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Abstract 

The PhD research work presented in this thesis deals with electromagnetic field calculation and 

loss evaluation in power transformers under special operation conditions. The special loading 

conditions under investigation include over-excitation, heavy loading, inductive loading and 

dc-bias introduced either by geomagnetically induced current (GIC) or by power converter 

operations. 

In a power transformer, the leakage flux enters the steel laminations of the iron core in different 

directions. The leakage flux can, depending on the orientation, add eddy current or hysteresis 

losses to the loss caused by the main flux. To study the principles of the influence of the leakage 

flux on the losses in transformer cores, an instrument that enables a loss measurement under 

the main flux superimposed with the transverse flux or normal flux was developed. The system 

was modelled using finite elements to interpret the physical phenomena. The results revealed 

that the loading conditions (heavy loading or inductive loading) have a significant impact on 

the local eddy current loss and on the overall hysteresis loss in the core. The identified 

additional losses indicate that under inductive loading, conventional no-load tests can 

underestimate the core losses considerably.  

Dc magnetisation due to GIC or HVDC converter operation may cause core saturation and 

result in a serious decline in the transformer performance as well as the power system stability. 

To distinguish dc-bias caused by GIC and converters, the concept of common mode and 

differential mode was introduced. An experimental investigation was conducted on a three-

phase three-limb transformer to study the power loss and reactive power consumption. The test 

revealed a significant difference in stray loss and winding loss between the two modes in three-

phase transformers. Finally, a solution to mitigate the undesired effects associated with dc-bias 

of differential mode was discussed. 

Computation of iron losses in transformers requires significant numerical efforts, particularly 

under magnetic saturation when the magnetic nonlinearity needs to be considered. In this PhD 

work, a Fourier-based effective permeability is proposed to calculate the magnetic flux density 

for the core loss in transformers under saturation. This includes pre-processing of the nonlinear 

material. A permeability frequency spectrum is obtained from Fourier analysis, where the 

fundamental part is used as the magnetisation definition and the harmonic components are used 

for loss calculation. The proposed Fourier permeability is more efficient than the time-domain 
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method and yields significantly higher accuracy in stray loss calculation under heavy saturation 

than energy-based permeability. 
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Chapter 1: Introduction 
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Temperature is the driving force for the aging of the insulation system in transformers, 

particularly in large power transformers (Figure 1.1). Accurate lifetime predictions for 

transformers rely on knowledge of their internal temperatures. High internal temperatures in a 

transformer may have immediate, disastrous effects on a transformer in addition to the longer-

term aging effects referred to above [1]. Generally, transformers are designed for higher loads 

than what are required to deliver on average. Traditionally, the margins used in the design of 

older units were typically larger than those used today due to design calculations being less 

accurate in the past. Consequently, if the power losses and temperature distribution can be 

calculated satisfactorily, reinvestment may be delayed for transformers with a favourable 

history. 

 

 

Figure 1.1 Power transformer used for HVDC transmission link [2]. 

 

Temperature is a function of load, transformer design and ambient conditions. Precisely 

calculating the temperature distribution has always been a challenging task. Electromagnetic 

models and thermal models are particularly needed to estimate temperature and predict lifetime 

to reach Norwegian and European goals of efficient and reliable grid operation and monitoring. 

Under normal operation, a well-designed transformer is considered to have good thermal 

1 Introduction
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management, which means the overall temperature rise fulfils the standardised specification 

and the local hot-spot hazards are largely minimised [3]. Today, variable power production and 

load, due to e.g. wind and solar energy and charging of electrical vehicles, lead to new load 

patterns for power equipment. Under these special loading conditions, both the overall power 

loss enhancement and the local heat hazard should be re-evaluated. The special conditions to 

be investigated in this research project include over-excitation, heavy loading and/or inductive 

loading and dc magnetisation. Unlike various transient events that directly threaten the 

insulation of transformers, the abovementioned phenomena persist for a longer time (longer 

than the thermal time constants) or even constantly; therefore, this creates an enhanced 

temperature profile globally or locally in a power transformer.  

 

1.1 Objectives and scope of the work 

This PhD research work is a part of the project ‘Thermal modelling of transformers’ funded by 

the Research Council of Norway, Statnett, Hafslund and Lyse Nett. The main project is to 

develop thermal models that can be adapted to existing transformers to support reinvestment 

and maintenance decisions and allow safe upgrading and emergency overloading. The objective 

of this PhD project is to investigate magnetic leakage fields and the resulting power losses in 

power transformers under special operation conditions. The work mainly focuses on the iron 

parts (i.e. the magnetic core and iron structure, see Figure 1.2) of power transformers, in which 

the anisotropy and the nonlinearity of ferromagnetic materials add complexity to the 

phenomena under investigation. 

 

Figure 1.2 The iron parts in a power transformer (the iron tank and cover are not shown). 
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This research work covers several special operation conditions, including over-excitation, 

heavy and inductive loading and dc magnetisation. Under these circumstances, the overall 

power losses may rise in the magnetic core, reducing the lifetime of the transformer. More 

importantly, some operations may introduce local hot spots in the iron parts and deteriorate 

adjacent insulation in a short time. As such, this research work aims to investigate how different 

factors affect power losses locally and globally and to evaluate the risks of overheating. 

Thermal modelling of transformers, i.e. the temperature calculation is beyond the scope of the 

research in this PhD project. Dedicated CFD modelling of the thermal-hydraulic system is 

handled by another work package in the main project. 

In the experimental investigations, the material characterisation was performed on the grain-

oriented (GO) electrical steels. The developed instrument in this research project enables loss 

measurement under multi-directional flux as well as under dc-bias. Deriving specific power 

loss is beyond the scope of the work. The dc-bias tests were carried out in a three-phase three-

limb transformer. Although the methodology and the numerical method developed can apply 

to different types of transformers, investigation of transformers other than the three-phase three-

limb transformer is beyond the scope of this work.  

The finite element method (FEM) is used to determine the magnetic field and the iron losses in 

power transformers. Nonlinear and anisotropic effect of the ferromagnetic materials are 

considered in FE simulation. Development of hysteresis models for calculating core loss is 

beyond the scope of this research. Calculation of stray loss in windings or bushing mounting 

plates are beyond the scope of the research project, as the analytical methods have been well-

established. 

 

1.2 Background 

Temperature rise caused by power losses is the main driver for transformer aging, and in some 

extreme case, an immediate deterioration [1]. Today, engineers face challenges in transformer 

design requirements such as high loss capitalisation and optimum performance. Additionally, 

there could be constraints on the weight, dimensions and clearance of the transformer. A well-

designed transformer under normal condition maintains good thermal control, which enables a 

lifetime over 40 years [4]. Reduced lifetime is often linked to the degeneration of the insulation 
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system, for instance, caused by excessive power losses under occasional unconventional 

operation conditions [3].  

 Over-excitation 

When a transformer is subjected to an over-excitation voltage, the magnetising current increases 

dramatically and raises the winding loss. More importantly, the flux spills out of the core into 

the neighbouring structural parts and enhances the stray losses.  

 Inductive-loading 

Transformers sometimes operates in a loading condition other than resistive loading. In such 

cases, the phase angle between the core main flux (generated by the excitation voltage) and the 

leakage flux (related to load current) varies. As a result, the superimposed flux density and the 

associated power loss become phase dependent. Therefore, the conclusion that core loss is load 

independent shall be re-evaluated if the abovementioned effect is significant.  

 DC-bias 

Geomagnetically induced currents (GICs) [5] [6] [7] and HVDC system operations [8] [9] [10] 

[11] [12] are two main causes of dc magnetisation in gird transformers. Depending on the level 

of the dc excitation, the loss feature can deviate significantly from ac symmetric excitation; 

hence, the core loss depends on both applied ac and dc flux. 

More importantly, dc magnetisation leads to half-cycle saturation of the transformer core [13]. 

Similar to the phenomenon of ac voltage over-excitation, the excessive magnetisation current 

due to (half-cycle) saturation can result in hot spots in the windings and structural parts [14]. 

The current harmonic increases reactive power absorption and causes voltage instability [15]. 

In the worst scenario, grid transformers are destroyed [10] and system blackouts [16] may occur.  

 

1.3 Outline of the thesis 

This PhD thesis is organised in three parts.  

The first part (Chapter 1, 2, 3) gives an introduction of the project background, literature review 

of the research frontier and then derives the research questions. 

 Chapter 1 presents an introduction to the project background, motivation and the outline 

of the thesis.  
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 Chapter 2 gives an introduction to power transformer operation. The thermal issue in a 

power transformer under special operation conditions is highlighted in this chapter. 

 Chapter 3 describes the classification and constitution of power losses inside a power 

transformer. Classic numerical approaches to calculate electromagnetic field and power 

losses are reviewed. The research questions are derived in this chapter. 

The second part (Chapter 4, 5, 6, 7) presents the development of numerical models, simulations 

and experiments. Finally, it summarises the research findings and answers the research 

questions. 

 Chapter 4 describes the methodology of the experimental work and the numerical 

simulations developed in this research work.  

 Chapter 5 summarises the study results and research findings. 

 Chapter 6 presents discussion of the results and the limitation, source of error in the 

research work. 

 Chapter 7 includes the conclusions and the suggestions for future works. 

The third part (Reference and appendix) presents the reference and the paper collections. 

 The experimental results, numerical analysis and the discussions are presented as a 

paper collection in the appendix. Seven papers are presented, two published in IET 

Transactions on Electrical Power Applications; one published in IEEE Transactions on 

Magnetics; one published in Review of Scientific Instrument; one published in Journal 

of Magnetism and Magnetic Materials; one published in Proceeding of the Conference 

on the Computation of Electromagnetic Fields (COMPUMAG); and one published in 

Journal of Electrical Engineering. 

 

1.4 Scientific contributions 

The main contributions of the publications in this thesis are listed as follows. The general 

research question was proposed by my supervisors. I conducted the literature search and 

formulated the concrete research question, fitting in the current scientific literature. I designed 

the studies, performed the simulations, carried out the experiments, conducted the data analysis, 

wrote the draft of the manuscript and implemented the contribution of the co-authors.  
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[Paper I]: Wei Wang, Arne Nysveen, Niklas Magnusson, Robert Nilssen, “Fourier-based 

effective permeability for transformer iron losses computation under saturation,” IET 

Transaction on Electrical Power Applications, December 2020, Volume 14, Issue 13,  p. 2609–

2615, https://doi.org/10.1049/iet-epa.2020.0315.  

This paper proposes a Fourier method to calculate the magnetic flux density used for 
the iron loss evaluation in transformers under saturation. It includes pre-processing of 
the nonlinear material. A permeability frequency spectrum is obtained from Fourier 
analysis, where the fundamental part is used as magnetization definition and the 
harmonic components are used for core loss calculation. Several Fourier-based 
formulations of permeability have been proposed to deal with a magnetic core under 
saturation. It is found out that in a magnetic core with homogenous distributed flux such 
as one made of GO steel, the original formulation (without domain decomposition) 
gives sufficiently accurate result. In case of inhomogeneous distributed flux under 
heavy saturation, the modified formulation with domain decomposition significantly 
improves the accuracy. Degree of nonlinearity (DoN) is introduced to assist domain 
decomposition. Under a moderate saturation, a single domain decomposition seems 
sufficient, whereas under heavy saturation (highly nonlinear), two and more domain 
divisions is needed. The proposed methods offers a time efficient tool to calculate core 
loss under various saturation levels and nonsinusoidal excitation currents. 

  

[Paper II]: W. Wang, A. Nysveen, N. Magnusson and R. Nilssen, "Computation of transformer 

iron losses under saturation using the Fourier method Part 2: Stray loss," 22nd International 

Conference on the Computation of Electromagnetic Fields (COMPUMAG), Paris, France, 2019, 

pp. 1-4, doi:10.1109/COMPUMAG45669.2019.9032726. 

In this paper, the influence of the permeability definition (proposed in paper I) of the 
core material on leakage field and the associated stray loss calculation is studied. It is 
found out that the accuracy of calculated stray loss under heavy saturation is largely 
influenced by the chosen definition of the effective permeability of the magnetic core 
and the described Fourier method yields significantly higher accuracy than energy based 
methods. In order to evaluate the stray losses due to nonsinusoidal excitation, a 
waveform correction factor is proposed based on the relationship between magnetic 
field and input current. The results obtained by this method are compared to those given 
by a time domain calculation to evaluate the accuracy of the method. The proposed 
waveform correction factor in combination with the conventional surface impedance 
method enables time efficient evaluation of the stray loss for nonsinusoidal current 
excitation under saturation. 

 

[Paper III]: W. Wang, A. Nysveen and N. Magnusson, “Apparatus for loss measurements under 

multidirectional and dc-bias flux in electrical steel laminations,” Rev. Sci. Instrument. Vol.91, 

Issue 8, 2020, DOI: 10.1063/5.0011076. 
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This article describes the design and construction of an apparatus for loss measurements 
under two scenarios. 1) The main flux in the rolling direction is superimposed with flux 
in either the transverse or normal direction, while varying magnitude and phase angle 
between two fluxes. 2) The main flux having a dc-bias. The main flux in the rolling 
direction is generated in a square lamination frame by the current in excitation coils. 
The transverse and normal direction fluxes are generated by the current in auxiliary 
excitation coils wound around powder cores. The dc-bias flux is created either by an ac 
current with a small dc offset in the excitation coils or by a separate coil excited by dc 
current. We implement and compare the two dc-bias methods and discuss the commons 
and differences. Experimental measurements demonstrate the apparatus' ability to 
provide loss measurements in a large range of flux densities and orientations important 
for studying iron core losses in e.g. transformers under saturation. 

 

[Paper IV]: W. Wang, A. Nysveen and N. Magnusson, “The influence of multidirectional 

leakage flux on transformer core losses,” Journal of Magnetism and Magnetic Materials, 2021. 

https://doi.org/10.1016/j.jmmm.2021.168370. 

In this article, an experimental investigation has been performed to characterize the 
power loss feature in the core lamination due to leakage fluxes. To study the principles 
of the influence of the leakage flux on the losses in transformer cores, the problem was 
isolated to an experiment on a stack of laminations in an Epstein-like frame. The frame 
carried the main flux, while additional flux entered the laminations in the two directions 
perpendicular to the main flux. Additionally, the system was modelled using finite 
elements to interpret the physical phenomena. The measurement result reveals that the 
loading angle has a significant impact on the eddy current loss in the local zone as well 
as the overall hysteresis loss in the global zone. Therefore, the conventional no-load test 
may underestimate core loss considerably under inductive loading. In contrast, the 
rotational power loss that appears locally has a negligible contribution, regardless of the 
phase and the magnitude of the superimposed leakage flux density.  

 

[Paper V]: W. Wang, A. Nysveen and N. Magnusson, “Eddy Current Loss in Grain-Oriented 

Steel Laminations due to Normal Leakage Flux,” IEEE Transactions on Magnetics, vol. 57, no. 

6, pp. 1-4, June 2021, no. 6301604, doi: 10.1109/TMAG.2021.3069727. 

In this article, the loss influence on the steel lamination by the normal flux is 
investigated experimentally and numerically. Due to the strong magnetic anisotropy of 
the lamination structure, the penetrating flux tends to saturate the lamination in its plane, 
even when the incident stray flux density is low. Therefore, the nonlinearity of the 
lamination has a considerable impact on the eddy currents and the associated power 
losses. A homogenization approach for modelling grain-oriented steel lamination based 
on the finite element method is implemented for computing eddy current loss, taking 
both magnetic anisotropy and the saturation effect into account. The results show that 
eddy current loss dominates when the lamination is exposed to normal flux and the loss 
increases rather rapidly with increasing normal flux density due to the nonlinear effect. 
When the normal flux is superimposed with the main flux, the power loss can 
dramatically increase at a low phase angle. Moreover, it is found out that both the 



Chapter 1: Introduction 

 

8 

 

normal flux density and the main flux density play important role in the loss 
enhancement, at a decreased loading angle, attention must be paid on the local heat 
enhancement in the core lamination exposed to the normal leakage flux. 

[Paper VI]: W. Wang, A. Nysveen and N. Magnusson, “Common and differential mode of dc-

bias in three-phase power transformer,” Journal of Electrical Engineering, 2022. 

https://doi.org/10.1007/s00202-022-01592-7 

In this article, we introduce the concept of common mode and differential mode to 
distinguish dc-bias caused by GIC and converters. Experimental investigations were 
made on a three-phase three-limb transformer, where the loss impact as well as reactive 
power consumption are studied. The test shows a significant difference in stray loss 
between the two modes in three-phase power transformers: The power losses in the 
three-phase three-limb transformer are susceptible to DM dc current, but not sensitive 
to CM dc currents. The magnetizing currents of DM are significantly larger than CM, 
resulting in higher stray losses as well as winding loss. On the other hand, the influence 
on the core loss is insignificant. The DM dc currents enhances the reactive power 
consumption and introduces an unbalanced voltage distribution in three phases. Last, 
the test shows that the delta winding can significantly reduce the stray loss caused by 
the DM dc currents. This implies that a delta winding can be a mitigation measure to 
reduce excessive loss (as well as noise) induced by the DM dc current, as long as the 
care is taken of the rating of the delta winding. 

 

[Paper VII]: W. Wang, A. Nysveen and N. Magnusson, “Power losses in three-phase three-limb 

transformer due to common and differential mode of dc-bias,” IET Transaction on Electrical 

Power Applications, 2021. //doi.org/10.1049/elp2.12113 

In this article, the power loss feature of common mode (CM) and differential mode (DM) 
of dc-bias in a three-phase three-limb transformer are investigated experimentally and 
numerically. Time periodic FEM is adopted to calculate core loss and magnetization 
current. 3D transient FE simulation is performed to calculate stray losses. The results 
revealed that the performance of power losses are significantly influenced by dc current 
directions, arrangement of the structural parts and the method of winding connection. It 
is found out that: 

 The flux density offset (thereby the maximum flux density) due to the DM dc-
bias is significantly larger than that of CM, due to the low reluctance path of the 
DM.  

 The core loss is not sensitive to dc-bias, regardless of the magnitudes and modes 
of the applied dc currents. 

 The winding losses due to DM dc-bias are significantly larger than that of CM, 
due to high magnitudes of the magnetizing currents as well as their high 
frequency harmonic contents.  

 The excessive stray loss caused by the DM dc currents can be reduced 
significantly by introducing a delta winding. 
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The results above shows that a three-phase three-limb transformer, which is vulnerable 
to CM dc currents, is susceptible to DM dc current. The DM dc-bias poses risk of a local 
overheating hazard in the tank and the clamping plates in a power converter connected 
transformer, particularly if a delta winding is not used. With proposed FEA, the loss 
density distribution can be identified and mitigation measure such as delta winding, 
dimension optimization and magnetic shunt placement can be employed based on the 
numerical calculation. 
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A transformer experiences power losses during its operation. Energy dissipation occurs in a 

magnetic core due to alternating magnetisation at system frequency, which is known as the core 

loss or iron loss. It has been estimated that the iron losses constitute around 5% of all electricity 

[4]; therefore, the financial costs are vast. On the other hand, the flow of a current in conductors 

in a transformer generates ohm loss, determined by the magnitude of the current and the 

resistance of the system. These ohm losses are known as the load loss or copper loss of the 

transformer. Typically, the load loss can be categorised into three groups: 1. ohmic resistive 

loss in the winding; 2. eddy current loss in the winding; and 3. eddy current loss in the tanks 

and structural parts. 

In the normal no-load operation, i.e. at the rated flux density, the magnetising current is so small 

that the ohm loss in the primary winding is negligible. Meanwhile, the stray losses in the tank 

and structural parts are insignificant as most of the flux is confined in the magnetic core. In the 

load operation, the load loss is present in the winding, tanks and structural metalwork. At 

nominal loading, the stray losses constitute only a small proportion of the total load losses. The 

load current in the secondary of the transformer and its MMF is balanced by an equivalent 

primary current and its MMF, which implies that, ideally, the iron loss is independent of the 

load.   

The abovementioned common understanding are conclusions drawn from normal operation of 

a transformer. However, when a transformer is operated under occasional special conditions, 

these conclusions must be carefully re-visited.  

 

2.1 Transformer loading 

2.1.1 Loading conditions 

A transformer can operate under various loaded conditions. The magnitude of the secondary 

current I2 depends on the secondary terminal voltage V2 and the load impedance. The phase 

angle between I2 and V2 depends on the nature of the load, which can be resistive, inductive or 

capacitive. The well-known equivalent circuit diagram of a transformer is shown in Figure 2.1.  

2 Transformer operation
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Figure 2.1 The equivalent circuit diagram of a transformer on load condition. (from paper 
IV) 

 

The primary no-load current I0 induces the magnetomotive force (MMF), which set up the main 

flux Φm in the transformer core. Likewise, the secondary current I2 induces the demagnetising 

MMF on the secondary winding of the transformer. An equilibrium is established when the 

primary current creates ampere-turns balance with the secondary. The total current in the 

primary circuit I1 is the phasor sum of the primary load current I’1 and the no-load current I0. 

The resistance and leakage reactance drops are allocated to their respective windings. The 

phasor diagrams of the actual transformer under resistive loading and inductive loading 

conditions are shown in Figure 2.2: 

 

 
Figure 2.2 An example of a phasor diagram representing a transformer in loading operation. 
Left: resistive loading; Right: inductive loading. (from paper IV) 
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In reality, not all of the flux produced by the primary winding links to the secondary, so the 

transformer is said to possess leakage fields. The leakage flux is represented as Φl, which is in 

phase opposing the load current. As shown in Figure 2.2, under resistive loading, the phase 

difference between the core flux and the leakage flux α is 90°, whereas under inductive load, α 

can decrease significantly depending on the phase of the load current. 

 

2.1.2 Influence of loading on magnetic field distribution 

The orientation of the leakage flux inside a single-phase transformer is schematically 

demonstrated in Figure 2.3. The directions where the leakage flux enters the laminated core 

lead to the following definitions (see Figure 2.4): 

 Transverse direction (TD): Around the core window, the flux enters the core in parallel 

with the plane of the lamination and perpendicular to the rolling direction. 

 Normal direction (ND): On the surface of the yoke and the limb, the flux enters the core 

perpendicular to both the plane of the lamination and the rolling direction. 

