samples, percentage increase in the total energy loss of 

each stack compared to that of Stack #7 was calculated. 

Percentage decrease in total energy loss of each stack with 

respect to that of Stack #1, was also calculated; the results for 

the range of measured flux densities are shown in Figs 11-a and 

11-b, respectively. IEEE Std. 62.2-2004 [25] suggests that core 

faults, which give rise to 5 % increase in total magnetic loss (or 

lead to a hot spot of 10° C above the ambient after 2 hours 

magnetisation), should be classified as critical faults. This 

threshold is highlighted by a solid line on Fig 11-a. This analysis 

also suggests that percentage decrease of total energy loss is 

dramatically increased by deviating the short circuit points, as 

shown in Fig 11-b. This phenomenon is directly associated with 

the resistance of the eddy current loop created by the short 

circuit points on either side of the test samples. By deviating the 

axial off-set between the short circuit pints, effective resistance 

of the eddy current loop increases which results in lower ILF 

current and lower additional energy loss. This is evidenced by 

monitoring and evaluating the DHLs. As a precaution, the 

magnetic core or, where possible, the defected part needs to be 

renewed urgently. 

  
(a) 

 

(b) 

Fig 11 (a) Percentage increase in total loss of each stack compared to Stack #7, 

and (b) Percentage decrease in total loss of each stack compared to Stack #1 
 

The highest rise in energy loss was recorded for Stack #1 at a 

peak flux density of 1.7 T, which is 33.49 %. As a key 

conclusion of this experiment, it was observed that when the 

axial offset reached 𝑦 = 100 𝑚𝑚, the percentage increase in 

total energy loss falls below the threshold level of 5 % as defined 

in IEEE Std. 62.2-2004. Therefore, ILFs with long off-set 

between the shorted points cannot be of high risk for the 

magnetic cores and associated electromagnetic devices. Similar 

conclusion was previously conducted based on bulk power loss 

measurements [26]. This offers a reliable platform to classify 

ILFs and to assess their impacts on overall quality of 

electromagnetic apparatus with laminated core structure. This 

approach and associated analysis could be implemented as a 

powerful technique in effective condition monitoring and fault 

diagnosis of the magnetic cores of practical electromagnetic 

devices e.g., power transformers and electrical machines. 

V. NUMERICAL MODELLING 

Magnetic characteristics of the test samples, including DHLs 

and distribution of eddy current power loss, were modelled 

using the numerical model, as explained in section II.B. In the 

FE model only 2 laminations were simulated, taking advantage 
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of the symmetry planes. Accordingly, for Stack #1one-eighth of 

the geometry, and for other stacks half of the geometry was 

considered. The FE discretisation of the test samples yields to 

46009 unknowns for Stack #1, and 172524 unknowns for other 

stacks. In this modelling, a frequency-domain simulation was 

performed using a vectorial Jiles-Atherton (J-A) model as the 

material law. The J-A model parameters 𝑀𝑠 = 1470000 𝐴/𝑚, 

𝑎 = 3.6 𝐴/𝑚, 𝑘 = 10.4 𝐴/𝑚, 𝑐 = 0.03 and 𝛼 = 3.2𝑒 − 6 were 

determined based on the optimisation of the Euclidean 

difference between measured and simulated static hysteresis 

loop of the samples in rolling direction (RD). 

Dynamic characteristics of the test samples were primarily 

modelled by solving the MVP formulation, with imposed 

magnetic field strength in the RD, extracted directly from the 

experimental results of section IV. Note that there is no 

implementation of the control loop in the simulations. A 

comparison between the modelled and measured DHLs at a 

frequency of 50 Hz and peak flux density of 1.7 T for the test 

samples with axial off-set from 0 to 100 𝑚𝑚 are shown in 

Figs 12-a to 12-e, respectively. 

Total energy losses of the test samples were then calculated 

from the modelled and measured hysteresis loops; the results are 

shown and compared in Figs 13. Although ILFs change the 

dynamic performance of the test samples and shape of the 

hysteresis loop, nevertheless, Fig 12 shows that the FE model 

(10) provides a fairly accurate basis for calculating the DHLs. 

As stated earlier in this section, the excitation field waveform 

was picked up from the experimental measurements and 

imposed as input of the FE simulation. Since the model is 

imperfect, this strategy is not ideal and could eventually impact 

on accuracy of the simulation. Also, in the FE model, the 

hysteresis loss is modelled based on the J-A vector model, while 

the eddy current and the additional losses are based on the model 

(10). A compensation is happening, as observed in Fig. 13 where 

the FE total loss consistently exceeds the experimental results. 

Still, an adequate consideration of the excess loss in the time 

domain would balance the loss distribution differently and 

increase the overall simulation accuracy. This model can be 

further developed to simulate influence of core fault on dynamic 

behaviour and soft magnetic properties of practical magnetic 

cores, e.g., power transformers and electrical machines. 