 

 
Figure 2.3 Leakage flux orientations at the top of the winding of a single-phase transformer. 
Left: TD; Right: ND. (from paper IV) 

 

The definition of the flux direction relative to the rolling direction in a grain-oriented (GO) 

lamination block is further illustrated in Figure 2.4.  

 

TD ND 
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Figure 2.4 Definition of the flux directions in the grain-oriented steel laminations. RD: 
rolling direction; ND: normal direction; TD: transverse direction. (from paper IV) 

 

The flux entering the core (in either TD or ND) at the top of the transformer eventually turns 

and becomes parallel to the rolling direction before it again leaves the core at the bottom of the 

transformer; see Figure 2.5. This flux path inside the core suggests two zones with different 

loss characteristics: 

 Local zone: Where the flux enters the core in either ND or TD, the flux is constrained 

within a small depth in the core. The induced loss is dominated by either eddy current 

loss (due to ND flux) or rotational power loss (at TD flux) [17] [18]. 

 Global zone: As the entering flux changes direction and becomes parallel to the main 

flux (in RD), it follows the edge of the core window.  

 

 
Figure 2.5 Illustration of the local zone (a) and the global zone (b) of the leakage flux 
distribution in the core of a single-phase power transformer. (a) Leakage flux density 
component in x-axis and flux lines (perpendicular to the limb). (b) Penetrated flux along the 
edge of the core window. (from paper IV) 
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To demonstrate the flux variation in space and time due to the phase angle, the flux density in 

the yoke Byoke (point C marked in Figure 2.6) under resistive loading and inductive loading was 

calculated. The flux density at point B is defined as the leakage flux density (Bleak), which is set 

to 0.31 T and 0.62 T. The flux density in the core Bcore (at point A) is maintained at 1.4 T. The 

flux variation over a period at the three points is described in Figure 2.7. The peak value of Byoke 

under different scenarios is listed in Table 2.1. 

 

 
Figure 2.6 Flux line distribution inside the magnetic core of a single-phase power 
transformer at the time when the leakage flux is maximum. Three representative points for flux 
density calculation: A, the centre of the Core; B, the middle point between the Windings; C, the 
edge of the Yoke. 
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Figure 2.7 Flux density variations over a period under the resistive loading (left) and the 
inductive loading (right) at three locations. The two upper figures are with low leakage flux 
density Bleak =0.31 and the two lower figures is with high leakage flux density Bleak =0.62. 

 

Loading 

condition 
Resistive loading Inductive loading 

Case a b c d 

Bleak [T] 0.31 0.62 0.31 0.62 

Byoke [T] 1.94 1.98 2.14 2.31 

Table 2.1 Peak values of flux density in the yoke. 

 

As shown in Figure 2.7, due to the superimposed leakage flux, Byoke is significantly larger than 

Bcore and there is a phase difference between Bcore and Byoke. Byoke increases with an increasing 

Bleak and a decreasing phase angle. The increment of Byoke under inductive loading is larger than 
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that under resistive loading (e.g. Byoke increases by 0.17 T from (b) to (d) and increases by only 

0.04 T from (a) to (c)). 

In summary, the flux density in the global zone (represented by Byoke) depends on the loading 

condition and the magnitude of the leakage flux density. The overall power loss is expected to 

increase with lower phase angle and higher leakage flux density.  

 

2.2 DC bias in power transformers 

2.2.1 DC bias due to GICs 

Coronal mass ejections (CME) originated from the sun interact with the magnetosphere of the 

earth and induce a longitudinal quasi-dc potential on the transmission lines, which drives the 

flow of the induced current (GIC) [13]. The scenario of GIC generation in the network is 

depicted in Figure 2.8, which has also been extensively illustrated in the literature [13] [5] [6]. 

As shown, the GIC is a quasi-dc current (low frequency, typically 0.01 Hz to 0.5 Hz) [4] that 

flows in the power system, which closes its path through transmission lines, windings and 

neutral points of grid transformers and ground. Factors that influence the level of GIC include 

geomagnetic latitude, ground resistivity, network topology and the design of the power 

transformer. 

 
Figure 2.8 Geomagnetically induced current distribution in three-phase power system and 
power transformers. (from paper VI) 

 

Apparently, the GICs in all three phases go in the same direction. At very low frequency, the 

high-voltage network is essentially resistive. Considering the symmetric resistance in the three 

phases, the magnitudes of GICs are considered to be identical in the three phases. Based on 

these factors, the GICs are often referred to as zero sequence. Because of its origin from solar 
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activity, GICs are characterized by a large number of narrow consecutive pulses over a period 

of hours separated by a few high peak pulses of less than a few minutes duration (Figure 2.9 

[13]). 

 

 
Figure 2.9 Measured GIC profile at neutral of a generator step-up transformer [13]. 

 

Factors that determine the susceptibility to GICs of the power transformer include core topology, 

winding configuration and the design of structural parts [13]. Among them, the core topology 

has a major impact on the classification. Single-phase and five-leg core transformers with low 

reluctance to the dc flux are susceptible to GICs. For a three-phase three-limb transformer, the 

flux of zero sequence has to pass from the top yoke to the tank top, through the tank walls, and 

return to the bottom yoke from the tank bottom. Therefore, a three-phase three-limb transformer 

is less susceptible due to the higher reluctance path of the dc flux.  

 

2.2.2 DC bias due to HVDC electrode operations 

The stray dc current due to HVDC electrode operations (monopolar or bipolar operation) can 

flow into solidly earthed transformers between two substations. The phenomenon is considered 

to be similar to GICs as the stray current flowing in the neutral is of zero sequence. However, 

different from GICs, the stray currents are driven by the potential difference between 

substations due to HVDC electrode operation (not from transmission lines). That is, the current 

emanating from the anode partly enters the earth of one substation and flows into the grounded 
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neutrals of the transformer towards the other substation (and the cathode) [11]. This dc current 

can have two major consequences: saturation of the grounded transformers and corrosion of the 

ground grid of the station nearest the cathode.  

Apart from the difference in origination and consequences, the stray currents feature a 

stationary dc current, whereas GICs are characterized by consecutive pulses over different 

period of time scale as mentioned in 2.2.1. 

 

2.2.3 DC bias due to converter modulation 

A rapid increase of the HVDC transmission line creates a situation where ac and dc lines may 

share the same corridor or even on the same towers [8] [9]. A dc line in parallel with an ac line 

is exposed to a fundamental frequency inductive coupling, where a longitudinal voltage 

potential of fundamental frequency will generate on the dc line. As depicted in Figure 2.10, the 

inductive coupling part is represented as two longitudinal voltage sources in this model. The 

fundamental frequency voltage and current on the dc side of the converter transfer to the ac side 

and appear as dc current (and 2nd order harmonic) circulating in the windings of the power 

transformer.  

 

 
Figure 2.10 Fundamental frequency voltage and current on the dc side of the VSC-HVDC 
converter transfer to the ac side and appear as dc current circulating in the windings of the 
power transformer. (from paper VI) 

 

The difference between two induced voltage sources and the impedance seen from the dc side 

determines the dc current level on the ac bus. Different from previous two dc currents, the sum 

of the dc currents that appeared on the ac bus is zero. As the dc currents are not identical in 

three phases, this results in asymmetrical magnetisation of transformer core. The saturation 
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caused by dc current can result in excessive heating and an increased noise level in the 

transformer.  

Many factors affect the resultant dc current level in transformers. An investigation of the 

coupling effect has been reported in [9], where the parallel length, separation distance between 

ac/dc lines, line transposition and ground resistivity are discussed. Prior research focuses on the 

VSC-HVDC transmission system, such as [19], where the frequency domain model is derived 

for a parameter sensitivity study. With impedance representation of the network, the factors 

such as dc capacitors and modulation index are studied analytically.  

As an example, the simulations with the model were conducted as described in Figure 2.10. 

The classic three-level converter and the modular multilevel converter (MMC) [20] with full 

control function were implemented. The phase currents on the converter bus as well as their dc 

components (three-level and MMC) obtained from the simulation are demonstrated in Figure 

2.11. 

 

 
Figure 2.11 The phase currents (IA, IB and IC) and their dc components (IA_dc, IB_dc and 
IC_dc) on the converter ac bus due to harmonic transfer from the dc side. (from paper VI) 
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As shown in Figure 2.11, due to the induced fundamental frequency voltage on the dc side, 

unbalanced phase currents appear on the converter ac bus, which has a dc bias in each phase. 

The dc (component) current circulates in three phases and the sum of them is zero. This 

modulation effect occurs in both the three-level converter and MMC, where the dc currents 

generated in MMC has less ripple than the three-level converter.  

 

2.2.4 Modes of dc bias 

The GICs and the stray dc current introduced by HVDC systems are known to be of zero 

sequence: the dc currents are in the same direction in all three phases. The standard [13] on 

GICs has classified power transformers into four groups based on their susceptibility to GIC, 

which is widely used as a guideline to select or design power transformers subject to dc current.  

However, the features of the dc current generated by converter modulation are considerably 

different. The sum of the dc currents generated by the converter in three phases is zero. To 

distinguish the two phenomena, the terminology of common mode (CM) and differential mode 

(DM) is introduced on the basis of current directions, whereas the term ‘sequence’ is not used 

to define dc current, since there is no ‘phase’ meaning for a dc signal. In this terminology, the 

common mode is the same as ‘zero sequence’. Therefore, the GICs and the stray currents are 

classified as CM. The differential mode in telecommunication often refers to signals that flow 

in opposite directions in a pair of lines. Here, we extend the DM definition to represent the dc 

currents of different directions in three phases, where the sum of DM currents is zero. The dc 

currents introduced by converter modulation is classified as DM. 

The distribution of the dc currents within the three phases relies on the phase difference between 

the induced voltage sources and the switching operation. As the induced voltage and the 

converter belong to two separated systems, this phase difference is unpredictable in practice. 

Assume that two fundamental frequency voltage sources up and un have the same magnitude Vm 

but out of phase: 

 
0 0

0 0

cos( )
cos( )

 
 

    
p m
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u V t
u V t                                                 (1) 

where ω0 is the fundamental frequency and θ0 is the phase of the voltage source. 
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The voltage on the ac bus of the converter can be expressed in terms of switching functions 

[10]: 

ac p p n nu S u S u                                                      (2) 

where the switching functions Sp and Sn of the converter are defined as: 
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where m is the modulation index and θ1 is the phase of the switching functions. 

If we put (1) and (3) into (2), take only the dc component of (2) udc and simplify, we obtain: 
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                                                       (4) 

Equation (4) indicates that the relative phase difference between the induced voltage and the 

switching functions of the converter θ0 - θ1 determines the magnitudes of dc components in 

each phase. A phasor interpretation of (4) is described in Figure 2.12.  
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Figure 2.12 A phasor representation of the dc component in each phase of the transformer 
winding due to the modulation effect.  
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3.1 Core losses 

3.1.1 Core loss constitution 

Hysteresis and eddy current losses together constitute the core loss. Hysteresis loss (Ph) is 

caused by the irreversible domain wall movement and magnetisation rotation within the 

domains in the magnetic material in response to a variable magnetic flux. Hysteresis loss is 

proportional to the enclosed area of the B-H curve (the hysteresis loop) under quasi-static 

alternating magnetisation and frequency [21] 

n
h h peakP k fB

                                                       (5) 

where kh is a material dependent constant, f is the frequency of the magnetisation, Bpeak is the 

flux density, and n is the Steinmetz constant having a value between 1.6 and 2.0 for hot rolled 

laminations and a value of more than 2.0 for cold rolled laminations [21].  

There is a complex relationship between the magnetisation, magnetic polarisation, flux density 

and the applied magnetic field for ferromagnetic materials. The status of the flux density and 

the magnetic field can be traversed in a trajectory that is related to the past history of the material, 

which is known as hysteresis. Hysteresis modelling is essentially the determination of the 

constitutive law, e.g. B(H). Over the years, many hysteresis models have been proposed [22] 

[23] [24] [25]. These models are based on the physical interpretation of the phenomena or 

mathematical curve fitting on experimental data. 

The Jiles-Atherton model was introduced in [22] to describe scalar hysteresis and it has a 

modified version [26]. Due to their differential formality, they are relatively easier to implement 

in FEM tools [27] and circuit simulation software such as EMTP [28]. The Preisach model [23], 

has been widely used for modelling static scalar hysteresis, especially for prediction of minor 

loops [25]. The model has also been extended to vector hysteresis modelling [24]. However, 

practical implementation in FE simulation requires a large amount of experimental data. 

Eddy current loss (Pe), which has its origin in induced voltages in the laminations in response 

to a sinusoidal magnetic flux in the lamination plane, is proportional to the square of the 

3 Power losses in transformers
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thickness of the laminations, the square of the frequency and the square of the effective (r.m.s.) 

value of flux density. Since the thickness of the sheet is much smaller than the skin depth power 

frequencies, the eddy current loss can be expressed as [21]: 

2 2 2
e e peakP k f B                                                    (6) 

where ke is a material dependent constant, δ is the thickness of individual sheets. In practice, 

the definition of eddy current is complex, and some research [21] classifies (6) as the classical 

eddy current loss (in accordance with classical electromagnetic theory). 

The other type of eddy current loss is known as anomalous loss or excess loss. Anomalous eddy 

current loss can account for around half of the total iron loss [21] in grain-oriented steels. 

Anomalous eddy current loss attributes to many causes, such as the displacement, nucleation 

and annihilation of domain walls, interaction between grains, applied mechanical stress and 

non-sinusoidal, localised variation of the flux density during the magnetising cycle [29].  

Reducing the magnetic domain width is an effective way to minimise anomalous eddy current 

loss. This has been achieved by modern domain refinement technology and increasing the 

tensile stress from insulation film. The magnetic domain refinement can be realized by 

introducing local strain (non-heat resistant domain refinement) or forming grooves (heat 

resistant domain refinement) in the steel sheet [30]. 

 

3.1.2 Core loss calculation 

The finite element method (FEM) is widely adopted to determine the magnetic field used to 

calculate the core losses in power transformers. In the linear region of ferro-magnetic materials, 

the time-harmonic (frequency domain) approach has proved to be both efficient and accurate 

in calculating flux density. However, in case of ferromagnetic resonance and GICs when the 

transformer core enters its nonlinear region, time-consuming time domain simulations are often 

employed.  

For system analysis, optimisation and the inverse problem where the computation effort is 

demanding, the frequency domain method is desirable. Therefore, effective permeabilities of 

various types [31] [32] [33] have been proposed to handle the nonlinearity of the ferromagnetic 

cores. Energy-based methods [31] [32] are derived from the conservation of the exchange of 
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the magnetic energy (or co-energy). In the average energy method [32], the effective 

permeability is defined as: 

/4 ( )

, 2 0 (0)

16
( )

T H t

eff AE H
m

B H dH dt
TH

                                             (7) 

where B(H) is the nonlinear magnetisation virgin curve of the material, Hm is the amplitud e of 

the time-harmonic magnetic field and T is the period of the oscillation. 

In the simple energy method [31], the effective permeability is defined by means of the 

magnetic coenergy: 
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                                                 (8) 

In the Root Mean Square (RMS) method [34], the effective permeability is defined as: 

2
, 0

2 1
( )

T

eff RMS
m

B t dt
H T

                                               (9) 

where B(t) is obtained from the magnetisation curve. 

The choice of which existing definition of effective permeability should be used is based on the 

applications [35]. In addition to the effective permeability approach, a harmonic balance 

method [36] has been proposed, yielding a moderate calculation effort, but involving a 

sophisticated reformulation of the finite element equations in the harmonic frequency domain.  

When the magnetic field distribution is obtained from the FEA, the core loss can be calculated 

by the post-processing method, which is based on either loss separation (into hysteresis loss, 

classical eddy current loss and excessive loss) [37] or curve fitting using the Steinmetz equation. 

For the latter, several modified types [38] [39], of the Steinmetz equation have been proposed 

to handle nonsinusoidal excitation. The macroscopic methods [38] [39] enable an efficient post-

processing approach to evaluate core loss, based on the waveform of the magnetic flux density. 

However, since the existing effective magnetic permeability definitions [31] [32] [33] do not 

reproduce the flux density waveform, they cannot always provide the core loss estimation 

accurately. Therefore, the conventional definitions of the effective permeability have a 

restricted applicability for loss evaluation, i.e. the magnetic core should be linear or slightly 

nonlinear and the excitation should be sinusoidal.  

In the magnetic cores of the rotating machine (back of teeth in the stator [40]) and transformers 

(T-joint of three-limb transformer [41]), the steels can be subjected to a magnetic flux with its 
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direction rotating (2D excitation). Under 2D magnetisation, the flux density vector rotates in 

the plane of lamination. The magnitude of the vector can be constant (i.e. isotropic material) or 

varying (i.e. anisotropy material). The latter has an elliptical loci of B vector (Figure 3.1). The 

rotational losses can contribute up to 50% of the total magnetic loss in the machines [42].  

  

 

Figure 3.1 Alternating magnetisation (1D magnetisation) and rotating magnetisation (2D 
magnetisation). Alternating magnetisation has variable magnitude and single direction; rotating 
magnetisation can have variable magnitude and direction. 

 

As a comparison, the average power loss per unit mass for an alternating magnetization [43], 

Pa, and for rotational magnetisation [44], Pr, are given by: 

0
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                                     (11) 

where ρ is the mass density of the material, T is the period of magnetisation, and Bx(y) and Hx(y) 

are the flux density and magnetic field strength in the x(y) direction, respectively.  

 

3.2 Stray losses 

3.2.1 Stray loss distribution in power transformers 

Control of power loss in a large unit transformer becomes increasingly important to reduce its 

overall size and minimize the material cost. For designers, strict requirements on guaranteed 

losses (capitalised by each kW) have been imposed in each component of power systems.  

 Tank 

Ba Br
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The stray flux imposing on windings and structural parts gives rise to eddy currents. The major 

contribution to the stray losses is the structural parts with large exposure areas such as the tank, 

though the loss density may be low. Hotspots seldom develop in the tank as it is cooled by oil 

circulating. Additionally, in a large power transformer, magnetic shields are widely used to 

control the stray loss.  

 Clamping structure 

The clamping structure consists of structural parts like yoke beams and flitch plates. The stray 

losses in the clamping structure involves relatively smaller area, but the loss density can be high, 

and result in local hot spot.  

The clamping parts are made of mild steel, aluminum or non-magnetic steel, in which the 

magnetic field and the stray loss distribute differently. The stray flux density in flitch plates is 

higher than that in the tank. Therefore, the risk of hotspots and local temperature rise is greater 

though the overall loss in the flitch plates is moderate. Dedicated geometry design (e.g. slots) 

and proper material selection (e.g. non-magnetic steel) are common practiced to mitigate the 

excessive stray losses in flitch plates. Non-magnetic material (stainless steel) is sometimes used 

in the flitch plate to reduce the eddy current loss. However, this material is not recommended 

for yoke beams since the reduction of stray loss is only possible when the thickness of the 

structure is sufficiently small.  

 Core edge 

As illustrated in 2.1.2, the loading condition of the transformer has a significant influence on 

the path of the leakage field. The incident flux on the core surface is considerable due to the 

closeness of the winding to the core surface. Hotspots may develop if the incident leakage flux 

density is appreciable. The normal flux (flux impinging normal to the lamination plane) induces 

eddy current loss on the edge of the core lamination. 

 Windings  

The eddy current loss in the windings is sometimes counted in the stray losses as well. The 

winding stray losses can be substantially high if the conductor dimensions and transposition 

methods are not chosen properly [21]. The loss density is higher at the top and bottom ends of 

the windings due to radial flux [14]. The unbalanced ampere turns of the windings gives rise to 

the stray loss. For instance, substantial magnetising current, due to either over-excitation or dc-

bias, may lead to a local overheat hazard at winding terminals. Therefore, voltage profile and 

winding connection are important factors for winding stray losses. 
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The winding stray losses are also influenced by tank and magnetic shunt since they affect the 

leakage flux path. The winding stray losses might increase when a tank is equipped with 

magnetic shields shunts. The yoke beams function as magnetic shunts, providing a low 

reluctance flux path to the leakage flux. The leakage flux penetrated in the yoke beams induces 

stray loss. However, as the radial leakage flux is minimised, both tank stray loss and the winding 

stray loss are reduced. 

 Bushing mounting plates 

In furnace transformers and large generator transformers of a large rating where the current in 

the low voltage side is high, the stray losses in the vicinity of high current conductors can be 

substantial [21]. For example, if shielding is not sufficient or the magnetic clearance is 

inadequate, hotspots may develop in the bushing mounting plates. As a mitigation measure, the 

plates made of mild steel are sometimes replaced with stainless steel to reduce the stray loss.  

 

3.2.2 Stray loss calculation 

To estimate and control the stray losses in windings and structural parts in power transformers, 

an in-depth understanding of the fundamentals of eddy currents is desirable. A lot of work has 

been done to evaluate stray losses in power transformers. Winding stray loss has been 

extensively researched and well-documented in many studies. Today, numerical tools (FEM-

based) can handle such calculations very accurately and efficiently as the winding material 

(copper) is linear and its geometry is regular. Likewise, the geometry of bushing mounting 

plates is symmetric and flux configuration is regular, an analytical approach [45] can be used 

to determine the magnetic field distribution and its eddy loss.  

In the 1980s and 90s, due to the limitations of hardware and computation methods, two-

dimensional FE formulations (Cartesian and axisymmetric) [21] were largely used to calculate 

tank stray losses, and to evaluate the effectiveness of magnetic shielding and shunt and thereby 

optimise their dimensions. The Reluctance Network Method [46] can also provide fast 

estimation of tank stray loss and it allows a 3D reluctance modelling taking nonlinearity. Today, 

the fast development of computers in speed and memory enables 3D FE analysis of eddy current 

problems in complex structural parts and the accuracy is significantly improved compared to 

2D simulations. 
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Time-harmonic formulation enables an efficient and accurate evaluation of the magnetic field 

and eddy current loss on the iron surfaces. With a 3D FEM formulation with features of 

anisotropic modelling, the evaluation of exact stray loss in the core is now also less complicated. 

Furthermore, the multi-physics function is available in many commercial software packages, 

with which, EM-Thermal coupled problems can be handled more easily and the temperature 

rise can be found directly. In the classic time harmonic formulation, the complex diffusion 

equation is expressed by magnetic vector potential A, 

2 ( )A V j A                                                    (12) 

The terms σ∇V and jωσA represent the source current density vector and the induced current 

density, respectively. The time-harmonic formulation is computationally efficient, and the 

required memory is only twice that of the static formulation.  

In the one dimensional condition, a conductor surface is represented by z=0. Let z>0 and z<0 

represent the regions corresponding to the conductor and perfect loss-free dielectric medium 

(Figure 3.2). Assume that the vector field H has a component only along the y axis and that Hy 

is a function of z only.  

 

 
Figure 3.2 Penetration of field and induced current inside a conductor. (from paper V) 

 

According to classic wave propagation theory and Poynting’s theorem, the eddy loss in the 

conductor is expressed as  

2
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where Hm is the amplitude of the surface tangential magnetic field, and the intrinsic impedance 

is defined as: 

(1 )
2iZ j



                                                       (14) 

Despite rapid development of numerical methods and computer hardware, eddy current analysis 

is still a challenge when the problem is complicated by nonlinearity at magnetic saturation, due 

to e.g. ferromagnetic resonance and GICs. A transient simulation is still the most reliable and 

accurate method for non-linear materials. For a transient analysis of eddy current problem 

involving non-linear material or non-sinusoidal excitations, the problem needs to be solved at 

each time step, and therefore demands considerable computation efforts. Moreover, calculation 

of eddy loss in the tank involves a large area (in meters) and a small skin depth (in millimeters), 

and such computation is memory bounded. Therefore, a fast frequency-domain analysis is still 

preferred as long as it gives sufficiently accurate estimation. As mentioned, various effective 

permeability definitions have been proposed [31] [32] [33], which maintain the time-harmonic 

feature and gives an estimation with sufficient accuracy. Those methods could provide good 

estimations on the overall equivalent field and the associated power loss in the core itself. 

However, no research has been conducted into the influence of those definitions on the stray 

field and associated power losses.  

 

3.3 Problem of excessive losses in power transformers  

The lifetime of a transformer is mainly determined by the degradation of insulation inside it. 

The Montsinger formula has been used to estimate the lifetime, where temperature is considered 

to be a single factor that affects the aging process 

pTt Ke                                                         (15) 

where K and p are constant, and T is temperature in °C. It is recommended [1] that the rate of 

aging doubles for each 6°C temperature rise for present day insulation materials. In other words, 

the lifetime halves with temperature increasing 6°C. The normal operation temperature 

(average hotspot temperature) at which the insulation of a transformer degradates at the normal 

rate (allow the transformer service for 30 years) is suggested to be 98°C.  
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Apart from long-term aging effect, short-time over-loading poses immediate thermal problem 

if hotspots develop. The permissible overloading period differs for different rating levels of the 

transformer. For example, 140°C (flash point of oil) is allowed for hot spot temperature in 

metallic parts in distribution and medium power transformers under normal loading and 120°C 

for large power transformers [1]. When the transformer core gets saturated (over-excitation), 

the magnetising current and the level of stray flux increases dramatically. The magnetisation 

with high frequency harmonic content produces excessive eddy losses in windings and 

structural parts.  

The sources of power losses are mostly the metallic parts in a transformer such as the winding 

conductor, core steels or structural metalwork. However, the temperature is unlikely to reach a 

level that damages those metal parts. Instead, it is the adjacent insulation parts such as paper, 

pressboard and oil that are vulnerable to the temperature rise. 

 Windings 

Resistive loss and eddy loss generates heat in transformer windings. If the heat cannot dissipate 

timely due to e.g. poor oil circulating, then hotspots may develop in the windings. The winding 

conductor (copper) can withstand a substantial temperature (a few hundred degree). It is the 

insulation in the vicinity of the hotspot that deteriorates with increasing temperature. Among 

the insulation materials, paper is more susceptible to high temperature than transformer oil. The 

aging speed accelerates significantly for paper above 90°C, whereas oil has a flash point around 

140°C [21]. 

Hotspot temperature, which determines the lifetime of a transformer, is difficult to measure. In 

reality, the temperature varies depending on oil circulation. One example is that the temperature 

dependent viscosity becomes poor during the ‘cold start’ (low temperature) and the oil duct 

may not be able to dissipate the heat generated by the windings in a timely way; consequently, 

the reduced cooling efficiency means the local temperature rises rapidly.  

 Core 

The core is one of the most significant contributors to the overall power losses in a transformer. 

When a transformer is subjected to an over-excitation, its magnetic core becomes saturated. 

There are two major thermal issues related to core saturation. First, the increased flux density 

produces higher hysteresis loss. However, the overall core loss under dc-bias is considered to 

be moderate and less severe than ac over-excitation (bidirectional saturation). Moreover, the 

thermal time constant of the core is typically much longer (above 30 min) than the duration of 
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the peak GIC, which makes temperature rise insignificant in practice. Another consequence is 

the leakage flux due to saturation, which can induce excessive stray losses in the tank, windings 

and structural parts and result in local hotspots. This is considered to be more problematic than 

the overall core loss. 

There is no specific limit in any standards for the temperature rise of transformer cores. The 

steel of a lamination can withstand a substantially high temperature (a few hundred degree), but 

the insulation in the vicinity may be affected. For example, the temperature limit for the 

pressboard is 105°C (which is also the top oil temperature limit under normal cyclic loading 

conditions) [21]. 

 Structural parts 

The leakage flux impinging on the metallic structural parts induces eddy current loss in them. 

The stray loss in the structural parts is significant for high-rating transformers such as generator 

transformers, furnace transformers and large autotransformers. The majority of the stray losses 

take place in the tank. However, the hotspots often develop in the parts with a smaller area such 

as flitch plates and clamping structures. As mentioned, the high temperature will barely damage 

the metals; instead, it may seriously deteriorate insulation in the vicinity, thereby affecting the 

lifetime of the transformer. 

Apart from the excitation (voltage) and loading (current) condition of a transformer, the severity 

of stray losses also depends on the topology of the core and the winding connection. The 

standard [13] has classified power transformers into four groups based on their susceptibility to 

the effects of GIC, and it has been widely used as a guideline to select or design power 

transformers subject to dc current. However, this classification is only valid for GIC with 

common mode dc currents. Therefore, the consequence of differential mode dc current on stray 

losses in structural parts must be carefully re-visited.  

 

3.4 Research questions 

Power losses are the main drive for the degeneration of insulation system in transformers.  In 

particular, the excessive power losses due to occasional unconventional operation conditions 

can result in reduced lifetime or even immediate deterioration of the transformer. The three 

phenomena under investigation as described in Chapters 1 and 2 are highlighted as below. 
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 Over-excitation 

Over-excitation voltage, as long as its magnitude is not extremely high (above a certain 

insulation protection level), seldom leads to a direct insulation breakdown. However, it can 

introduce a substantial magnetising current, an order of magnitude larger than in normal 

conditions, which is essentially a thermal issue [47]. Testing transformers at such a high level 

of voltage/current is risky for the product, instead, numerical simulations are employed to 

model and identify the risk under different extreme operation conditions [48]. However, 

studying saturation often involves nonlinear FE analysis with time-domain simulation, which 

is a well-known numerical challenge. To resolve such problems, frequency-domain methods 

with effective permeabilities of various types [31] [32] [35] have been introduced. By far, these 

definitions have a restricted application in the loss evaluation, i.e. the magnetic core should be 

linear or slightly nonlinear and the excitation should be sinusoidal. It lacks an efficient approach 

to evaluate the saturation phenomenon in a wider range.  

 Heavy loading and inductive loading 

In power transformers, the laminated iron cores are, in addition to the main flux following the 

direction of the core, exposed to magnetic leakage flux, which can be significant under high 

loading. The leakage flux enters the laminated core from different directions, leading to 

additional power loss in the laminations close to the windings. Depending on the orientation of 

the leakage flux relative the lamination, different types of losses develop. The leakage flux 

normal to the plane of the lamination induces eddy currents and thereby generates eddy current 

loss [49]. The leakage flux perpendicular to the rolling direction (transverse flux) in the plane 

of the lamination induces additional hysteresis loss. If the transverse flux and the main flux are 

not in phase, the magnetic field then becomes rotating and generates rotational power loss [17]. 

Traditionally, loading condition is not considered in core loss assessment, and core loss is 

considered to be solely determined by the main flux (i.e. flux in the rolling direction). The 

majority of the previous research focuses on the material characterisation under unidirectional 

homogenous flux. An assessment of how multidirectional leakage flux influences power losses 

inside a transformer core is lacking in the literature.  

 DC magnetisation  

The effect of GICs has been a concern for network owners in high latitude countries. Nordic 

countries are among the countries at higher risk of GIC, with the largest GIC over a few hundred 

amperes [50]. The Norwegian Water Resources and Energy Directorate (NVE) has therefore 
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requested that risk analyses be performed by grid operators. GIC may saturate the magnetic 

core, hence assessing the risk of damage for transformers requires extensive calculations of 

magnetic fields and the associated stray losses. Thereafter the entire temperature distribution 

must be evaluated, as the hottest spot in the transformer during a GIC event in general does not 

coincide with the hottest spot during regular operation. 

A direct current in transformers can also be introduced by HVDC systems. Stray currents due 

to HVDC electrode operations is generated in the neutral grounded transformers, similar to 

GICs. AC/DC line interaction and HVDC modulation effect create dc current of differential 

mode.   

Since 1989 when a blackout occurred in Canada due to GIC [11], this phenomenon has drawn 

significant attention. The standard [13] has classified power transformers into four groups based 

on their susceptibility to effects of GIC, and it has been widely used as a guideline to select or 

design power transformers subject to dc current. However, the different features (from GIC) of 

the dc current generated by converter modulation are not addressed in the literature, particularly 

in a three-phase three-limb transformer where asymmetric dc bias appears in three phases. No 

experimental investigation on the comparison between the two phenomena has been reported.  

Following this literature review of the state-of-the-art and the operation principles of power 

transformers in various special operation conditions, three research questions arise, summarised 

as follows: 

1) How can core losses and stray losses under saturation be computed in a more efficient way? 

Is it possible to avoid time consuming time-domain finite element analysis for nonlinear 

analyses while maintaining acceptable computation accuracy? 

 (Research question 1) 

2) What is the consequence of grid transformers operating under heavy inductive loading 

considering variation of the leakage flux? Is the core loss really load independent? 

 (Research question 2) 

3) What is the consequence of three-phase transformers operating with dc bias induced by 

different mechanisms? Is the dc bias introduced by converter modulation similar to GICs? 

(Research question 3)  
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This chapter presents a summary of the simulations and lab tests. Details on modelling, analysis 

and conclusions are elaborated in the appended papers. Two major experimental works are 

discussed in this chapter.  

In electromagnetic calculation, new formulation of effective permeability is proposed to deal 

with loss evaluation under saturation (nonlinear problem). This part of work answers the 

research question 1, and the results are summarized in section 4.1. 

The first work investigates loss measurement on steel lamination subjected to multidirectional 

flux. This experimental work is developed to address research question 2, i.e. the influence of 

leakage flux on core loss. A loss measurement instrument is developed, which enables material 

characterisation under transverse and normal direction flux. The instrument also allows a 

replica of actual leakage flux configuration of transformers. Based on this measurement system, 

the power loss of a laminated core imposed with multidirectional leakage flux under different 

loading conditions is studied. 

The second experimental work examines the power loss under different modes of dc-bias. This 

experimental work is developed to deal with research question 3, i.e. the influence of dc-bias 

on power losses. The investigation is based on a three-phase three-limb transformer, where the 

core loss, winding loss and stray loss are measured. The tests also cover measurement of 

reactive power and the magnetizing currents. The study reveals an important difference in 

behavior between common mode and differential mode dc currents in a three-phase transformer. 

The different configurations of the differential mode are compared extensively, and the worst 

scenario is then identified.  

To gain a physical understanding of the experiment, all the experimental setups 

(multidirectional flux and dc-bias tests) are modelled by FEM. From the simulation, the spatial 

distribution and time variation of the eddy current are visualised. Both 2D and 3D models are 

used in the simulation work. Nonlinear and anisotropic material properties are considered in 

the implementation of the numerical models. The majority of the simulation is in time domain 

so as to consider the nonlinear effect. For the simulation involving dc magnetisation, time 

domain simulation demands significant computation effort due to the long time required to 

4 Experimental systems and numerical models
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reach a steady state. To save computation time, the time periodic method is implemented. The 

simulation results have been compared to the measurement extensively, to validate the 

numerical models.  

 

4.1 Effective permeability for loss evaluation 

Three formulations of effective permeability are proposed for loss evaluation under heavy 

saturation. The original formulation is defined as  
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where the B(H) function is the virgin nonlinear magnetisation curve of the material and Fk is 

the Fourier operator giving the kth Fourier series coefficient. The accuracy of the flux density 

spectrum calculation can be improved by the introduction of domain decomposition, and 

modified formulation of effective permeability: 
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where Im is the amplitude of the input current. 

To assist in the division into domains, a dimensionless quantity characterising the degree of 

nonlinearity (DoN) of the function B(I) is introduced: 
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where Hmax and Imax are the maximum magnetic field and the maximum input current considered, 

respectively. To quantify and compare the accuracy of the average flux density calculation 

using different methods, a spectrum-based error estimation (19) is introduced to characterise 

the difference relative to the time-domain result: 
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where BFD,i is the calculated amplitude of the average flux density at the harmonic order i and 

BTD,i is the amplitude of the average flux density at the harmonic order i, calculated from a time-

domain simulation. 

The Fourier method and the domain decomposition approach are validated in 3-dimensional 

(3D) models, with isotropic (non-grain-oriented, NGO) and anisotropic (grain-oriented, GO) 

material.  

 

 

Figure 4.1 Flux density distribution in the transformer core (a quarter model) from a time-
domain simulation. (a) Isotropic magnetic core. (b) Anisotropic (grain-oriented) magnetic core. 
(from paper I) 

 

As shown in Figure 4.1, the flux density distribution is nearly homogenous in the GO core, 

whereas it is less homogenous in the isotropic core. The Fourier methods (16)(17) are compared 

to the corresponding time-domain simulation result (Figure 4.2) and the errors are presented in 

Table 4.1. Due to the homogeneity of the flux distribution in the anisotropic core, the Fourier 

method (16) gives a sufficiently accurate estimation (Figure 4.2b, εB=0.40%) on flux density 

spectrum without domain decomposition. For the isotropic core, the Fourier method (17) gives 

a moderately accurate result (Figure 4.2a, εB=3.29%). With a single domain decomposition, the 

accuracy is improved (Figure 4.2b, εB=1.61%).  
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Figure 4.2 Average flux density spectra calculated for the magnetic core with different 
materials. (a) Isotropic (NGO) magnetic core. (b) Anisotropic (GO) magnetic core. (from paper 
I) 

 

Excitation current 

[A] 

FM 

NGO steel 

Modified-FM 

NGO steel 

FM 

GO steel 

100 3.29% 1.61% 0.40% 

Table 4.1 Error comparison for different core materials. (from paper I) 

 

The definition (17) can be further generalised to nonsinusoidal excitation currents, occurring 

e.g. at voltage over-excitation. The current in (17) is then defined as a general function I(t). The 

fundamental component of the resultant magnetic field is used as the denominator in the 

permeability definition. Hence, the generalised effective permeability becomes: 
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Different permeability definitions applied on the core have a significant impact on stray loss 

calculation. Tank eddy loss as calculated by the Fourier method is compared to other existing 

methods (7)-(9) as well as the reference time-domain method. As shown in Figure 4.3, when 

the magnetic core is in the linear or slightly nonlinear region, the different definitions of the 

effective permeability yield results practically equal to those calculated with the time domain 

method (maximum deviation <6%). However, when the core is in the heavy saturated region, 
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the conventional methods largely overestimate the losses. In contrast, the Fourier method (16) 

gives a good estimation of the stray loss over the whole range.  

 

 
Figure 4.3 Stray loss on the transformer tank wall calculated by various effective 
permeability methods under different saturation levels. (from paper II) 

 

4.2 Experimental work  

4.2.1 Material characterisation 

Characterisation of soft magnetic materials is a measurement procedure in which the specimens 

are subjected to a range of polarisation levels at specified frequencies. The specific losses and 

relative permeability obtained from the measurement are of great interest for the design and 

analysis of electric apparatus. In the experiment work, the material characterisation serves as a 

reference used for finite element analysis, where the specific loss and the relative permeability 

are the input parameters for material definition. In characterisation of the electrical steels under 

ac excitation, the standardised methods are used. In characterisation of the electrical steels 

under ac excitation with dc bias, a new test setup is designed. In addition to the sample 

measurement, the characterisation can be carried out in a transformer directly if the specimen 

or the test instrument is not available.  

a) Standardised measurements  

The Epstein Frame [51] and the Single Sheet Tester (SST) methods [52] are the two 

standardised methods for measurements of the magnetic properties of electrical steel sheets. 
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The Epstein Frame consists of four coils into which strips to be tested are inserted and 

assembled in a square (Figure 4.4). The losses are calculated from the current of the primary 

winding and the voltage of the secondary winding. In the single sheet tester, the sheet specimen 

is placed inside two windings (also here the primary winding yields the current and the 

secondary winding the voltage for the loss calculation) between a double-C laminated yoke 

(Figure 4.4). In this project, the magnetic property of electric sheet is measured by SST due to 

availability of the instrument (Brockhaus MPG 100) in the lab. The strips (cold rolled grain 

oriented electric steel, Grade 30P120, Standard33 JIS 2553, Japan) were cut along the rolling 

direction (with angle tolerance of 1°), where the edge of the sheet defined the reference direction.  

 

 

Figure 4.4 Standardised magnetic property measurement devices for electric steels 
(Brockhaus). Left: Epstein frame tester (according to IEC 60404-2); Right: Single sheet tester 
(SST, according to IEC 60404-3). 

 

In a wattmeter-based measurement, the secondary voltage V2,rms is calculated from the desired 

value of magnetic polarisation by: 

2, 22rms peakV fN AB                                                      (21) 

where N2 is the total number of turns of the secondary winding and A is the cross-sectional area 

of the magnetic core. Since the internal impedance of the voltage measurement is high, the 

voltage measurement is practically equal to the induced voltage and the power consumed by 

the instruments in the secondary circuit is negligible. In a measurement, the power supply is 

tuned until the secondary voltage of the laminated frame reaches the values calculated from the 

designated flux densities. Then the power losses from the power analyser are recorded. The 

specific loss Ps is calculated by: 
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N P
P

N m
                                                           (22) 

where Pm is the reading from the wattmeter and m is the mass of the sample. 

Apart from electric steels, the experimental work also includes a ring shape powder core (Figure 

4.5). The magnetic property i.e. the specific loss of the ring core is measured according to [53]. 

Similar to EPF and SST, the measurement is also a wattmeter-based method. The specific losses 

are calculated from the current of the primary winding and the voltage of the secondary winding. 

 

 

Figure 4.5 Standardised magnetic property measurement for a ring core according to IEC 
60404-6. 

 

b) Material characterisation involving dc magnetisation 

In both standardised methods (Epstein Frame and SST), the power loss is determined for flux 

densities with ac symmetric excitation. To fulfil the increasing importance of studying the loss 

in electrical sheets dc-bias flux, a measurement system based on the wattmeter method and the 

basic Epstein Frame geometry was developed. The schematic diagram of the loss measurement 

system under dc-bias is given in Figure 4.6a. Two methods of introducing dc-bias in the flux 

can be implemented.  

In the first method, the voltage offset is added directly from the power supply (Figure 4.6a). In 

a measurement, the ac voltage source is tuned until the induced secondary voltage of the 

lamination frame reaches the value calculated from the designated flux density, and the dc 

voltage offset is tuned until the dc component of the primary current reaches the designated 

value. Then the power losses from the power analyser are recorded. The advantages of this 

approach are its simplicity and that it is similar to the real GIC scenario. The disadvantage is 
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the need for delicate tuning of the dc voltage offset (dc-bias is an order of magnitude smaller 

than the ac signal due to the low resistance and the high number of turns of the primary winding).  

In the second method, a dc flux using a separate excitation coil (Figure 4.6b) is introduced, 

which enables easy tuning since the dc flux is excited separately. The ac voltage source is tuned 

in the same way as in method 1, whereas the dc current (corresponding to dc MMF) is directly 

tuned to the designated value. A large inductance is required to smooth the current induced by 

the coupling system.  

 

 

Figure 4.6 Schematic diagram of the loss measurement system under dc-bias. (a) The 
excitation voltage applied on the primary coil has a small dc-bias. (b) The dc-bias is introduced 
by a separate coil (on the right) connected to a dc power supply and an inductor for current 
smoothing. (from paper III) 

 

c) Material characterisation in transformers 

The sample of electric steel and its parameters are not always available for transformer users, 

particularly when it involves a non-standardised test such as dc magnetisation. In a single-phase 

transformer, this is less problematic since the transformer resembles an Epstein frame 

measurement system and the magnetic property can be characterised directly on the transformer. 

However, for three-phase transformers, the standardised test is not applicable as the flux density 

is not uniform in the core, particularly when dc-bias is involved.  
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To deal with this situation, a simple method is proposed, which allows uniform flux distribution 

in the three-phase transformer, and thereby enables a dc-bias test. The winding connection is 

represented in the schematic diagram in Figure 4.7. The primary windings of the phase A and 

C (two side-limbs) of the transformer are connected in series and excited by a single-phase 

voltage source. The secondary windings of the phase A and C are also connected in series as 

well, used as a voltage measurement winding. In this way, a uniform flux is circulated in the 

side limbs and yokes (the cross-section areas of yoke and limb shall be identical). In principle, 

there is no flux flowing in the middle limb. To verify this, the induced voltage in the middle 

winding is closely monitored.  

 

 
Figure 4.7 Schematic diagram for material magnetisation characterisation using a three-
phase three-limb transformer. The red arrow represents the flux path. (from paper VII) 

 

The examples of the material characterisation measurement are presented in Figure 4.8. The 

specific power losses in an electric steel at rolling direction and orthogonal to rolling direction 

are measured by standardised SST (Figure 4.8a); relative permeabilities in the two directions 

(Figure 4.8b) can be obtained by the same instrument (SST). The measured ac magnetisation 

of the transformer core is presented in Figure 4.8c. The B-H characteristics of the electrical 

steel in the three-phase transformer under different dc-bias levels is demonstrated in Figure 

4.8d. It is evident that the dc flux adds to the amplitude of the ac flux in one half-cycle and 

subtracts in the other half-cycle, resulting in half-cycle saturation.   