In the last part of this study, a frequency-domain simulation 

was performed to model distribution of eddy current power loss 

at the defected zone. In this modelling a linear material with a 

relative permeability of 𝜇𝑟 = 3 × 104 was assumed. To keep 

consistency with the experimental work, a uniform sinusoidal 

magnetic field with a frequency of 50 Hz and amplitude of 

30 𝐴/𝑚 was imposed in RD, which corresponds to a peak flux 

density of 1.7 T. The 3-D distributions of eddy current power 

loss for the test samples with axial off-set from 0 to 100 𝑚𝑚 are 

shown in Figs 14-a to 14-e, respectively. Note that for the sake 

of comparison a common scale was adopted for all fault 

scenarios, as shown in Fig 14. From these results, the maximum 

eddy current loss at the fault points for different off-sets were 

identified, the results are given in Table II. 

  
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig 12 Comparison between the modelled and measured DHLs of the test 

samples at a frequency of 50 Hz and peak flux density of 1.7 T, with axial 

off-set of (a) 0 𝑚𝑚, (b) 20 𝑚𝑚, (c) 40 𝑚𝑚, (d) 60 𝑚𝑚 and (e) 100 𝑚𝑚 
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Fig 13 Comparison between the calculated and measured energy losses at a 

frequency of 50 Hz and peak flux density of 1.7 T 
 

Figs 14 clearly indicates the significant impacts of ILFs on 

localised distribution of eddy currents and associated power 

losses. The results show that localised power loss at the defected 

zone is remarkably higher than other parts of the test samples. 

As expected, the highest localised power loss was observed for 

Stack #1 which is 10.7 𝑊/𝑘𝑔. It is also obvious that localised 

power loss reduces by increasing the axial off-set. With this 

configuration, localised power loss at the short circuit point was 

reduced to 0.810 𝑊/𝑘𝑔 for Stack #5 with axial off-set of 

100 𝑚𝑚. Nevertheless, as a key finding of this modelling, the 

results reveal that inter-laminar eddy currents spread over a wide 

zone between the fault points, even when axial off-set is in place. 

This phenomenon could be more destructive in practical 

magnetic cores where more laminations are involved in the ILF, 

which could result in high inter-laminar eddy currents faults. 

It is worth to highlight that minor core faults may not 

necessarily be detected using the conventional techniques, e.g., 

overall power loss measurements. Additional localised 

temperature and power loss could result in insulation fatigue and 

consequently spread over a wider zone in the core. If not 

detected at the proper time, this phenomenon could continue and 

potentially result in irreparable failure and breakdown machine. 

On other word a few undetected ILFs, even with axial off-set 

between the short circuit points, could eventually grew and 

terminate into major faults. Undetected core faults could also 

damage the winding and culminate in inter-turn faults and 

ground faults. 
 

Table II Localised eddy current power loss at the short circuit points 

Stack Number 
Axial offset 

z (mm) 

Local eddy current loss, 

𝑷𝒆𝒅𝒅𝒚(𝒘/𝒌𝒈) 

Stack #1 0 10.7 

Stack #2 20 7.25 

Stack #3 40 3.52 

Stack #4 60 2.09 

Stack #5 100 0.810 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig 14 Local eddy current power loss of the test samples with axial off-set 

of (a) 0 𝑚𝑚, (b) 20 𝑚𝑚, (c) 40 𝑚𝑚, (d) 60 𝑚𝑚 and (e) 100 𝑚𝑚 
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CONCLUSIONS 

This article presents experimental measurements and time-

domain FE simulations for laminated magnetic cores, exposed 

to ILFs. The predominant focus of this work is to study impacts 

of axial offset between the short circuit faults on dynamic 

characteristics and magnetic performance of the test samples. 

Experimental measurements were undertaken on stacks of 

standard Epstein size strips of GOESs, subjected to artificial 

ILFs. A standard SST was employed to monitor dynamic 

characteristics of each stack. DHL of each stack was measured 

and analysed to evaluate influence of the ILFs. Experimental 

results clearly showed that, phenomenology of magnetic 

hysteresis and analysing the dynamic characteristics of the 

magnetic cores is an accurate approach for quality control and 

condition assessment of magnetic cores. This could be 

implemented as a non-destructive test at the manufacturing sites, 

as well as during the type and routine tests of practical power 

transformers and electrical machines. 

Time domain FE simulation were also developed to model the 

test samples. In this part of the work, DHL of the test samples 

were reproduced, and 3D distribution of eddy current power loss 

within the defected zone were calculated. The FE model proved 

to be an effective technique to evaluate influence of ILFs on 

eddy current and associated loss distribution within the defected 

zone. In fact, this modelling and associated analysis provides a 

new insight on influences of core failure on eddy current 

distribution and overall quality of the magnetic cores. This can 

be implemented in pre-design and design optimisation stages of 

magnetic cores, as well as in the condition monitoring apparatus 

of practical magnetic cores. 
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