 

Wattmeter

AC Power Supply 

W

V1

A

V2



Chapter 4: Experimental systems and numerical models 

 

46 

 

 
Figure 4.8 The examples of material characterisation (a) The measured power losses in the 
GO electrical steel versus flux density. (b) The components of the permeability tensor versus 
flux density measured using the single sheet tester (SST). (µx: rolling direction, RD; µy: 
transverse direction, TD). (c) Measured magnetisation characteristic for the transformer core. 
(d) B-H curve under ac nominal MMF superimposed with multiple dc-bias levels. (from paper 
III). 

 

4.2.2 Power losses measurement with multidirectional flux 

As described in Section 2.1.2, the leakage flux can either be normal or transverse to the core 

lamination. The leakage flux will add on the main flux and the generated power losses are 

determined by the superimposed flux. However, the measurement method in 4.1.1, is incapable 

to cope with multidirectional flux superimposition. To reflect the actual flux configurations, a 

C-shaped core is introduced to produce an ‘artificial leakage flux’. As shown in the schematic 

diagram in Figure 4.9, the main flux is generated in an Epstein-like frame with excitation coils 

and voltage pick-up coils, which is the same as in an Epstein frame. The C-shaped core can be 

positioned such that it imposes the artificial leakage flux either in TD or ND. Compared to the 

leakage flux generated by transformer windings, the artificial leakage flux has well defined 

incident areas, positions and directions, fully controllable magnitudes and phases of the flux 

densities. The C-shaped core also has primary and secondary windings. The primary windings 
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of the C-shaped core and the main frame are excited by independent voltage supplies such that 

their phase angle can be adjusted flexibly. The phase difference is varied from 0° to 90°, 

corresponding to the operation of inductive and resistive loading of transformers. 

In configuration Figure 4.9a, the C-shaped core is mounted on the side of the lamination where 

the incident flux is in the TD, whereas in configuration Figure 4.9b the C-shaped core is 

mounted on top of the lamination where the incident flux is in the ND. In a measurement, two 

power supplies are tuned until the induced secondary voltages of the lamination frame and the 

C-shaped core reach the values calculated from the designated flux densities. Then the power 

losses from the power analyser are recorded.  

To evaluate the variation in loss due to an added flux, the concept of incremental loss, Pincr, is 

introduced, which is the difference between Pnet (under superimposed flux) and the arithmetic 

sum of the loss measured with the individual excitation systems alone (under unidirectional 

flux).  
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                                                (23) 

where Pm and Pa
m are the losses of the main excitation system and the auxiliary excitation system 

measured individually. Note that P͂m is different from Pm since it changes with the applied flux. 
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Figure 4.9 Schematic diagram of the loss measurement system with artificial leakage flux 
superimposed with the main flux. The AC power supply 1 is connected to two coils wound 
around the square frame and the coil current generates the main flux in the frame. The AC 
power supply 2 is connected to a coil wound around the C-shaped core and the coil current 
generates the leakage flux to the lamination. The C-shaped core is mounted either on the side 
of the lamination (a) for TD flux or on the top of the lamination (b) for ND flux. (from paper 
III) 

 

Excitation coil 
Flux density       

[T] 

RMS voltage range 

[V] 

Excitation current 

[A] 

Laminated frame 0 - 1.6 0 - 62 0 - 0.72 

C-shaped core 0 - 0.8 0 - 24 0 - 6.1 

Table 4.2 Flux density, voltage and excitation current ranges on the main and the C-shaped 
core excitation systems. (from paper III) 
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4.2.3 Measurement of three-phase transformer under dc-bias 

A 2.5 kVA three-phase three-limb transformer is used as the test object (Figure 4.10) for dc-

bias investigation. The iron tank and the clamping steel can be disassembled so that the core 

loss and the stray losses (in the tank and the clamping steels) can be separated. Moreover, the 

tank is specially designed such that the height (i.e. the distance between the magnetic core and 

the cover/bottom) is adjustable.  

 

 

 
Figure 4.10 A 2.5 kVA three-phase three-limb transformer for dc-bias test and the EGSTON 
grid emulator (controllable three-phase voltage source) in the National Smart Grid Laboratory 
(NSGL), Norway. (from paper VII) 

 

The number of turns is 280 for both the primary winding and the secondary winding. The 

primary windings of the transformer are connected (in star) to a three-phase power supply (the 

FPGA-based grid emulator, EGSTON®), with independently controllable phases (Figure 4.11). 

The grid emulator is a reconfigurable switching converter that is able to emulate a power system 

as ac/dc sources (100 kVA, 400 Vac/800 Vdc). The system offers a symmetric ac source with 

independent, controllable dc voltages. During the test, the dc currents can be tuned precisely to 

predesignated values, while the nominal ac voltage is maintained. The secondary windings are 
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connected in delta. A switch is used (Figure 4.11) so that the effect of open circuit and delta 

connection can be investigated. The current and the voltage in each phase are measured and 

incorporated into high precision power analyser (YOKOGAWA WT3000) to obtain the power 

losses.  

 

 
Figure 4.11 Transformer winding connection and dc-bias implementation. (from paper VI) 

 

In common mode test, the dc voltage offsets in all three phases are tuned to be identical and in 

the same direction. The ac nominal voltage (230 V) is applied on the primary winding and the 

dc current increases from 0.4 A up to 4 A (Table 4.3). As depicted in Equation (4) and Figure 

2.12, the current distribution (of differential mode) in three phases depends on the phase 

difference between the induced voltage and the switching function of the converter, which can 

vary even if the magnitude of the induced voltage source is fixed. To identify the worst case in 

terms of power losses, four scenarios with phase differences varying from 0° to 150° (Figure 

4.12) are defined. The ratio and the range of the current applied is listed in Table 4.3. (The 

applied current in each phase is the multiplication of the current ratio and the current range.) 
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Figure 4.12 A phasor representation of dc current distribution in each phase of scenario 0°, 
60°, 90°, 150°. θ0 - θ1 determines the magnitudes of dc current in each phase. (from paper VI) 

 
 

θ0 - θ1 IA_dc IB_dc IC_dc I0 

DM 

1 -0.5 -0.5 

0 
0.5 -1 0.5 

0 √3/2 -√3/2 

√3/2 0 -√3/2 

CM 1 1 1 3 

Table 4.3 DC current ratio defined in each phase for loss measurement. (from paper VI) 

 

4.3 Electromagnetic simulations  

The measured power losses consist of the loss of different types such as eddy loss and hysteresis 

loss, which cannot be separated by means of measurement itself. Moreover, the spatial 

distribution of the power cannot be identified solely by the wattmeter test. To gain a physical 

insight into the loss distribution associated with different flux configurations (i.e. to visualise 

the power loss variation in time and space), finite element (FE) models were developed. 
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4.3.1 Models of multidirectional flux in lamination  

The geometry view of the 2D and 3D model of the measurement instrument (4.1.2) is illustrated 

in Figure 4.13. A 2D FE model (Figure 4.13a) is developed to investigate the TD flux. For eddy 

current, as the eddy current spacious distribution is three-dimensional, a 3D FE model (Figure 

4.13b) is developed to investigate the ND flux.  

 

 

 

Figure 4.13 The geometry view of the 2D and 3D model. Left: 2D model to study the TD 
flux and flux superimposition (with RD flux). Right: 3D model to study ND flux and flux 
superimposition (with RD flux). (from paper IV) 

 

The governing equations for the 3D eddy current field in the steel lamination are expressed in 

terms of a magnetic vector potential and an electric scalar potential (A, φ-A formulation).  

1
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                                                      (25) 

where [µ] and [σ] are the tensor of the magnetic (relative) permeability and the conductivity.  
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The homogenisation scheme is implemented in the material definition in 3D finite element 

models, where the equivalent relative permeability in the ND µz= 30 is determined by the 

stacking factor of the lamination; the equivalent relative permeability in the rolling direction µx 

and orthogonal to rolling direction µy is measured by SST (Figure 4.8b); and the equivalent 
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conductivity in the ND σz=2.08×102 S/m is calculated based on the intrinsic conductivity of the 

electrical steel and the lamination geometry [18].  

 

4.3.2 Models of dc-bias in three-phase transformer 

The measured power losses comprise core loss, winding loss and stray loss, which cannot be 

separated by means of the measurement itself. To gain an insight into the constitution and the 

spatial distribution of the power losses, finite element (FE) models were developed. 

Considering the geometry of the transformer, a two-dimensional (2D) FE model is developed 

to investigate the core loss and a three-dimensional (3D) FE model is used to calculate the stray 

loss (eddy current loss). The geometry view of the 2D and 3D model is illustrated in Figure 

4.14.  

 

 
Figure 4.14 View of the geometry model in FE modelling. Upper: 2D FE (half) model for 
core loss calculation. Lower: 3D FE (quarter) model for stray loss calculation. (from paper VII) 

 

The magnetisation characteristic (Figure 4.8) of the magnetic core used in the FE model is 

obtained by the approach described in 3.1.1. In normal operation, the leakage flux density is 

too weak to saturate the tank and the clamping plate; therefore, the constant relative 

permeability (100) is used for the iron tank and the clamping plate (mild steel), and the 

conductivity is 6.99 MS/m. 

Transient analyses taking into account nonlinear magnetic properties often require significant 

computation effort to obtain steady state solutions. When the problem involves the dc signal, 
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the time for reaching the steady state that is determined by the ratio between the inductance and 

dc resistance and the winding, becomes extremely long. To avoid simulating multiple periods, 

the 2D time periodic finite element method (TPFEM) is used to calculate magnetising currents 

and core loss.  

The governing equations in terms of a magnetic vector potential A is expressed as: 

e
AH J
t

   
                                                      (27) 

where Je is a periodic excitation current (density). When the voltage sources are involved (e.g. 

2D FE models), the current density satisfies:  

e
AJ
t

 
          

                                                    (28) 

where Φ is the electric scalar potential related to the applied voltage sources. 

Since we are dealing with a saturation problem, the magnetic field strength H is a nonlinear 

function of the flux density B. 

   H H B H A                                                   (29) 

To implement TPFEM with commercial simulation codes (COMSOL Multiphysics®), the time 

domain equation (28) is discretised as multiple coupled stationary simulations: 
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                                        (30) 

where T is the period of the excitation and N is the number of the time steps. Ai and Je,i are the 

vector potential and excitation current at time step i. Equation (30) represents i discrete 

equations at specified time instants. In the study, 40 points was used in one period.  

For the boundary conditions, the symmetric plane (the bottom plane in Figure 4.14) of the 

model is defined as a perfect magnetic conductor (i.e. no tangential magnetic field).  

       𝑛 × �⃗� = 0                                                         (31) 

Magnetic insulation is defined for the vertical symmetric plane in the 3D model, as well as for 

the outer boundary of the whole study region. 

𝑛 × �⃗� = 0                                                        (32) 
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By integration of (30) over the whole coil cross-section and by expressing the electric scalar 

potential explicitly by means of applied voltage, a set of ordinary differential equations are 

obtained (following a similar discretisation approach to (30)). 

𝑁 ∙ 𝑱 ,⃗ − 𝑉 + 𝑉 ∙ sin 2𝜋 ∙ + 𝑁 ∙
∫ 𝑨⃗ 𝑨 𝟏 = 0                          (33) 

where Nt is the number of the turns, l is the out-of-plane depth, and Vdc and Vm are the dc voltage 

offset and the ac voltage amplitude applied, respectively.  

With such implementation, the computation time is greatly reduced. When flux density 

distribution is obtained, the post-processing approach (lookup table) is adopted to calculate 

power loss.  

For stray loss analyses that involve asymmetric or irregular geometry such as tank and clamping 

plate, 3D modelling must be conducted. In the 3D FE transient simulations, the obtained 

magnetising currents from 2D TPFEM are defined as the current excitations [54]. Compared 

with voltage source implementation, it requires significantly less memory and saves 

computation time.  
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This section presents a summary of major experimental results. Detailed research analysis and 

results are further presented in the appended papers.  

The experimental work includes power loss measurement and analyses in different tested 

objects (steel lamination and transformer unit). For the steel lamination, a loss measurement 

system was developed to investigate the effect of multidirectional flux on power losses. This 

part of the work answers research question 2, and the results are summarised in section 5.1. In 

testing the transformer unit, common mode and differential mode dc-bias were introduced and 

the loss feature under dc-bias of the two modes was studied. This part of work answers research 

question 3, and the results are summarised in section 5.2. 

 

5.1 Power losses due to multi-directional flux in laminated steels [Paper III, IV,V]  

Loss measurements of the electrical steel were performed with the instrument described in 4.2.2, 

under the combined action of RD main flux and TD leakage flux. The incremental loss is given 

as a function of phase angle in Figure 5.1. As shown, the incremental loss increases with the 

magnitudes of the TD flux density as well as the RD flux density. The highest incremental loss 

occurs when the two fluxes are in phase, whereas the field components act practically 

independently of each other when the RD and TD fluxes are 90 degrees out of phase. This 

increment is predominated by the effect of the flux superimposition; namely, a smaller phase 

difference results in a higher flux density and thereby higher power loss.  

 

5 Results 
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Figure 5.1 Incremental power loss versus phase angle with the main flux superimposed 
with the transverse flux. The main flux densities are 1.6 T and 1.8 T; the transverse flux density 
varies from 0.2 T to 0.6 T. (from paper IV) 

 

The measurement is further performed under the combined action of RD main flux and ND flux 

of varying phase angles. An example of the results is shown in Figure 5.2, where the RD flux 

density (peak value) was set to 1.6 T and the TD flux was either 0.2 or 0.4 T. Similar to the case 

of TD flux, the incremental loss induced by the ND flux increases as the phase difference 

between the two fluxes decreases and there was almost no difference in power when the phase 

angle is 90 degrees. However, compared to the TD flux density of the same level, the ND flux 

induces much greater incremental loss at a small phase angle. Moreover, the incremental loss 

increases disproportionately to the magnitude of the ND flux density. 

 

 
Figure 5.2 Incremental power loss versus phase angle with the main flux superimposed 
with the normal flux. RD flux density BRD=1.6 T; ND flux density and TD flux density are 
BND= 0.2 or 0.4 T. (from paper IV) 
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The flux density distribution in the lamination was examined using FE simulations. The 

simulations were conducted under unidirectional flux (without RD flux in the lamination frame) 

as well as under flux superimposition of varying phase angles. Figure 5.3 demonstrates the 

comparison of the flux distribution in the lamination with and without flux superimposition. As 

such: 

 With TD flux alone, the flux turns to parallel to RD along the edge. Due to material 

anisotropy, the flux concentrates in a narrow flux channel and the magnitude of the RD 

flux density is significantly larger than the incident ND flux density. 

 With RD flux alone, the flux distributes homogenously in the lamination frame with 

practically no flux flowing in the C-shape core.  

 With superimposing (in phase) with the RD flux, the flux density increases. The 

resultant flux density under flux superimposition is not the arithmetic sum of two fluxes. 

Instead, the saturation effect significantly extends the TD flux influence area (global 

zone). The combined effect of the increased magnitude of the RD flux density as well 

as the extended area contributes to the loss increment. 

 

 

Figure 5.3 Flux distribution in the steel lamination with incident TD alone (Left: BTD=0.2 
T; BRD=0 T), RD alone (Middle: BTD=0 T; BRD=1.6 T) and with incident TD flux 
superimposed with RD flux (Right: BTD=0.2 T; BRD=1.6 T). (from paper IV) 

 

With ND flux superimposed with RD flux, the distribution of the eddy current significantly 

changes and the phase difference between two fluxes plays an important role in power loss 

enhancement. Figure 5.4 shows the eddy current distribution under the flux superimposition 
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between RD flux (1.6 T) and ND flux (0.2 T) at 90° and 0°, respectively. The eddy current is 

concentrated close to the surface at 90° phase angle. In contrast, at 0° phase angle, the eddy 

current region is largely extended due to the saturation effect. The extended eddy current 

volume leads to a significant loss increment. 

 

 
Figure 5.4 The eddy current distribution in the lamination under the ND flux (0.2 T) 
superimposed with the RD flux (1.6 T) at phase angles of 90° and 0°. (from paper V) 
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5.2 Common mode and differential mode of dc-bias [Paper VI, VII]  

The measurement results of core losses and winding losses are presented in Figure 5.5 and 

Table 5.1. 

 

Figure 5.5 Power Losses versus dc-bias of CM. (from paper VI) 

 

As shown in Figure 5.5, the total power loss due to CM currents increases considerably with dc 

current. The winding loss dominates the loss increment, whereas the core loss remains mostly 

constant (maximum 2.5% difference among all cases) as dc current increases. Among four 

different scenarios in CM, the 0° case gives the highest winding loss, although the difference is 

not significant. 

 

DC current 

[A] 

Losses 

[W] 
0° 60° 90° 150° 

0.4 
Winding 

loss  

0.79 0.79 0.79 0.74 
0.8 2.30 2.16 2.18 2.16 
1.2 4.62 4.28 4.39 4.32 
1.6 7.70 7.13 7.35 7.29 
0.4 

Core   
loss 

50.03 49.51 49.66 49.75 
0.8 49.81 49.56 49.49 49.47 
1.2 49.52 49.58 49.42 49.14 
1.6 49.26 49.65 49.40 48.81 

Table 5.1 Winding losses and core losses due to DC bias of DM. (from paper VI) 
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In the next stages of the test, the complete transformer unit is measured (i.e. both the iron tank 

and the clamping plates are included). The variation of the stray loss and the winding loss is 

presented in Figure 5.6. As shown, the stray loss increases dramatically with DM dc current, 

and it differs considerably among the four DM current configurations. In contrast, the winding 

loss of the four configurations is almost the same.  

 

 

Figure 5.6 Stray loss and winding loss (with both tank and clamping structure) due to DM 
dc current of four different configurations. (from paper VII) 

 

Figure 5.7 shows the calculated maximum flux density in the transformer core. As shown, the 

maximum flux densities distribute differently in three-limb transformer for the four DM 

configurations. The maximum flux densities of DM are significantly higher than that of CM. 

This is because the DM flux can close its path inside the core. Thereby, it has a low reluctance 

path for the dc flux of DM and higher flux density offset, whereas the CM flux must close the 

path outside the core, resulting in a much greater reluctance path and smaller flux density offset. 
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Figure 5.7 The maximum flux density in the magnetic core under 1.6 A DM dc current of 
four different configurations and 1.6 A CM dc current. (from paper VII) 

 

Figure 5.8 shows the maximum stray loss density in the tank under four configurations. Due to 

the symmetry, the maximum loss density of 60° and 150° locates symmetrically in the tank. 

The maximum loss density locates at two sides of the tank for 60° and at the middle of the tank 

face for 150°. At 0°, the maximum loss density locates at the cover and one side of the tank. At 

90°, the maximum loss density locates at one side of the tank. Among the four configurations, 

the case 60° has the highest loss density, and thereby generates the maximum stray loss.  

 

 

Figure 5.8 The maximum volumetric stray loss density in the tank under 1.2 A DM dc 
current of four different configurations. (from paper VII) 
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With delta winding, the stray loss dramatically reduces with little additional loss in the delta 

winding (Figure 5.9). This implies a delta winding could be a potential mitigation measure to 

control the extra loss induced by DM dc-bias. 

 

 

Figure 5.9 The calculated instantaneous stray loss over one period in the tank under 1.2 A 
DM dc current at the configuration of 0°. (from paper VII) 
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6.1 Finite element loss calculation using effective permeability — in answer to 

research question 1 

In the finite element calculation, new formulations of effective permeability are proposed to 

deal with loss evaluation under saturation. The approaches are based on the Fourier method and 

time-harmonic representation. Together with the macroscopic methods [38] [55] [56] [57] [39], 

it enables a more efficient post-processing approach for evaluating core loss under a large range 

of saturation conditions. Furthermore, the proposed method yields higher accuracy in 

calculating stray loss under heavy saturation. 

The well-established macroscopic methods claim good accuracy in evaluating core loss. In 

particular, some modified types [38]- [39] are able to handle saturation conditions and 

nonsinusoidal excitation quite accurately. In the formulation of the modified Steimeltz equation 

[57] and the genererlised Steimeltz equation [38], the flux density and its time-derivative are 

the only required inputs (other coefficients are obtained by material charatererisation). 

Therefore, the remaining challenge is to obtain accurate flux density distribution under those 

conditions. The best candidate to resolve such a problem is the finite element method. For the 

sake of computation efficiency, the time-harmonic formulation with effective permeability is 

preferred. However, the existing effective permeability definitions [31] [32] [33] do not 

reproduce the flux density waveform accurately enough, due to their single equivalent approach. 

Therefore, the conventional definitions of the effective permeability have a restricted 

applicability for core loss evaluation, i.e. the magnetic core must be linear or slightly nonlinear. 

This also applies to stray losses evaluation as demonstrated in the study.  

Unlike the conventional methods that only provide a single equivalent field, the proposed 

method preserves the full information of the magnetic field spectrum. In that way, it is possible 

to reduce the error of the flux density prediction considerably. Furthermore, since the time-

harmonic feature is maintained, the system size (memory requirement) and the computation 

effort are significantly lower compared to the harmonic balance method and the time-periodic 

FEM. The only cost is the pre-processing of the magnetisation curve, which do not increase 

computation time since it is done off-line.  

6 Discussions
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6.2 Effect of leakage flux on core losses in power transformer — in answer to 

research question 2 

To investigate the influence of multidirectional leakage flux on the core loss, a loss 

measurement system is developed, and the actual leakage flux configurations are emulated 

experimentally and analysed numerically. The importance of the loading condition (i.e. phase 

angle) is highlighted. It is evident that the loading condition has a significant influence on local 

eddy current loss as well as the overall power losses in a magnetic core, due to penetrated 

leakage flux. This contradicts the statement of classic textbooks that the core loss is load 

independent, based on which the core loss is measured at no load test as the common practice. 

In this thesis, it is pointed out such a statement is valid when the loading angle is close to 90 

degree.  

The leakage flux influence area in the core lamination of a transformer has been categorised 

into local zone and global zone in 2.1.2. The associated loss characteristic was evaluated 

comprehensively.    

 Local zone 

Due to the high permeability of the ferromagnetic material, the leakage flux enters into the iron 

core perpendicularly, either normal to the lamination plane (ND) or in the lamination plane but 

transverse to the rolling direction (TD).  

The induced loss associated with ND is eddy current loss and the induced loss associated with 

TD is the rotational power loss. Compared to the loss in the RD, the eddy current loss and the 

rotational loss produce much higher loss density (per volume); therefore, they potentially lead 

to local hotspot hazards. This has been confirmed experimentally and numerically. For instance, 

the eddy current loss increases rapidly with the magnitude of the ND flux density. More 

importantly, it has been determined that the phase angle between the RD flux (main flux) and 

the ND flux also plays a significant role in the eddy current loss.  

The influence of the TD flux on power loss has been investigated. The existence of rotational 

power loss due to added flux in TD in the core has been demonstrated. This suggests that the 

TD flux induces significantly larger power loss density than RD flux of the same flux density 

level. However, the measurement as well as the finite element calculation shows that the 

contribution of rotational power loss to the total loss is negligible due to the small volume 
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involved. Although it has much higher power density than that generated by the flux in the 

rolling direction, the loss density is not high enough to develop a hot spot. 

 Global zone 

The penetrated flux inside the core lamination is largely dominated by the flux parallel to the 

main flux (in RD), which circulates along the edge of the core window. This flux path 

constitutes the global zone. Apparently, the area of the global zone is much larger than the local 

zone. Since the flux involved in the global zone is in RD, the eddy current is limited by the 

lamination structure. Thus, the hysteresis loss and anomalous losses dominate the power losses. 

Although these losses can hardly be attributed to any local hot spot, they may considerably 

contribute to the overall power losses at inductive loading, due to the increased magnitude of 

the resultant flux density and the larger volume it involves.  

 

6.3 Influence of dc-bias on power transformer — in answer to research 

question 3 

The concept of common mode (CM) and differential mode (DM) is introduced to distinguish 

dc-bias in a three-phase transformer caused by GIC and converter modulation. The tests on a 

three-phase transformer reveal that there is a significant difference between the common mode 

and differential mode dc-bias in terms of power losses and reactive power consumptions. 

Differential mode dc-bias induced significantly larger stray losses than that of common mode, 

regardless of the magnetic core topology. Four configurations of DM are defined according to 

dc current distribution in the three phases. The core loss, winding loss and the stray loss are 

compared.  

 Stray losses 

Unlike CM dc current, DM dc currents have low reluctance regardless of core topology, and 

therefore the flux density offset is more sensitive to DM dc current. As a result, the magnetising 

currents of DM are significantly larger than CM, leading to higher stray losses.  

The stray losses induced by high-level DM dc currents differs with four configurations. As 

expected, the geometry of the tank and the clamping has a dramatic impact on the stray loss. 

 Core losses 
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Unlike stray losses, the core loss is not sensitive to dc-bias, regardless of the magnitudes and 

modes of the applied dc currents. 

 Winding losses 

The winding losses due to DM dc-bias are significantly larger than that of CM, due to high 

magnitudes of the magnetising currents as well as their high frequency harmonic contents. 

Difference in winding losses among the four configurations have been noticed, but the 

difference is not significant. 

Based on the above facts, it can be concluded that the power losses in the three-phase three-

limb transformer are susceptible to DM dc current, but not sensitive to CM dc currents. In fact, 

any types of three-phase transformer (five-limb or four-limb) are susceptible to DM dc current 

since it always has a low reluctance path in the core. 

Lastly, it has been found that the delta winding can significantly reduce the stray loss caused 

by the DM dc currents. This implies that a delta winding can be a practical mitigation measure 

to reduce excessive loss (as well as noise) induced by the DM dc current. A large transformer 

is often equipped with delta windings, either for stabilising or for auxiliary power supply. 

Therefore, the stray losses due to DM current have been minimised. In such cases, attention 

should be paid to the rating of the delta winding since the circulating current can be substantial 

if the dc unbalance is significant.  

Apart from power losses, the DM dc currents also enhance the reactive power consumption and 

introduce an unbalanced voltage distribution in three phases, which could be an issue for 

voltage protection.  

 

6.4 Limitations and source of the errors  

In this PhD research project, the majority of the investigation on power losses were studied 

experimentally. Errors caused by instrumentation, sample preparation, environment, 

experiment design and procedure are inevitable. The significant contributors to these errors are 

as follows. 

In the standardised tests (Epstein frame test and Single sheet test), errors introduced by 

instrumentation and measurement procedure were largely minimised as high precision devices 

(Brockhaus MPG 100 and YOKOGAWA WT3000) were used and the standardised procedures 
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[51] [52] [53] were followed. In the sample (electrical steel) preparation, the cross-sectional 

area determines the actual flux density as well as the specific loss. However, there was a large 

deviation (10%) of the individual sheet thickness from the nominal value (see Figure 6.1); 

therefore, neither the nominal value nor the single measured value are suitable for defining the 

cross-sectional area. Instead, a statistically reliable effective cross-sectional area, A, is used to 

minimise the error caused by this deviation. 

𝐴 =                                               (34) 

where m is the total mass of the test specimen, l is the length of a test specimen strip and ρ is 

the mass density (7.65 kg/dm3 for 30P12033).  

 

 

Figure 6.1 The cross-section (observed by Scan Electronic Microscope) of the electric steel 
used in the square frame. The thickness of the sheet can vary almost by 10% in one single batch.  

 

In the multidirectional flux tests, a loss measurement instrument was developed with multi-

purposes. It was mainly used for emulating leakage flux in a transformer but also allowed for 

the characterisation of ac flux with dc-bias.  

In the former application, errors were mainly related to the power loss in the auxiliary ring core. 

According to (23), the accuracy of the incremental power loss relies on the perfect cancelling 

of the power loss in the auxiliary ring core. For instance, the variation of incremental loss in the 

lamination at 1.6/0.4 T is 0.5 W (Figure 5.1), which is at the same level as the loss in the C-

core (0.47 W). This indicates the variation of the power loss in the C-core (e.g. 5%) can 

contribute to the error in the incremental loss (ca. 5%) considerably. To reduce errors from the 

auxiliary ring core, selecting low loss material is crucial for future improvement.  
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The permeability of the powder core (µr=125) is much lower than that of GO steel (µr>12000), 

therefore the impact of the main flux on the powder core is negligible (<1%) when the GO steel 

works in its linear region. However, in the measurement where the flux superimposition takes 

place, the permeability of the GO steel reduces considerably. Consequently, the stray flux from 

the frame can enter the auxiliary core and influence the measured power loss. To minimise the 

measurement error introduced by the flux interaction, 1 mm thick plastic spacers (see Figure 

6.2) were used to magnetically insulate the main frame flux from the saturated GO steels.  

 

 

Figure 6.2 The C-shaped core and the excitation system. (a) The C-shaped core (CSC) was 
made by a half ring unit. (b) The excitation and voltage pickup coils were wound around the 
CSC. Plastic spacers were used to create air gaps. (from paper III) 

 

Two notched ring cores (NRCs) have been used to characterise the rotational power loss 

associated with TD flux (Paper III). However, the transverse flux distribution is less 

homogeneous at the ends of the frame volume (measurement volume) covered by the NRC. To 

counteract the effect of the flux inhomogeneity, two NRCs have been assembled with different 

dimensions, one NRC comprising three units of the rings and the other five units (see Figure 

6.3). The loss contributed by the inhomogeneity is then, minimised by subtracting the 

measurement using the three-unit NRC from the measurement using the five-unit NRC. The 

difference between the two measurements is, therefore, the contribution from the TD flux area 

of two units in the middle where the flux is practically homogeneous (effective volume). The 

described wattmeter-based approach still has its inherent limitation in the accuracy of the 

rotational power loss measurement. Instead, the field-based magnetisation method [17] focuses 
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on the local homogeneous magnetisation area and enables localised field measurement, which 

becomes a more favourable solution for 2D magnetisation measurement. 

 

 
Figure 6.3 The transverse flux distribution (flux density in the horizontal direction, Bx) in 
the lamination. The end (inhomogeneity) effect is cancelled out by subtracting the measurement 
of the three-unit core from the measurement of the five-unit core (from paper III) 

 

In the dc-bias tests on the transformer, the experiment was carried out on a down-scaled lab 

transformer, as it is impractical to perform such potentially destructive tests on a full-size grid 

transformer. In principle, the saturation phenomenon is characterised by the flux density in the 

magnetic core. According to Ampere’s law, the magnetomotive force (defined as NI in ampere-

turns) is:  

𝑁𝐼 = 𝐻𝑙                                                          (35) 

where N is number of turns, I is current, H is magnetic field strength and l is mean length of the 

flux path. Then the flux density can be simply expressed by: 

𝐵 = 𝜇𝐻 = 𝜇                                                       (36) 

where μ is magnetic permeability of the core. 

To preserve the flux density feature, the scaled experiment maintains the same topology of the 

core and keeps N/l approximately at the same level as a full-scale transformer. Despite the 

similarity in flux density distribution between the lab transformer and full-scale transformer, it 

is imperative to highlight the important differences between them: 
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 Large (full-scale) transformers have sophisticated structural steels such as flitch plates 

close to the magnetic core which are susceptible to the leakage flux affected by 

saturation.  

 The core material used in a grid (full-scale) transformer is often the grain-oriented steel, 

which has higher nominal flux density, lower specific loss and steeper magnetisation 

curve below the knee point, compared to the lab transformer which is made of non-

grain-oriented steel.  

 The rated current in a full-scale transformer is much larger than the lab transformer, so 

the winding loss generated under the same dc current in a full-scale transformer is not 

as problematic as the small one, since the percentage current increase (relative to 

nominal load current) in a full-scale transformer is much less significant.  

The pros and cons have been discussed for the two methods (voltage source and current source) 

of introducing dc-bias. The errors of the two methods were related to the sensitiveness to the 

dc voltage tuning and the ripple of dc current (<5% in this experiment). Therefore, delicate 

control of dc voltage and larger inductance were required to increase accuracy for the two 

methods. Besides the limitation of the hardware, the way to derive dc flux density is indirective 

and may introduce some errors. In this approach, the ac over-excitation test result was used as 

a reference, i.e. a B–Ipeak characteristic curve. Ipeak obtained from the dc-bias test was compared 

to the preserved B–Ipeak curve, where the maximum flux density Bmax was identified. Since the 

peak-to-peak flux density was obtained by the ac voltage source, the dc-bias was calculated by: 

∆𝐵 = 𝐵 − 𝐵                                                         (37) 

where Bac corresponds to the applied ac voltage. This comparative method can be improved by 

incorporating more advanced pattern recognition methods or by a direct measurement method 

such as a Hall effect sensor. 

Except from the errors in the experiment, errors can emerge in the numerical simulations due 

to parameter specification, geometry simplification, coarse mesh and time stepping,  plus the 

various assumption made in the calculations. For example, in the calculation of the stray loss 

of the three-phase transformer, there was a relatively larger difference (max. 10%) between the 

calculated values and the measured values. This was because of the coarse model for the tank 

and clamping parts, for instance, the riveting, slotting, coating and holes (Figure 4.10) were 

ignored in the finite element model (Figure 4.14). In practice, these aspects have considerable 

impact on stray flux distribution in the tank and thereby the stray losses. 
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In the calculation of the rotational power loss by finite element analysis, the following approach 

is implemented as suggested by the literature [58]. The rotational power loss is calculated by 

the sum of the losses in two orthogonal directions: 

(max( )) (max( ))tot x x y yT T
V

P P B P B dV                                               (38) 

where Px(B) and Py(B) are the specific loss density with respect to the peak flux density in TD 

and RD, respectively. This approach is an approximation, disregarding the phase between the 

two fluxes, which may lead to errors. The remedy might be adoption of more sophisticated 

hysteresis models [17] or conducting massive 2D magnetisation measurements considering 

both magnitudes and phases simultaneously.  

In the calculation of the magnetisation current of the three-phase transformer, the tank was 

ignored to save computation time. For DM mode dc current, this simplification has little 

influence on the accuracy. However, for CM mode dc current, there is a CM flux path from the 

core to the tank; therefore, ignoring the tank leads to some errors in the magnetisation current, 

which can be observed in Figure 6.4. 
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Figure 6.4 Comparison of the measured and calculated primary phase currents over one 
period at 1.6 A dc current for the four different DM cases and for the CM case. (from paper 
VII). 
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The research work is summarised in this chapter. Concluding remarks and suggestions for 

future work are presented. 

 

7.1 Concluding remarks  

In this PhD research work, power transformer under special operation conditions were studied 

with newly developed experiments, instruments and numerical methods.  

New formulations of effective permeability were proposed for the calculation of flux density in 

a transformer core under various saturation levels, isotropic/anisotropic materials and 

sinusoidal/nonsinusoidal excitations. The proposed method is more efficient than the time-

domain method and yields significantly higher accuracy in stray loss calculation under heavy 

saturation than energy-based methods. 

The loss measurement under multidirectional stray flux has revealed that the loading conditions 

have a significant impact on both local eddy current loss and the overall power loss in the core. 

Under inductive loading, the core loss is actually load dependent and the conventional no-load 

tests can underestimate the core losses considerably. Furthermore, the eddy loss due to normal 

leakage flux can create hot spots under heavy, inductive loading. In contrast, the rotational 

power loss, as a result of added transverse flux, barely causes any hot spots because of its small 

volume and bounded loss density. 

The dc-bias tests have identified a dramatic difference between the common mode and 

differential mode in terms of winding loss and stray loss. Differential mode dc-bias induced 

significantly larger stray loss and winding loss than that of common mode, regardless of the 

core topology. Moreover, DM dc current raised the reactive power consumption and introduced 

voltage unbalance in the three phases. Therefore, the risk of dc magnetisation due to the 

modulation effect of HVDC converters on both the equipment and the power system was 

highlighted.  

 

7 Conclusions
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7.2 Recommendations for Future Work  

In this PhD research project, magnetic field distribution and associated power losses were 

studied. Thermal impact has been discussed but not investigated. Performing EM-Thermal 

coupled simulations to evaluate temperature rise in different components would be a beneficial 

next step. The viscosity of transformer oil is strongly temperature dependent and can vary 

significantly under some circumstances (e.g. cold energization). In that case, an EM-hydraulic 

coupling should be taken into account to obtain correct resultant temperature, which is essential 

for dynamic thermal modelling. 

In the dc-bias investigation, the system-oriented simulation was performed. Although the 

mechanism of harmonic transfer is not within the scope of this study, the importance of control 

function in the resultant dc current should be addressed. Converter internal impedance seen 

from the dc side is strongly affected by converter control, particularly in voltage-source 

converter. For example, the circulating current control (or any low pass active filter) used in 

MMC behaves like a resistor seen from the induced voltage source and the resistance is 

determined by the gain of the controller. Therefore, the dc current derived by the analytical 

approach [19] without considering the control effect may not be valid in practice. This also 

implies that control functionality, instead of physical apparatus, can be a potential mitigation 

measure to minimise dc-bias on the transformer bus. 

In the dc-bias study, the test object was a three-phase three-limb transformer. This type of core 

was chosen because of the distinction between CM and DM dc current in a three-limb 

transformer. There are many other three-phase core topologies such as five limb, in which the 

dc magnetisation phenomena might be more complex. Nevertheless, the methodology and 

numerical approach developed in this research project can easily apply to transformers of other 

types.  

In FE simulation of transformers, the time periodic method is successfully implemented and 

provides efficient and accurate analysis of magnetising current and core loss in 2D. However, 

in dealing with 3D problems, significant memory and computation time is demanded (>200 GB, 

exceeding the limitation of server). To resolve this problem, the 2D-3D hybrid approach has 

been used. In a future work, it would be worthwhile to use the original formality (voltage source 

and TPFEM) and calculate with brutal computation force (cluster), and to make a rigorous 

comparison with the hybrid approach.  
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The well-established macroscopic methods claim good accuracy in calculation of core losses, 

as long as the flux density and its time-derivative are available. Therefore, in developing a 

numerical method for core loss calculation, the effort is spent on flux density calculation, 

particularly under the heavy saturation condition. This method has been extensively validated 

by comparison with the time-domain method. However, it is imperative to incorporate the 

method (Fourier-based effective permeability) with the modified Steimeltz equation [57] or the 

generalised Steimeltz equation [38] to validate the whole process with lab tests under various 

excitation conditions. Furthermore, various hysteresis models have been proposed in recent 

decades. It would be interesting to implement dedicate hysteresis models in the FE simulation 

to investigate the hysteresis effect, instead of using post-processing (the curve fitting approach), 

which is largely based on sample material characterisation. 
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 Computation of transformer iron losses under saturation using the 
Fourier method Part 2: Stray loss 

Wei Wang1, Arne Nysveen1, Senior Member, IEEE, Niklas Magnusson2 and Robert Nilssen1 

1Electric Power Department, Norwegian University of Science and Technology, Trondheim, NO-7491 Norway 
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Computation of iron losses is a heavy numerical task, and the problem is further complicated by magnetic nonlinearity when 
saturation is considered. In an accompanying paper, a Fourier method for calculation of the transformer core loss under saturation is 
presented. In this paper, the influence of the permeability definition of the core material on leakage field and the associated stray loss 
calculation is studied. Based on the relationship between magnetic field and input current, a waveform correction factor is introduced 
which enables stray loss estimation of nonsinusoidal excitations. The results obtained by this method are compared to those given by a 
time domain calculation to evaluate the accuracy of the method. 

Index Terms— Finite element analysis, Fourier transforms, Magnetic losses, Power transformers, Saturation magnetization. 

I. INTRODUCTION

RON STRAY LOSS  occurs in ferromagnetic structural parts 
of power transformers. In many cases, a time-harmonic 

method with surface impedance boundary conditions (SIBCs) 
is efficient and accurate enough to calculate the magnetic field 
and the associated loss. However, at magnetic saturation, due to 
e.g. ferromagnetic resonance and geomagnetically induced 
currents (GIC), the problem is complicated by magnetic
nonlinearity.
   Various effective permeability definitions have been proposed 
for time-harmonic problems involving ferromagnetic materials 
[1]-[3]. In the validation of those methods, focus has been on 
the overall equivalent field and the associated power loss of the 
core material itself. Little attention has been paid to the 
influence of those definitions on the stray field.  
   A definition of the effective magnetic permeability based on 
the Fourier series of the magnetization curve is presented in an 
accompanying paper [4]. The definition has been proved to be 
time efficient and sufficiently accurate for calculating 
transformer core loss under saturation. In the present paper we 
study how the definition influences the stray field and thereby 
the stray loss. We compare the stray loss calculated using the 
Fourier method with the stray loss calculated using definitions 
available in the literature, as well as with the loss determined 
more accurately by a (time-consuming) time domain 
calculation.  
   The surface impedance (SI) method and its various extended 
formulations [5]-[6] enable a straightforward analysis of 
electromagnetic fields and eddy loss on the iron surfaces with 
sinusoidal excitation under linear or saturated conditions. 
However, when the magnetic core (instead of the iron wall) is 
under saturation,  the nonsinusoidal excitation problem cannot 
be simply treated by a linear superposition of the harmonics of 
the excitation (source), even though the iron wall is in a linear 
region. To deal with the such condition, we propose a waveform 
correction factor in combination with SI to calcualte the stray 
losses. 

II. EFFECTIVE PERMEABILITY AND WAVEFORM CORRECTION 

FACTOR 

A. Effective Permeability

Several approaches exist to determine the effective
permeability based on the magnetization curve of the 
ferromagnetic materials. In the average energy method [1], the 
effective permeability is defined as: 
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                        (1)

where B(H) is the nonlinear magnetization virgin curve of the 
material, Hm is the amplitude of the time-harmonic magnetic 
field and T is the period of the oscallation. 

In the simple energy method [2], the effective permeability 
is defined by means of the magnetic coenergy: 
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In the Root Mean Square (RMS) method [3], the effective 
permeability is defined as: 
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where B(t) is obtained from the magnetization curve. 
The Fourier method presented in the accompanying paper is 

based on the Fourier series of the magnetization curve [4].  The 
effective permeability is defined as: 
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where k is the Frourier operator giving the kth Fourier series

coefficient. The fundamental component µ1 is implemented as 
the magnetization definition in the finite elment analysis. 

With domain decomposition, a modified form, taking spatial 
variations in the magnetic field to current excitation 
relationship into account, has shown an improved accuracy in 
the core loss calculation [4]. 
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For nonsinusoidal excitation, the generalized form of the 
Fourier type effective permeability [4] can be used: 
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Using a typical silicon steel material [4], different effective 
magnetization curves obtained by the abovementioned methods 
are illustrated in Fig. 1. In the linear region, the magnetization 
curves of the methods behave almost the same as the virgin 
curve. However, in the nonlinear region, the differences 
between various approaches become remarkable.  

Fig. 1.  Various definitions of the effective magnetization curves. 

Although the effective permeability is mainly proposed for 
emulating the performance of the nonlinear material (the core) 
itself, we will demonstrate that an appropriate definition of the 
core is also critical for leakage field calculation and associated 
stray loss evaluation. 

B. Waveform Correction Factor due to Nonsinusoidal
Excitation Currents

The eddy loss in a steel plate subjected to a magnetic field 
can be calculated with the surface impedance method: 

2

{ }
2

 m
s

s

H
P Z ds      (7) 

where Hm is the amplitude of the surface tangential magnetic 
field and the surface impedance is expressed as: 
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2sZ j



      (8) 

where µ is the permeability of the ferromagnetic material, σ is 
the electric conductivity and ω is the angular frequency. 

A conductor surface is represented by z=0. Let z>0 and z<0 
represent the regions corresponding to the conductor and 
perfect loss-free dielectric medium (Fig. 2). Assume that the 
vector field E has a component only along the x-axis and that 
Ex is a function of z only. In the frequency domain, Ex can be 
expressed in the complex exponential notation. 
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       (9) 
where Ex0 is the electric field intensity at the surface and δ is the 
skin depth. 

Fig.2.  Penetration of field and induced current inside a conductor. 

Faraday's law with E in the x-direction varying as a function 
of z only becomes: 
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Substituting the value of Ex from (9) and rearranging (10) 
with time-harmonic representation, we obtain: 
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According to Ohm’s law, the current density J within a 
conductor is proportional to the electrical field intensity, thus 
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Therefore, the current density is proportional to the product 
of the tangential flux density on the iron surface and the 
frequency. For nonsinusoidal waveform, our assumption is to 
extend this expression by replacing jωB with the root mean 
square (RMS) average of the time derivative of B over a period, 
i.e.
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On basis of (13), a wave correction factor kcurr for the 
nonsinusoidal current density can be introduced 
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The current I(t) in the numerator is the nonsinusoidal current 
and the current in the denominator I1sin(ωt) is the reference 
fundamental (sinusoidal) current. B(H) is the magnetization 
function of the iron tank material. Thus, the equivalent current 
can be simply defined as 

1eq currI k I       (15) 

Furthermore, a wave correction factor ke for the stray loss can 
be defined, which is the ratio between the power loss Pns under 
nonsinusoidal excitation and the power loss P1 under sinusoidal 
excitation. 

1ns lossP k P        (16) 

P1 is calculated by the conventional time-harmonic approach 
with the SIBC. In light of (7), kloss can be expressed by 
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In the linear region of the transformer core, the incident 
magnetic field on the tank wall is proportional to the input 
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current. Therefore, kloss reduces to kcurr
2. In the nonlinear region, 

however, the incident field is no longer proportional to the input 
current due to core saturation. Thus, a more general dependency 
is used, where the magnetic field is assumed to be proportional 
to γth power of the current. Finally, kloss is simplified to 

2
loss currk k                                      (18) 

where γ equals one in a linear region as mentioned. The H(I) 
function used in (14) as well as the coefficient γ can be obtained 
by a frequency domain scan.  

III. SIMULATIONS 

A. Model Setup 

   To evaluate how the permeability definitions in section IIA 
for the core material influence stray loss calculation results, 
they were implemented in the frequency domain finite element 
model of the transformer described in [4]. The results are 
compared with the results obtained with an accurate (but largely 
time-consuming) time domain method.  

The simulations were performed at 50 Hz on a single-phase 
transformer. The virgin magnetization data of the silicon steel 
of the transformer core and the corresponding B-H curve are 
illustrated in [4]. The magnetization data [7] of the carbon steel 
of the transformer tank and the corresponding B-H curve with 
cubic spline interpolation are shown in Fig. 3 (right). 

 

    
Fig. 3.  The transformer quarter model (left) with fine mesh and the virgin 
magnetization curve of the carbon steel used for the transformer tank (right). 
 

The surface boundary condition and the effective B-H curves 
were used for all the frequency domain simulations. In the time 
domain model, the virgin magnetization curves were used. The 
iron surface of the tank wall was meshed with a large number 
of elements to account for the thin skin depth.  

B. Stray Loss under Sinusoidal Excitation 

The definitions in section IIA were implemented with 
sinusoidal excitation currents varying from 10 A to 2000 A, 
going from the linear region to the heavy saturated region for 
the magnetic materials. The same setup was applied to the 
corresponding time domain model. The loss on the tank surface 
was calculated and compared with its counterparts calculated 
from the frequency domain simulations, see Fig. 4. 

In the linear region (<10 A) and slightly nonlinear region 
(<100 A), where the excitation current is moderate, the different 
definitions of the effective permeability yield results practically 
equal to those calculated with the time domain method, and 

hence, are good estimations of the stray loss. However, in the 
heavy saturated region (>100 A), the average energy (1) and 
simply energy (2) methods largely overestimate and the RMS 
method (3) slightly overestimates the stray loss. In contrast, the 
Fourier method gives a better estimation of the stray loss over 
the whole range. This is due to that the formulation of the 
Fourier method is the closest to the original flux density 
waveform in the least-square sense. 

 
Fig. 4.  Stray loss on the transformer tank wall calculated by various effective 
permeability methods under different saturation levels. 

C. Stray Loss under Nonsinusoidal Excitation  

To validate the waveform factor derived for stray loss 
calculation under nonsinusoidal excitation, three test cases 
under heavy saturation were set up. The sinusoidal excitation of 
power frequency (Case 1) is the reference case, whereas the two 
other cases have the same fundamental component, but the third 
harmonics of opposite phase angles are added.  

 Case 1: I1= 1sin(100πt)                               [kA] 
 Case 2: I2= 1sin(100πt)+0.15sin(300πt)     [kA] 
 Case 3: I3= 1sin(100πt)-0.15sin(300πt)      [kA] 

 

 
Fig. 5.  Average tangential magnetic field (blue line) and the average power 
loss (dotted line: P, simulated value; dashed line: scaled |H|2, derived from the 
blue line) on the tank wall as function of excitation current obtained from 
frequency domain scan. 
 

A frequency domain field versus current scan was performed 
to specify H(I). In Fig. 5, the stray loss P matches the scaled 
|H|2 curve, which confirms the assumption (17). In the linear and 
slightly nonlinear region (Im<0.1 kA), the power loss is 
proportional to the square of the input current, i.e. ke = ki

2 (or 
γ=1). For the heavy saturation test case (Im=1 kA), the stray loss 
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has an approximately linear dependency on the excitation 
current, which practically gives ke = ki (or γ=0.5). 

The results obtained by the time domain simulations are 
illustrated in Fig. 6. The induced current density waveform is 
more sinusoidal at the moderate saturation level (0.1 kA) than 
at the high saturation level (1 kA). Sharp spikes can be observed 
under heavy saturation (cases 1-3), especially in proximity to 
the iron surface. The peak value is also sensitive to the shape of 
the input current, i.e. given the same fundamental excitation 
current, the peak of the induced current density is strongly 
influenced by the phases of the harmonics. 
 

    

    
Fig. 6.  Induced current density variation in time at different depth in the tank 
wall under different excitation currents. Upper left: excitation current=0.1 kA; 
Upper right: Case 1; Lower left: Case 2; Lower right: Case3. 
 

Those shape effects are related to the time derivative of the 
flux density and have been taken into account in the definition 
(14). Fig. 7 shows the average flux density B(t) on the tank wall 
surface in a half period and its time derivative, directly derived 
from the obtained H(I) function (Fig. 5) without involving a 
time domain simulation.  

 

 
Fig. 7.  Flux density on the tank wall (solid lines) and its time derivative 
(dashed lines) as function of time for the cases in Table I. 
 

The stray loss of the sinusoidal case (Case 1 in Table I) is 
calculated using classical surface impedance method. The stray 
losses of the nonsinusoidal cases (Case 2 and 3) are calculated 
by the stray loss of the reference case (Case 1) multiplying with 
the correction factor kloss. Apparently, the waveform of the 

excitation current has a significant impact on the stray losses. 
The result from the frequency domain calculation with the 
proposed method shows a good agreement with the 
corresponding time domain simulation. The result also 
indicates that a conventional practice such as the total harmonic 
distortion (THD) approach, which is applicable in a linear 
region, could potentially lead to a large overestimation of the 
stray loss under saturation. 
 

TABLE I 
STRAY LOSS ON THE IRON SURFACE 

Test case 

Stray loss correction 
factor, kloss 

Stray loss density, 
P [W/m] 

Time 
domain 

Frequency 
domain 

Time 
domain 

Frequency 
domain 

Case 1 1 1 3.00 2.81 
Case 2 1.193 1.191 3.58 3.35 
Case 3 0.817 0.799 2.45 2.25 

The stray loss correction factor in frequency domain is calculated from (14) 
and (18). The stray loss correction factor in time domain is directly calculated 
from obtained simulation results.  

IV. CONCLUSIONS 

The accuracy of calculated stray loss under heavy saturation 
is largely influenced by the chosen definition of the effective 
permeability of the magnetic core. The described Fourier 
method yields significantly higher accuracy than energy based 
methods. Furthermore, the waveform of input current excitation 
has considerable impact on the stray loss, particularly under 
magnetic saturation of the core. The proposed waveform 
correction factor in combination with the conventional surface 
impedance method enables time efficient evaluation of the stray 
loss for nonsinusoidal current excitation under saturation. 
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ABSTRACT
Conventional standardized power loss measurements for electric steels are performed at flux densities with a single sinusoidal and unidi-
rectional excitation. However, the flux inside electrical steel laminations can deviate significantly from the standard condition, and the loss
is sensitive to such deviations of the flux in time and space. In this article, we describe the design and construction of an apparatus for loss
measurements under two scenarios: (1) The main flux in the rolling direction is superimposed with flux in either the transverse or normal
direction, while varying magnitude and phase angle between two fluxes and (2) the main flux having a dc-bias. The main flux in the rolling
direction is generated in a square lamination frame by the current in excitation coils. The transverse and normal direction fluxes are generated
by the current in auxiliary excitation coils wound around powder cores. The dc-bias flux is created either by an ac current with a small dc
offset in the excitation coils or by a separate coil excited by a dc current. We implement and compare the two dc-bias methods and discuss
the commons and differences. Finally, we present experimental results showing the possibilities for loss measurements under the combined
action of magnetic flux in different directions and under dc-bias.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0011076., s

I. INTRODUCTION
Variable power production and load, due to, e.g., wind and

solar energy and charging of electrical vehicles, lead to new load
patterns for power equipment, where the acceptance of short-time
overloads can reduce the need for new investments. In addition, the
effect of geomagnetically induced currents (GICs) is a concern for
network owners. These considerations lead to an increased impor-
tance of the loss in power equipment operating outside its design
specifications. In transformers and rotational machines, the lam-
inated iron cores are, in addition to the main flux following the
direction of the core, exposed to the magnetic leakage flux, which
can be significant at high loads. In power transformers, the leakage
flux enters the laminated core from different directions [see the flux
lines entering the core in Fig. 1(a) and the definition of flux direc-
tions in Fig. 1(b)], leading to additional power loss in the laminations
close to the windings. Depending on the orientation of the leakage

flux relative to the lamination, different loss mechanisms dominate
the additional loss.

● Flux configuration 1: On the limb surface of the magnetic
core, the leakage flux normal to the plane (ND) of the lam-
ination induces eddy currents and thereby generates eddy
current loss.1–3

● Flux configuration 2: Under the yoke of the core, the
leakage flux enters the core perpendicular to the rolling
direction (RD) in the plane of the lamination [trans-
verse direction (TD)]. Due to the thin laminations, the
eddy currents induced by the flux become small, and the
power loss is dominated by hysteresis loss. In many cases,
the transverse leakage flux and the main flux are not in
phase. The total magnetic field, then, becomes rotating,
and the power loss is associated with rotational hysteresis
loss.4–7
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FIG. 1. (a) Flux distribution of a single-phase transformer obtained by a numeri-
cal simulation. The transformer shown is operating under resistive load. The flux
distribution is presented at the time instant when the leakage flux density is at its
maximum (i.e., the load current is at its peak, and the main flux is at its zero cross-
ing). (b) Definition of the flux directions in the grain-oriented steel laminations. RD:
rolling direction; ND: normal direction; and TD: transverse direction.

The strong anisotropy of the lamination structure8 and the
magnetic anisotropy of grain-oriented (GO) steel prevent the inci-
dent flux to cross many of the lamination layers or reach far into the
core in the transverse direction. Instead, the penetrated flux tends to
close its loop on the surface layers of the lamination or along the
edge of the lamination plane [see the flux line concentration and
flux density distribution inside the core in Fig. 1(a)]. Consequently,
the surface layers and edges of the lamination are prone to be satu-
rated, even when the incident leakage flux density is well below the
saturation flux density of the steel, resulting in that the leakage flux
becomes important also at relatively small amplitudes. Furthermore,
the phase angle between the main flux and the leakage flux may play
an important role for the loss since eddy current loss and hysteresis
loss are sensitive to both magnitude and the variation in time of the
magnetic flux density.

The power loss in lamination cores is also sensitive to the
dc-bias of the main flux.9–11 Geomagnetic disturbances12–14 can
lead to GIC events where a dc current generates a dc-bias of
the main field (and the same may occur due to power converter
cross-modulation15,16). Dc magnetization leads to half-cycle satu-
ration of the core in power transformers. This may result in har-
monic pollution, reactive power consumption,14 and transformer
over-heating.17

Various power loss measurement apparatuses for magnetic
materials have been proposed, which can be categorized into watt-
metric,18,19 mechanical type20 (torque magnetometers), thermomet-
ric,21,22 and fieldmetric.23,24 The Epstein frame18 and the Single Sheet
Tester (SST)19 methods are the two standardized methods for mea-
surements of the magnetic properties of electrical steel sheets, both
based on the wattmeter method. The Epstein frame consists of four
coils into which strips to be tested are inserted and assembled in
a square. The losses are calculated from the current of the pri-
mary winding and the voltage of the secondary winding. In the sin-
gle sheet tester, the sheet specimen is placed inside two windings
(in addition, here, the primary winding yields the current and the
secondary winding the voltage for the loss calculation) between a
double-C laminated yoke.19 Despite the simplicity and applicability
of the SST method, the Epstein method is at present still regarded
as the sole reference method for the determination of the mate-
rial quality.25 The fieldmetric methods, while not yet standardized,
are becoming widely used in rotational loss measurements, where

two-dimensional SST with various yoke configurations has been
developed.23,26,27 However, due to the limited area of uniform mag-
netization (comparable with the grain size of the material), the mea-
surement does not allow for averaging of the properties over a large
volume.4

In both the standardized methods (Epstein frame and SST), the
power loss is determined for flux densities with a single sinusoidal
and unidirectional excitation. To meet the increasing importance
of studying the loss in electrical sheets with the combined action
of main flux and either the leakage flux (including different phase
shifts) or dc-bias flux, we have developed a measurement system
based on the wattmeter method and the basic Epstein frame geome-
try. The system is designed to characterize the power loss due to ac
magnetic flux densities in RD combined either with dc-bias flux den-
sities in the same direction or with flux densities in the TD direction.
Additionally, the system allows for a replica of the actual leakage
configurations in the laminated core for qualitative studies of the
associated losses.

This paper is organized as follows. The loss components are
introduced in Sec. II. The measurement principle is described in
Sec. III, along with the equivalent circuit element models. The appa-
ratus design is presented in Sec. IV, with the details on construction
of the lamination sample frame and the excitation systems. In Sec. V,
the experimental results demonstrating the capability of the system
are presented. Finally, a summary of the results is given together with
the conclusions in Sec. VI.

II. LOSS COMPONENTS IN ELECTRICAL STEELS
Magnetic loss can be conceptually separated into eddy current

loss, hysteresis loss, and excess loss.28 Eddy current loss and hys-
teresis losses arise due to successive reversal of magnetization in
the iron core. The difference between the measured and calculated
losses (eddy current and hysteresis loss) has been referred to as the
anomalous loss (or excess loss).29 Regardless of this discrepancy, the
two-component approach (eddy current and hysteresis loss) is still
widely used, owing to its simplicity.4

Eddy current loss (Pe) has its origin in induced voltages in
the laminations in response to a sinusoidal magnetic flux in the
lamination plane. Since the thickness of the sheet is much smaller
than the skin depth power frequency, the eddy current loss can be
expressed as29

Pe = kef 2t2B2
peak, (1)

where ke is a material dependent constant, f (Hz) is the frequency
of the magnetization, t (m) is the thickness of individual sheets, and
Bpeak (T) is the flux density. However, the relationship (1) can be
largely violated when the flux is not oriented along the lamination
plane. This is the case, for instance, when the leakage flux is normal
to the lamination plane.1

Hysteresis loss is caused by the irreversible domain wall move-
ment and magnetization rotation within the domains in the mag-
netic material in response to a variable magnetic flux. Hysteresis loss
is proportional to the enclosed area of the B–H curve (the hysteresis
loop) under quasi-static alternating magnetization,29

Ph = khfBn
peak, (2)
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where kh is a material dependent constant, Bpeak (T) is the flux den-
sity, and n is the Steinmetz constant having a value between 1.6 and
2.0 for hot rolled laminations and a value of more than 2.0 for cold
rolled laminations.29 However, when the flux has a dc-bias, the hys-
teresis loop becomes asymmetric. Depending on the level of the dc
excitation, the loss feature can deviate significantly from the sym-
metric ac excitation,14 and hence, the power loss, then, depends on
both the applied ac and dc fluxes.

When the material is subjected to a magnetic flux with its direc-
tion rotating in the plane of the lamination, the loss will be enhanced.
As a comparison, the average power loss per unit mass for an alter-
nating magnetization,5 Pa, and rotational magnetization,30 Pr , is
given by

Pa = 1
ρT ∫

T

o
(dBx

dt
⋅Hx)dt, (3a)

Pr = 1
ρT ∫

T

0
(dBx

dt
⋅Hx +

dBy

dt
⋅Hy)dt, (3b)

where ρ (kg/m3) is the mass density of the material, T (s) is the
period of magnetization, and Bx(y) (T) and Hx(y) (A/m) are the flux
density and magnetic field strength in the x(y) direction.

III. MEASUREMENT PRINCIPLE
The instrument serves two main purposes: (1) material power

loss characterization under multidirectional flux or dc-bias con-
ditions and (2) loss measurements with a replica of actual leak-
age flux configurations. The former requires a homogeneous field
in a specified region and the measurement of power loss in such
a region (isolating the contribution outside of the region) such
that the specific loss can be obtained. In a unidirectional flux
measurement such as an ac RD flux test or dc-bias test, this is
straightforward since the flux is uniformly distributed in the whole
sample, and the loss contributed by the measurement device is
negligible. The measurement principles of these types of tests are
illustrated in Secs. III A and III C. When the multidirectional
flux is considered, the flux-homogenous region shall be identified,
and the loss contribution outside the region as well as the con-
tribution from the auxiliary devices shall be excluded. Such a test
is described in Sec. III B (RD flux superimposed with TD flux).
The actual leakage flux configuration is far from homogeneous as

described in Sec. I. In a replica of such flux configurations, the
inhomogeneous field should emulate real configurations. The mea-
sured loss variations give qualitative information of the behavior
in real transformers. Since the loss is generated by an inhomoge-
neous field, the incremental power loss, instead of specific loss, is
evaluated.

A. Wattmeter-based loss measurement for RD flux
The wattmeter-based loss measurement equipment, such as the

Epstein frame tester, comprises primary winding(s) used for setting
up flux, secondary winding(s) used for voltage (flux) measurement,
and the specimen to be tested. The setup forms an unloaded trans-
former. The schematic diagram for RD flux loss measurements is
given in Fig. 2(a). The primary winding [to the left in Fig. 2(b)] is
supplied with a sinusoidal current, generating the magnetic flux. The
current in the secondary winding has a component in phase with the
flux, known as the magnetization current, and a component 90○ out
of phase of the flux as a result of eddy current and hysteresis loss in
the core.31 The current in the primary coil and the voltage of the sec-
ondary coil are supplied to the wattmeter, generating the loss from
the current and voltage components in phase with each other. If the
sample had no losses, the current and voltage would be 90○ out of
phase. In addition, the measurement disregards any power loss in the
primary winding since the voltage drop of this winding is not mea-
sured.4 In the physical realization [Fig. 2(b)], the primary windings
and the secondary windings form concentric windings, where the
primary windings are located on the outside of the secondary wind-
ing. The individual primary windings and the individual secondary
windings are connected in series.

The secondary voltage V2,rms is calculated from the desired
value of magnetic polarization (which is practically equal to the
magnetic flux density) by

V2,rms =
√

2πf N2ABpeak, (4)

where N2 is the total number of turns of the secondary winding
and A (m2) is the cross-sectional area of the corresponding core.
Since the internal impedance of the voltage measurement is high,
the voltage measurement is practically equal to the induced voltage,
and the power consumed by the instruments in the secondary cir-
cuit is negligible. In a measurement, the power supply is tuned until
the secondary voltage of the laminated frame reaches the values cal-
culated from the designated flux densities. Then, the power losses

FIG. 2. The principle of wattmeter-based RD loss measurement (a) and the schematic diagram demonstrating the physical realization (b). The measurement system consists
of primary winding, secondary winding, and the specimen (core). The current from the primary side and the voltage from the secondary side are incorporated into the
wattmeter. In the physical realization (b), the primary windings (red) are located on the outside of the secondary windings (black).
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from the power analyzer are recorded. The specific loss Ps (W/kg) is
calculated by

Ps = N1

N2

Pm
m

, (5)

where Pm (W) is the reading from wattmeter and m (kg) is the mass
of the sample.

B. Loss due to RD flux superimposed with TD flux
A schematic diagram for the measurement of the loss due to the

combined action of RD and TD flux is given in Fig. 3. The main (RD)
flux circulating the frame is generated by an ac power supply in the
same way as in Sec. III A. To create the TD flux in the lamination, a
notched ring core (NRC) is introduced. As for the main frame, the
NRC is wounded with primary and secondary windings, forming a
concentric winding. The primary windings of the main frame and
the NRC are excited by independent voltage supplies such that the
phase shift between the two sources can be adjusted flexibly. The
NRC is clamped on one branch of the lamination where the incident
flux is forced to cross the lamination plane transverse to the rolling
direction.

The secondary winding of the NRC is used as a voltage pickup
coil. Based on Eq. (4), the voltage of the NRC is set to obtain the
desired values of the magnetic flux densities. In a measurement, two
power supplies are tuned until the secondary voltages of the lam-
ination frame and the NRC reach the values calculated from the
designated flux densities. Then, the power losses from the power
analyzer are recorded. The total net loss Pnet of the test specimen
is a sum of the loss measured by the two coil systems withdrawing
the power loss in the NRC,

Pnet = N1

N2
P̃m +

Na
1

Na
2
P̃a
m − Ppow, (6)

where P̃m (W) and P̃a
m (W) are the losses obtained from the

wattmeter of the main excitation system (supplies the RD flux) and
the NRC excitation system (supplies the TD flux), respectively. The
measurement is performed when both the lamination frame and
the NRC are excited simultaneously. Ppow (W) is the power loss of the
NRC, which needs to be measured according to the IEC standard32

under specified flux densities and frequency prior to fabrication.
Furthermore, the specific loss of the effective volume involved in the
RD flux superimposed with the TD flux can be defined,

Ps = 1
me
(Pnet − Pineff ), (7)

where me (kg) is the mass of the effective volume involved in the
multidirectional flux. Pineff (W) is the loss of the ineffective volume

FIG. 4. Example of the transverse flux distribution (flux density in the horizontal
direction, Bx) in the lamination. The end (inhomogeneity) effect is canceled out by
subtracting the measurement of the 3-unit core from the measurement of the 5-unit
core.

that is not exposed to the TD flux since only a unidirectional flux is
involved in this region. The value of Pineff can be obtained from the
ac RD flux measurement.

The transverse flux distribution is less homogeneous at the ends
of the frame volume (measurement volume) covered by the NRC as
some of the TD flux passes outside the measurement volume (and
thereby lower the flux inside the measurement volume); see Fig. 4.
To counteract the effect of the flux inhomogeneity, we have assem-
bled two NRCs with different dimensions, one NRC comprising
three units of the rings and the other five units. The loss contributed
by the inhomogeneity is, then, minimized by subtracting the mea-
surement using the 3-unit NRC from the measurement using the
5-unit NRC. The difference between the two measurements is, then,
the contribution from the TD flux area of two units in the mid-
dle where the flux is practically homogeneous (effective volume).
Therefore, the measurement quantities Pa

m (W) and P̃m (W) in (6)
are replaced with

⎧⎪⎪⎪⎨⎪⎪⎪⎩

Pa
m = Pa

m5 − Pa
m3,

P̃m = P̃m5 − P̃m3,
P̃a
m = P̃a

m5 − P̃a
m3 ,

(8)

where subscripts 3 and 5 indicate the measurement with the 3-unit
core and 5-unit core, respectively.

C. Loss due to RD flux with dc-bias
The schematic diagram of the loss measurement system under

the dc-bias is given in Fig. 5. Two methods of introducing dc-bias
in the flux can be implemented. In the first method, we add the

FIG. 3. Schematic diagram of the loss
measurement system with the RD flux
superimposed with the TD flux. The gray
part is identical with Fig. 2. The ac power
supply 2 connects to the primary winding
wrapping around the NRC and supplies
the TD flux. The NRC is clamped on one
branch of the lamination such that the
transverse flux crosses the lamination
plane (red area).
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FIG. 5. Schematic diagram of the loss measurement system under the dc-bias. (a)
The excitation voltage applied on the primary coil has a small dc-bias. (b) The dc-
bias is introduced by a separate coil (on the right) connected to a dc power supply
and an inductor for current smoothing.

voltage offset directly from the power supply [Fig. 5(a)]. In a mea-
surement, the ac voltage source is tuned until the induced secondary
voltage of the lamination frame reaches the value calculated from the
designated flux density, and the dc voltage offset is tuned until the
dc component of the primary current reaches the designated value.
Then, the power losses from the power analyzer are recorded. The
advantages of this approach are its simplicity and that it is similar
to the real GIC scenario. The disadvantage is the need for delicate
tuning of the dc voltage offset (dc-bias is an order of magnitude
smaller than the ac signal due to the low resistance and the high
number of turns of the primary winding). In the second method, we
introduce a dc flux using a separate excitation coil [Fig. 5(b)], which
enables an easy tuning since the dc flux is excited separately. The
ac voltage source is tuned in the same way as in method 1, whereas

the dc current [corresponding to dc magnetomotive force (mmf)] is
directly tuned to the designated value. However, a large inductance
is required to smooth the current induced by the coupling system.
In both the methods, the loss measurement is straightforward, and
Eq. (5) is used to calculate the specific power loss.

D. Replica of actual leakage flux configuration
As described in Sec. I, we categorize the leakage flux into two

typical configurations in actual situations. That is, depending on the
position exposed, the leakage flux can either be normal or transverse
to the core lamination. In the either case, inside the lamination, the
penetrated flux turns to be parallel to the RD and returns to the leak-
age channel on the same side of the lamination plane. Therefore,
the power loss is practically determined by the incident leakage flux
(either TD or ND) combined with the penetrated flux parallel to RD.
To reflect these actual flux configurations, a C-shaped core (CSC)
is utilized to produce an “artificial leakage flux.” Instead of enforc-
ing the flux crossing the lamination plane as in Sec. III B, the CSC
imposes and absorbs the flux on the same side of the lamination.
We mount the CSC in two positions so that the incident flux can
enter either transverse (TD) or normal (ND) to the lamination plane,
whereas the penetrated flux along the edge or surface is parallel to the
RD.

Schematic diagrams for measurements representing actual
leakage flux configurations are given in Fig. 6. As for the NRC, the
CSC has primary and secondary windings. The primary windings
of the CSC and the main frame are excited by independent voltage
supplies such that their phase angle can be adjusted flexibly, whereas
the secondary winding of the CSC is used as a voltage pickup coil. In
configuration Fig. 6(a), the CSC is mounted on the side of the lami-
nation where the incident flux is in the TD, whereas in configuration
Fig. 6(b), the CSC is mounted on top of the lamination where the
incident flux is in the ND. In a measurement, two power supplies
are tuned until the induced secondary voltages of the lamination
frame and the CSC reach the values calculated from the designated
flux densities. Then, the power losses from the power analyzer are
recorded.

FIG. 6. Schematic diagram of the
loss measurement system representing
the actual leakage flux configurations.
The AC power supply 1 connects to
the primary windings wrapping around
the square frame and supplies the main
flux. The AC power supply 2 connects to
the winding wrapping around the CSC.
In the configuration (a), the CSC is
mounted on the side of the lamination
and supplies the TD flux to the lami-
nation. In the configuration (b), the C-
shaped core is mounted on the surface
of the lamination and supplies the ND
flux to the lamination.
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To investigate the variation in loss due to an added flux,
the concept of incremental loss, Pincr (W), is introduced, which is
the difference between Pnet (under the superimposed flux) and the
arithmetic sum of the loss measured with the individual excitation
systems alone (under the unidirectional flux),

Pincr = Pnet − (N1
N2
Pm + Na

1
Na

2
Pa
m − Ppow)

= N1
N2
(P̃m − Pm) + Na

1
Na

2
(P̃a

m − Pa
m),

(9)

where Pm (W) and Pa
m (W) are the losses of the main excitation sys-

tem and the auxiliary excitation system measured individually. Note
that P̃m is different from Pm since it changes with the applied flux.

Note that the replica of the leakage flux configuration only
yields qualitative results and cannot directly be used for material
characterization since the loss depend on the geometry chosen (e.g.,
size of the lamination frame and the cross section of CSC).

IV. LOSS MEASUREMENT SYSTEM
A. Lamination sample frame

The strips to be tested (cold rolled grain-oriented electric steel,
Grade 30P120, Standard33 JIS 2553, Japan) were cut along the rolling
direction (with an angle tolerance of 1○), where the edge of the
sheet defined the reference direction, and were, then, assembled into
a frame. The frame was similar to an Epstein frame, with some
important distinctions:

● The strips were assembled in a square with mitered joints
(see Fig. 7), instead of double-lapped joints used in the
Epstein frame. The angle of overlap was 45○. The mitered
joints were preferred for two reasons: (1) the loss in the cor-
ner joints was minimized since the flux in the joint became
parallel to that of grain orientation;29 (2) the filling factor
became close to that of a real transformer.

● The lamination frame consisted of two coil groups posi-
tioned on the opposite sides of the frame (see Fig. 7). Each
coil group had two concentric windings: an outermost pri-
mary winding (magnetizing winding) and an innermost
secondary winding (voltage pickup winding). The number
of turns was selected to adapt to the power source, the
measuring equipment, and the frequency.

● The overall thickness of the lamination stack was 30 mm
(larger than the Epstein frame sample) to match the thick-
ness of the powder core in the auxiliary excitation system.

TABLE I. Parameters of the lamination sample frame and the coils.

Parameters Value Unit

Total number of sheets 4 × 103 . . .
Total number of coils 2 or 3a . . .
Sheet width 30 mm
Sheet thickness 0.30 ± 0.03 mm
Frame outer length 280 ± 0.5 mm
Frame inner length 220 ± 0.5 mm
Frame cross-sectional area 900b mm2

Effective frame cross-sectional area 871 mm2

Length of individual coils 190 mm
Number of turns, primary coil 2 × 100 . . .
Number of turns, secondary coil 2 × 100 . . .
Primary coil wire diameter 2 mm
Secondary coil wire diameter 1 mm

a3 is the number of coils used for the dc-bias test with separate excitation.
b900 mm2 is the geometric cross-sectional area.

Additionally, the chosen volume secured that the imposed
flux channel was not limited by the thickness of the sheets.

The detailed design parameters are listed in Table I.
The laminated frame works as a no-load transformer, on

which the maximum flux density applied is below the saturation
point. Therefore, the power loss due to the leakage flux from
the frame is insignificant. In addition, metallic loops are avoided
around the branch of the frame as it would lead to extra loss,
which would influence the measurement results. The coils were
fixed to insulating supports (inner width 31 mm) and an aluminum
baseplate.

The complete frame had several mechanical clamps to avoid
displacement of the laminations due to strong vibration caused by
magnetostriction. Equation (4) implies that a proper definition of
the cross-sectional area is crucial to obtain the actual flux density.
Considering a large deviation of the individual sheet thickness from
the nominal value, the statistically reliable effective cross-sectional
area,18 A, was used,

A = m
4lρ

, (10)

where m (kg) is the total mass of the test specimen, l (m) is the length
of a test specimen strip, and ρ is the mass density (7.65 kg/dm3 for
30P12033). The calculated filling factor was 0.968.

FIG. 7. The frame of the lamination sam-
ple with coils. (a) The lamination frame
and the coils formed the magnetic circuit.
The frame comprised a sheet lamination
with 103 layers, 30 mm in height. The
individual primary and secondary wind-
ings of the two coils were connected in
series. [(b) and (c)] The mitered joints
have a 5 mm offset, and the angle of
overlap was 45○.
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FIG. 8. NRCs and the excitation sys-
tems. (a) Notched ring cores (NRCs) are
made of three units and five units of
25.4 mm wide powder rings with 30 mm
slots. NRCs of five units (b) and three
units (c) are mounted on the middle of
the lamination branch.

B. NRCs and their excitation systems
The NRCs and the excitation coil systems are shown in Fig. 8.

High flux (Magnetics©) powder cores, offering much higher sat-
uration flux density (1.5 T) than ferrites and lower loss than pow-
der iron cores, were used as the starting material. For experiments
where low flux densities (<0.5 T) are of interest, a ferrite core
can be an alternative to reduce core loss. The 30 mm opening
(the notch) for the frame was machined from each 25.4 mm wide
ring core. The two NRCs used were assembled using three and
five units of powder rings, yielding total widths of 76.2 mm and
127 mm, respectively. The excitation and voltage pickup coils were
wound around the NRCs. The detailed design parameters are listed
in Table II. The attainable flux densities (peak values), the corre-
sponding applied voltages, and the excitation currents are listed in

TABLE II. Parameters of the NRCs and the excitation systems.

Parameters Value Unit

Relative permeability of the ring 125 . . .
Outer diameter of ring 132.6 mm
Inner diameter of ring 78.6 mm
Height of ring 25.4 mm
Cross-sectional area of ring 678 mm2

Total cross-sectional area, 3-unit NRC 3 × 678 mm2

Total cross-sectional area, 5-unit NRC 5 × 678 mm2

Number of turns, primary coil, 3-unit NRC 200 . . .
Number of turns, primary coil, 5-unit NRC 350 . . .
Number of turns, secondary coil, 3-unit NRC 100 . . .
Number of turns, secondary coil, 5-unit NRC 100 . . .
Primary coil diameter 1.95 mm
Secondary coil diameter 0.8 mm

TABLE III. Flux density, voltage, and excitation current ranges on the main and the
NRC excitation systems at 50 Hz.

Excitation Flux RMS voltage Excitation
coil density (T) range (V) current (A)

Lamination frame 0–1.6 0–62 0–0.72
NRC (3 unit) 0–0.8 0–72 0–5.5
NRC (5 unit) 0–0.8 0–211 0–3.2

Table III. The loss in the lamination frame and the NRCs must be
pre-measured individually over the span of flux densities used in the
experiments.

C. CSC and its excitation system
Figure 9 shows the CSC with excitation and voltage pickup

coils. Since the permeability of the powder core is much lower than
that of GO steel, the impact of the main flux on the powder core
is negligible when the GO steel works in its linear region. In the
measurement where the flux superimposition takes place, the per-
meability of the GO steel reduces considerably. Consequently, the
stray flux from the frame can enter the auxiliary core and influence
measured power loss. To avoid the measurement inaccuracy intro-
duced by the flux interaction, 1 mm thick plastic spacers were used
to magnetically insulate the main frame flux from the saturated GO
steels. The ring unit used in CSC was identical with the one in the
NRC (see Table III). The coil parameters are listed in Table IV.

The CSC was placed in the middle of one branch of the frame
using mechanical clamps. There are two possible positions for the
CSCs, as described in Fig. 6. To obtain the incident flux in the normal

FIG. 9. CSC and the excitation system. (a) The C-shaped core (CSC) was made
by a half ring unit. (b) The excitation and voltage pickup coils were wound around
the CSC. Plastic spacers were used to create air gaps.

TABLE IV. Parameters of the CSCs and the auxiliary excitation systems.

Parameters Value Unit

Number of turns, primary coil 200 . . .
Number of turns, secondary coil 100 . . .
Primary coil diameter 1.95 mm
Secondary coil diameter 0.8 mm

Rev. Sci. Instrum. 91, 084705 (2020); doi: 10.1063/5.0011076 91, 084705-7

Published under license by AIP Publishing

https://scitation.org/journal/rsi


Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

FIG. 10. The CSC was mounted on one branch of the lamination frame. (a) The
CSC mounted on the plane of the lamination, yielding the incident flux in the normal
direction. (b) The CSC mounted on the side of the lamination, yielding the incident
flux in the transverse direction.

TABLE V. Flux density, voltage, and excitation current ranges on the main and the
CSC excitation systems at 50 Hz.

Excitation Flux RMS voltage Excitation
coil density (T) range (V) current (A)

Lamination frame 0–1.6 0–62 0–0.72
CSC 0–0.8a 0–24 0–6.1

a0.8 T is the maximum flux density applied on the CSC, which is well below the satura-
tion flux density of the powder core (High Flux Magnetics). The tests were performed
with flux densities where the distortion of the induced voltage waveform was low (THD
< 5%).

direction, the CSC was placed on the plane of the lamination; see
Fig. 10(a). With the CSC mounted on one side of the lamination, the
incident flux entered the laminations in the transverse direction; see
Fig. 10(b). The desired flux densities and the corresponding applied
voltages and excitation currents are listed in Table V. The losses in
the auxiliary excitation system were pre-measured under the same
given flux.

D. Measurement instruments
The main measurement instruments were a power supply and

a high precision power analyzer; see Fig. 11. The lamination frame
was connected to the instruments according to the circuit diagrams

FIG. 11. Measurement instruments. The setup consisted of the lamination test
sample (1), the power analyzer, YOKOGAWA WT3000 power analyzer (2), and
the power supply, ITECH IT7627 high power programmable AC power supply (3).

FIG. 12. Experimental setup for loss measurements under the dc-bias. In method
2, a dc-bias was introduced by a separate coil excited by a dc power source. (a)
The coil for dc excitation was added as a third winding on the upper branch. (b)
The dc excitation coil was controlled using a separate dc power source.

described in Sec. III. The power supply used could provide inde-
pendent voltage sources where the phase difference, frequency, and
magnitude between them were fully controllable. The current and
voltage measurements were made with the power analyzer, where
the power loss was obtained. Oscilloscope functions were embedded
in both the power supply and the power analyzer such that the volt-
age, current waveforms, and the phase difference could be verified
and recorded online.

Two distinct methods of introducing dc-bias were imple-
mented according to Sec. III C. In the first method [Fig. 5 (a)], the
resultant steady state dc current was determined by the dc voltage
offset Vdc (V) and dc resistance Rdc (Ω) of the circuit. The definition
is in line with the GIC definition,34

Idc = Vdc

Rdc
. (11)

The reading of the power loss P, peak value Ipeak, and dc compo-
nent Idc (A) of the (magnetization) current were recorded from the
power analyzer. The waveforms of the voltages and currents were
saved to construct the magnetization curve.

In the second method, a separate excitation coil (Fig. 12) was
used to introduce the dc flux. The turn number of the dc excitation
coil (40 turns) was chosen based on the capacity of the measure-
ment system and the power supply. With a high number of turns, the
induced voltage on the dc excitation circuit becomes high, requiring
a large inductance to smooth the current ripple. A lower number of
turns demands a high dc current, which should be supplied by the
dc power source and handled by the measurement instruments. A
large inductance (600 mH was used in our test, giving ∼3% current

TABLE VI. Voltage and current applied for loss measurement under the dc-bias.

Parameter Range Unit

Flux density 0–1.6 T
AC rms voltage applied 0–62 V
DC voltage range, method 1 0–0.5 V
DC current range, method 2 0–20 A
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ripple) was used to smooth the induced current. The attainable ac
flux densities (peak values), the corresponding voltages, and the dc
voltages and currents are listed in Table VI.

V. MEASUREMENT EXAMPLES
A. Loss measurement with RD flux superimposed
with TD flux

Loss measurement results for the sample exposed to RD super-
imposed with the TD flux of varying magnitudes are given in Fig. 13.
For the entire TD flux density span, the difference in power loss
between BRD = 1 T and BRD = 1.6 T is almost constant. Compared
to the RD flux density, the TD flux has a major impact on the power
loss, particularly when the TD flux density is high (≥0.4 T), whereas
the phase angle has a lower impact on the power loss. Homogenous
TD flux induces significantly higher per unit loss than the RD flux.
However, the actual TD flux in the core is far from homogeneous
and confined within a small region; thus, the loss contribution is
insignificant.

B. DC-bias measurements
An example of the measurement of the B–H characteristics

of the sample under different dc-bias levels is demonstrated in
Fig. 14(a), using method 1. The comparison of the magnetization
currents obtained from two methods is described in Fig. 14(b), and
the corresponding frequency spectra are shown in Fig. 14(c). It is
seen that the dc flux adds to the amplitude of the ac flux in one
half-cycle and subtracts in the other half-cycle, resulting in half-cycle
saturation.

The offset of the dc flux density depends on the magnitude of
the dc current, the number of turns, and the reluctance of the flux
path. The dc flux density cannot be measured by an inductive mea-
surement method; therefore, a direct method, using a Hall effect
sensor, is demanding due to the difficulty in placing the sensor in the
lamination. To overcome the problem, we adopted a comparative
method to derive the flux offset indirectly. In this approach, we used
the ac over-excitation test result as a reference, i.e., a B–Ipeak charac-
teristic curve. Ipeak obtained from the dc-bias test was compared to
the preserved B–Ipeak curve, where the maximum flux density Bmax

FIG. 13. Measured specific power loss vs phase angle in the region having the RD
flux superimposed with the TD flux. RD flux densities were 1 T (dashed line) and
1.6 T (solid line). TD flux density varies from 0.2 T to 0.8 T.

was identified. Since the peak-to-peak flux density was obtained by
the ac voltage source, the dc-bias was, then, calculated by

ΔB = Bmax − Bac, (12)

where Bac corresponds to the applied ac voltage. The calculated off-
set flux densities corresponding to Fig. 14(a) were 0.236 T, 0.311 T,
0.349 T, and 0.371 T, respectively.

The comparison of magnetization currents [Fig. 14(b)] shows
the similarity in the magnetization current waveforms. The differ-
ence is, in method 2, that the average of the current I(t) over a period
T should be zero, which gives the constraint,

∫
T

0
I(t)dt = 0. (13)

Despite the difference in spectra, the loss measured using the
two methods is very similar; see Fig. 15. The small difference can be
attributed to the ripple in the dc current using method 2. Another

FIG. 14. Examples of loss measurements under the dc-bias. (a) Magnetization characteristic (B–H curve) under four different dc-bias levels using method 1. (b) Comparison
of magnetization currents at NI = 355 A (the number of turns is implicitly accounted) using the two methods. (c) Comparison of the spectra of magnetization currents using
the two methods.
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FIG. 15. Measured specific power loss vs dc magnetomotive force (dc-bias level)
with the low ac flux density (1 T) and the nominal flux density (1.6 T). The dc
magnetomotive force (mmf) is varied from 0 A to 450 A (the number of turns is
implicitly accounted).

important observation is that the saturation effect of the power loss
occurs as the dc magnetomotive force (mmf) increases. The mod-
erate change in the hysteresis loss can be explained by the vari-
ation of the hysteresis loop in Fig. 14(a). Due to the dc offset of
the flux, the area of the hysteresis loop increases in one half-cycle
and reduces in the other half-cycle. As dc mmf further increases,
the peak flux exceeds the saturation point in one half-cycle. Con-
sequently, the increase rate of the hysteresis loop area starts to slow
down in one half-cycle, while the decrease rate of the area is main-
tained in the other half-cycle. In combination, the total hysteresis
loss asymptotically approaches a maximum value with increasing dc
mmf.

Due to larger values of the magnetization current in method
1, the winding losses and stray losses (associated with the magnetic
current) become higher when using method 1 than using method
2. Therefore, to be conservative, method 1 is recommended for
transformer dc-bias tests.

C. Replicas of actual leakage flux configuration
Measurement results with replica of actual leakage flux config-

urations are demonstrated in Fig. 16. In Fig. 16(a), the power loss
increases dramatically with an increase in ND flux density and fre-
quency. The incremental loss due to the RD flux superimposed with
the TD flux is demonstrated in Fig. 16(b). We can observe a signif-
icant increase in power loss with a decrease in phase angle between
the RD and TD fluxes. This increment is due to the fact that the
sum of the RD flux generated by the main field coil and the RD
flux coming from the TD flux (as it flows in the RD direction to
close the magnetic loop of the C-core) at small phase angles results
in enhanced RD flux density amplitudes and thereby increased
loss. Hence, the conventional no-load test underestimates the losses
under inductive loading (small phase angle). The small discrepancy
at 90○ phase angle implies that the conventional no-load test gives a
good estimation on overall core loss in normal operation.

As illustrated in Secs. I and III D, the leakage flux enters the
core normal or transverse to the lamination plane. Initially, the flux
is constrained within a small depth where it maintains its orienta-
tion inside the core; we call it the local zone. Inside the local zone,
the induced loss due to the ND flux is dominated by the eddy cur-
rent loss, whereas the loss due to the TD flux is dominated by the
rotational power loss (when the TD flux and the RD flux are not in
phase). Outside the local zone, the penetrated flux changes direction,
turns to be parallel to the RD, and eventually returns to the leak-
age channel on the same side of the lamination plane. Here, the flux
follows the edge of the core window and has a significantly larger
influence area, which forms the global zone.

As the power losses measured under actual leakage flux config-
urations are combinations of the RD flux and ND (or TD) flux, it
consists of loss contributed from both the local zone and the global
zone. Flux superimposition not only increases the resultant magni-
tude of the flux density but also extends the influence region due
to flux saturation. Figure 16(b) reveals that both the magnitudes of
the RD flux and ND (or TD) flux and the phase angle between them
play a crucial role in power loss enhancement, and the incremen-
tal loss predominantly takes place in the global zone. A small phase
difference results in a larger increase in the resultant flux density
and thereby a lager incremental loss, whereas the resultant flux den-
sity due to a 90-degree phase difference has a negligible increase in
magnitude.

FIG. 16. Examples of loss measure-
ments with the replicas of actual leakage
flux configurations. (a) Net power loss in
the lamination vs flux density in the nor-
mal direction (without RD flux) at 25 Hz
and 50 Hz. (b) Incremental power loss vs
phase angle in the transverse direction
at 50 Hz. The RD flux densities are 1.6 T
and 1.8 T, and the TD flux density varies
from 0.2 T to 0.6 T.
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VI. SUMMARY AND CONCLUSIONS
In this paper, the detailed design of an apparatus for the mea-

surement of losses in electrical steel laminations under the mul-
tidirectional and dc-bias flux has been presented. Experimental
measurements demonstrate the apparatus’ ability to provide loss
measurements in a large range of flux densities and orientations
important for studying iron core losses in, e.g., transformers under
saturation.

The loss measurement system and measurement method could
complement the existing standardized tests (Epstein testing and
SST) in characterizing the losses influenced by the leakage flux and
flux offset under various operation conditions and serve as a guide to
design engineers regarding the loss distribution and potential local
(or global) heat enhancement generated by the leakage flux and flux
offset.
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Abstract—In a power transformer, the leakage flux enters the 
laminations of the iron core in different directions. Depending 
on the orientation of the leakage flux, it can add eddy current 
and hysteresis losses to the well-documented losses caused by the 
main flux. To study the principles of the influence of the leakage 
flux on the losses in transformer cores, the problem was isolated 
to an experiment on a stack of laminations in an Epstein-like 
frame. The frame carried the main flux, while artificial leakage 
flux is created and forced to enter the laminations in the two 
directions perpendicular to the main flux. Additionally, the 
system was modelled using finite elements to interpret the 
physical phenomena. The results revealed that the loading 
conditions have a significant impact on the local eddy current 
loss and on the overall power loss. The identified additional 
magnetic losses show that under inductive loading, conventional 
no-load tests can underestimate the core losses considerably.  

Index Terms—Eddy current; Lamination; Magnetic 
anisotropy; Magnetic flux leakage; Magnetic losses; Power 
transformer. 

I.  INTRODUCTION 

ENEWABLE energy and heavy industries introduce more 
variable load patterns for power apparatuses such as 

power transformers than what they originally have been 
designed for. The understanding of the magnetic losses under 
such load patterns, can allow for a controlled upgrading, 
including acceptance of short time overloads of existing 
transformers. Such operation outside the transformers' design 
specifications can greatly reduce the need for costly 
reinvestments in the power grid. On the other hand, higher 
loads lead inevitably to higher leakage flux, which can stress 
the transformers. 

Laminated iron cores close to the windings are exposed to 
this leakage flux. Depending on the location, the leakage flux 
enters the core from different directions, going from being 
parallel to perpendicular to the lamination plane when going 
from inside the yoke window to outside the yoke. The leakage 
flux generates additional power losses [1], which can both 
influence the overall power loss level in the core and the local 
power loss, the latter with the risk of generating excessive heat 
close to the core surface, which can result in deterioration of 
the core insulation and degradation of the insulating oil. With 
the variable load situations arising, knowledge of the 
additional magnetic losses appearing due to stray flux 
becomes increasingly important.  

The influence of the leakage flux on stray losses in the 
structural parts of transformers have been extensively studied 
[2]-[3]. For the magnetic core, the magnetic properties are 
measured in the rolling direction (RD) in the standardized 
specification [4]-[5]. While not yet standardized, 2-
dimensional single sheet testing (SST) with various yoke 

configurations have been proposed [6]-[9]. Due to the limited 
area of uniform magnetization, the measurement does not 
allow for averaging of the properties over a large volume [6]. 
In addition to the investigation on the plane of a single sheet, 
loss measurements have been performed in lamination due to 
flux in the normal direction (ND) [10]-[12]. However, 
dedicated studies on the impact of the leakage flux on the core 
losses largely lack. As the leakage flux imposes onto 
lamination core in different channels [13] and with various 
phase [14], such studies should account both for the spatial 
loss distribution and different phase angles (i.e. resistive or 
inductive load conditions). In both standardized methods [4]-
[5], the power loss is determined for flux densities with a 
single sinusoidal and unidirectional excitation. To study the 
magnetic loss in electrical sheets with the combined action of 
multi-directional flux, a measurement system based on the 
wattmeter method and the basic Epstein frame geometry was 
developed [15]. The system was designed to characterize the 
power loss due to ac magnetic flux densities in RD combined 
with flux densities in the transverse or normal direction. 
Additionally, the actual leakage configurations were emulated 
in the laminated core for the studies of the associated losses. 

In this paper, we investigate the loss features under leakage 
flux entering the laminations and interacting with the main 
flux. The magnetic losses are measured for different flux 
magnitudes and orientations, and at varying phase angle 
between the leakage flux and the main flux. Additionally, the 
results are physically interpreted using finite element analysis. 

II. LEAKAGE FLUX CONFIGURATIONS AND POWER LOSS 

CHARACTERISTICS  

The orientation of the leakage flux inside a single-phase 
transformer is schematically demonstrated in Fig. 1. The 
directions where the leakage flux enters the laminated core 
lead to the following definitions: 
 

 
Fig. 1.  Schematic drawing of the leakage flux at the top of the winding of a 
single-phase transformer. Left: TD; Right: ND. 

 
1. Transverse direction (TD): Below the yoke, the 

flux enters the core in parallel with the plane of the 
lamination and perpendicular to the rolling direction. 

R



 

 

2. Normal direction (ND): Ninety degrees outside the 
yoke, the flux enters the core perpendicular to both 
the plane of the lamination and the rolling direction. 

 
The definition of the flux direction relative to a grain-

oriented (GO) lamination block is illustrated in Fig. 2.  
 

 
Fig. 2. Flux orientations in the grain-oriented steel laminations. RD: rolling 
direction; ND: normal direction; TD: transverse direction.  
 

An example of leakage flux configuration is demonstrated 
in the simulation of a single-phase transformer (Fig. 3). The 
model is linear and no magnetic saturation is considered in the 
simulation. The high voltage (outer) winding sets up the main 
flux which circulates around the core window; the low voltage 
(inner) winding is connected to a load and the current in it sets 
up a balanced MMF. The leakage flux channel mainly locates 
between the two windings. Outside of the winding channel, 
the leakage flux entering the core (in either TD or ND) at the 
top of the transformer eventually turns and becomes parallel 
to the rolling direction before it again leaves the core at the 
bottom of the transformer. This flux path inside the core 
suggests two zones with different loss characteristics: 

1. Local zone: Where the flux enters the core in either 
ND or TD, the flux orientation is maintained within a 
small depth in the core. The induced loss is associated 
with either eddy current loss (due to ND flux) [10]-[12] 
or rotational power loss (at TD flux) [6]. 

2. Global zone: As the entering flux changes direction 
and becomes parallel to the main flux (in RD), it 
follows the edge of the core window.  

 

 
Fig. 3.  Illustration of the local zone (left) and the global zone (right) of the 
leakage flux distribution in the core of a single-phase power transformer. 
Left: Leakage flux density component in x-axis (perpendicular to the limb). 
Right: Penetrated flux concentrated along the edge of the core window.  
 

A transformer is operated under various loaded conditions. 
The magnitude of the secondary current I2 depends on the 
secondary terminal voltage V2 and the load impedance. The 
phase angle between I2 and V2 depends on the nature of the 
load. The load can be resistive, inductive or capacitive. The 
well-known schematic diagram of a loaded transformer at 

load condition is shown in Fig. 4.  
 

 
Fig. 4.  Schematic diagram of a loaded transformer. 

 
The primary no-load current I0 induces the magnetomotive 

force (MMF) N0I0, which set up the flux Φm in the transformer 
core. Likewise, the secondary current I2 induces the 
demagnetizing MMF N2I2 on the secondary winding of the 
transformer, setting up the counteracting flux Φ2. N1 and N2 
are the number of turns in the primary and secondary 
windings, respectively. An equilibrium is established when 
the primary current creates ampere-turns balance with the 
current of the secondary winding. The phasor diagrams of the 
actual transformer under resistive loading and inductive 
loading conditions are shown in Fig. 5. 

 

 
Fig. 5.  The example of phasor diagram representing a loaded single-phase 
transformer. Left: resistive loading; Right: inductive loading. 

 
The part of the flux produced by the primary winding, 

which does not link with the secondary winding, forms the 
leakage flux. The phase of the leakage flux Φl is in phase 
opposition with the load current. As shown, under resistive 
loading, the phase difference, α, between the core flux and the 
leakage flux is 90°, whereas under inductive load, α can 
decrease significantly depending on the phase of the load 
current. The phasor diagrams in Fig. 5 has demonstrated how 
load characteristic changes the phase difference between the 
main flux and the leakage flux. Therefore, the 
superimposition of the leakage flux and the main flux inside 
the transformer core is complicated not only by the directions, 
but also by the phase difference. 



 

 

III. EXPERIMENT 

As described in section II, the core losses not only depends 
on the main flux flowing in the rolling direction, but also 
influenced by the imposed multidirectional leakage flux. 
However, the standardized measurement methods [4]-[5] are 
insufficient to determine how different factors affect the 
power loss. To study the loss behavior with the combined 
action of main flux and leakage flux, a set of experiments were 
carried out. The experiments were organized in two parts: the 
reference measurement (III. B) was performed by using 
standardized measurement method (SST) for material 
characterization. The measurement results (magnetization 
curve and specific loss) provided the input for the later finite 
element analysis. The specific measurements for 
multidirectional flux (III. D and E) were performed based on 
the measurement system [15], which was designed to 
characterize the power loss due to ac magnetic flux densities 
in RD combined with flux densities in the transverse or 
normal direction.  

A. Test samples 

The strips to be tested (cold rolled grain oriented electric 
steel, Grade 30P120, JIS 2553 [16], Japan) were cut along the 
rolling direction (with angle tolerance of 1°), where the edge 
of the sheet defined the reference direction. The burr shall be 
<0.02 mm in specimen cutting. For unidirectional reference 
measurements, single strips (50 mm×150 mm) were used for 
single sheet tests (SSTs). For measurements in multi-
directional flux, the sheets were cut into 30 mm×280 mm 
strips with 45° angle corner at both ends, and then assembled 
to form a frame [15] (see Fig. 8), similar to an Epstein frame, 
with mitered joints with the angle of overlap being 45°. The 
overall thickness of the lamination stack was 30 mm.  

B. Reference measurements 

To be used as a reference in the loss evaluation, the specific 
loss of the GO electrical steel was measured at 50 Hz as 
function of flux density according to the standard [5]. The 
losses were measured in the rolling direction (RD) and the 
transverse direction (TD) by means of single sheet tests 
(SSTs), see Fig. 6. 

 

 
Fig. 6.  The measured power losses in the GO electrical steel versus flux 
density. The measurement was performed in the rolling direction (RD) and 
the transverse direction (TD). 

For the material definition to be used in the finite element 
analysis in Section IV, the magnetic permeabilities in two 
orthogonal directions up to the saturation level are obtained to 
account for the material anisotropy and the nonlinear effect 
[12]. The corresponding measurements were performed on 
the GO steel in RD and TD by SSTs.  Two µ-B curves (µ x-Bx 
curve for By=0 and µ y-By curve for Bx=0) are shown in Fig. 7.  
 

 
Fig. 7.  The components of the permeability tensor versus flux density 
measured using the single sheet tester (SST). (µx: rolling direction, RD; µy: 
transverse direction, TD). 

 

C. Loss measurement instrument for multidirectional flux 

The measurement system developed for measurements of 
the losses under the combined action of RD and either TD or 
ND flux is described in detail in [15]. An overview of the 
system is given.  

The main flux is generated in an Epstein-like frame with 
excitation coils and voltage pick-up coils, see Fig. 8. Each coil 
group had two concentric windings: an outermost primary 
winding (magnetizing winding), and an innermost secondary 
winding (voltage pick-up winding). A C-shaped powder core 
is used to produce an ‘artificial leakage flux’ (Fig. 9). The C-
shaped core can be positioned such that it imposes the flux 
either in TD or ND. 
 

 
Fig. 8.  The frame of the lamination sample with coils. The lamination frame 
and the coils formed the magnetic circuit. The frame comprised a sheet 
lamination with 103 layers, 30 mm in height. The individual primary and 
secondary windings of the two coils were connected in series. The mitered 
joints have a 5 mm offset and the angle of overlap was 45°. 

 
The test object (Fig. 8) has two major differences 

comparing to a single-phase transformer (Fig. 1). First, the 
main flux circulates in the square frame instead of a core 
window. From flux distribution perspective, the Epstein-like 
frame is equivalent to a ‘half’ single-phase transformer. 
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However, the shape of steel strips used to build the frame is 
uniform and the complexity of assembly work is reduced. 
Moreover, for the material preparation and characterization, 
the standardized procedure [4] is available to follow.  

Secondly, a C-shaped core is used to emulate leakage flux 
generated by the windings. Compared to the winding leakage 
flux, the artificial leakage flux has well defined incident areas, 
positions and directions, fully controllable magnitudes and 
phases of the flux densities. More importantly, by using 
specified leakage flux produced by the C-shaped core, the 
abovementioned factors can be studied independently. The 
detailed design parameters are listed in Table I. 

 

 

  
 

Fig. 9.  The loss measurement system with artificial leakage flux 
superimposed with the main flux. The AC power supply 1 is connected to 
two coils wound around the square frame and the coil current generates the 
main flux in the frame. The AC power supply 2 is connected to a coil wound 
around the C-shaped core and the coil current generates the leakage flux to 
the lamination. The C-shaped core is mounted either on the side of the 
lamination (a) for TD flux or on the top of the lamination (b) for ND flux. 

 
The measurement principle is based on the wattmeter 

method, where the primary current and secondary (induced) 
voltage are used to obtain the power loss. The secondary 
voltage V2,rms is calculated from the desired value of magnetic 
flux density Bpeak by 

��,��� = √2����������                         (1) 

where N2 is the total number of turns of the secondary winding 
and A is the cross-sectional area of the corresponding core. 
Since the secondary voltage contents only inductive voltage, 
the winding (resistive) loss is not involved in the measurement 
and thereby not sensitive to the temperature variation.  

The net loss Pnet (the total power loss subtracted by the loss 
in the powder core) of the test specimen and the incremental 
loss Pincr (the difference between the net loss Pnet under 
superimposed flux and the arithmetic sum of the loss 
measured with individual excitation systems alone under 
unidirectional flux) due to flux superimposition are obtained.  
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where P͂m and P͂a
m are the losses obtained from the wattmeter 

of the main excitation system (supplies the RD flux) and the 
auxiliary excitation system (i.e. the C-shaped core supplies 
the TD/ND flux) respectively [15]. The measurement is 
performed when both the lamination frame and the C-shaped 
core are excited simultaneously. In contrast, Pm and Pa

m are the 
losses of the main excitation system and the auxiliary 
excitation system measured individually. Ppow is the power 
loss of the C-shaped core, which needs to be measured 
according to [17] under specified flux densities and frequency 
prior to fabrication. 

The phase difference between the artificial leakage flux and 
the main flux can be varied from 0° to 90°, which corresponds 
to from inductive to resistive loading of transformers.  
 

TABLE I 
PARAMETERS OF THE LAMINATION SAMPLE FRAME AND COILS 

Parameters Value Unit 

Total number of sheets 4×103 / 

Total number of coils 2 / 

Sheet width 30  mm 

Sheet thickness 0.30±0.03 mm 

Frame outer length 280±0.5 mm 

Frame inner length 220±0.5 mm 

Frame cross-section area 900  mm2 

Effective frame cross-section area 871 mm2 

Length of individual coils 190 mm 

Number of turns, primary coil 2×100 / 

Number of turns, secondary coil 2×100 / 

Primary coil wire diameter 2 mm 

Secondary coil wire diameter 1 mm 

900 mm2 is the geometric cross-sectional area. 

D. Losses due to combined RD and TD magnetic flux 

Loss measurements of the electrical steel were performed 
under the combined action of RD main flux and TD leakage 
flux at power frequency (50 Hz). The RD flux density (peak 
value) was set to 1.6 and 1.8 T. The TD flux was varied up to 
0.6 T and was applied at different phase angles relative the 
RD flux.  

The incremental loss (the total loss subtracted by the RD 
and TD loss measured individually) is given as function of 
phase angle in Fig. 10. The incremental loss increases with the 
magnitudes of the TD flux density as well as the RD flux 
density. The highest incremental loss occurs when the two 
fluxes are in phase, whereas the field components act 
practically independent of each other when the RD and TD 
fluxes are 90 degrees out of phase. This increment is 
predominated by the effect of the flux superimposition. As 
described in Section II, the flux inside the lamination is 
largely constituted by the one parallel to the RD. Therefore, a 
smaller phase difference results in a higher flux density and 
thereby higher power loss.  



 

 

 
Fig. 10.  Incremental power loss versus phase angle with the main flux 
superimposed with the transverse flux. The main flux densities are 1.6 T and 
1.8 T; the transverse flux density varies from 0.2 T to 0.6 T. 

E. Losses due to combined RD and ND magnetic flux 

The power loss due to ND flux was measured at 50 Hz and 
25 Hz and the flux density was varied from 0.2 T to 0.8 T, see 
Fig. 11. The power loss increases rapidly with the ND flux 
density and with frequency. This is due to the combined effect 
of the nonlinearity and anisotropy of the steel lamination, 
where the flux saturation extends the eddy current region and 
further increases the eddy current loss [12].  

 

 
Fig. 11.  Net power loss in the lamination versus flux density in the normal 
direction (without RD flux) at 25 and 50 Hz. 
 

The measurement is further performed under the combined 
action of RD main flux and ND flux of varying phase angle. 
The frequency was 50 Hz, the RD flux density (peak value) 
was set to 1.6 T and the TD flux was either 0.2 or 0.4 T. The 
results are shown in Fig. 12.  
 

 
Fig. 12.  Incremental power loss versus phase angle with the main flux 
superimposed with the normal flux. RD flux density BRD=1.6 T; ND flux 
density and TD flux density are BND= 0.2 or 0.4 T. 

 

Similar to the case of TD flux, the incremental loss induced 
by the ND flux increases as the phase difference between the 
two fluxes decreases. At the phase angle of 90 degrees, there 
is almost no difference in loss compared to the sum of the 
losses measured individually ND and TD flux.  

However, comparing to the TD flux density of the same 
level, the ND flux produces much larger incremental loss and 
this incremental loss increases disproportionately to the 
magnitude of the ND flux density. 

IV. FINITE ELEMENT ANALYSIS 

A. Finite element model 

The measured power losses consist of different types of 
losses, inseparable by the measurement results alone. To 
understand the physical phenomena of the experiment and to 
gain insight of the loss mechanisms associated with different 
flux configurations, the finite element (FE) models were 
developed. A two-dimensional (2D) FE model was developed 
to investigate the TD flux. Considering that the eddy current 
distribution is three-dimensional (3D), a 3D FE model was 
developed to investigate the ND flux. The geometry view of 
the 2D and 3D model is illustrated in Fig. 13.  
 

  
 
Fig. 13.  The geometry view of the 2D and 3D models. Left: 2D model to 
study the TD flux and its flux superimposition with RD flux. Right: 3D model 
to study ND flux and its flux superimposition with RD flux. 

 
The homogenization scheme is implemented in the material 

definition in the 3D finite element models [12] [18]. The 
equivalent relative permeability in the ND, µz is 30, 
determined by the stacking factor of the lamination and the 
equivalent conductivity in the ND, σz is 208 S/m, calculated 
based on the intrinsic conductivity of the electrical steel and 
the lamination geometry [19].  

B. Simulation of TD flux combined with RD 

Power losses measured in Section III.D consists of the loss 
contributed by the RD flux as well as the rotational field. The 
former is determined by the magnitude of the resultant RD 
flux density and the latter relies on both the RD flux and the 
TD flux. A numerical simulation was employed to calculate 
the two contributions separately. 

 Firstly, the flux density distribution in the lamination was 
examined. The simulation was made under unidirectional flux 
(without RD flux in the lamination frame) as well as under 
flux superimposition of varying phase angle. Figure 14 
demonstrates the comparison of the flux distribution in the 
lamination with and without flux superimposition.  
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 With TD flux alone, the flux turns to become parallel 
to RD along the edge. Due to material anisotropy, the 
flux concentrates in a narrow flux channel and the 
magnitude of the RD flux density (0.67 T, By defined 
at P1 in Fig. 13) is larger than the incident ND flux 
density (0.2 T, Bx defined at P2 in Fig. 13).  

 With RD flux alone, the flux distributes 
homogenously in the lamination frame with 
practically no flux flowing in the C-shaped core. 
However, when the permeability of the lamination 
steel is close to that of the C-shape core (heavy 
saturation), some flux could flow into the C-shaped 
core. To avoid this flux interaction, 1 mm plastic 
films (air gap) were positioned between the C-core 
and the main frame to isolate the flux (Fig. 13) [15]. 

 When superimposing TD flux in phase with the RD 
flux, By increases. As demonstrated in the By curve, 
the superimposition is not linear, i.e. the resultant 
flux density under flux superimposition is not the 
arithmetic sum of previous two fluxes. Instead, the 
saturation effect significantly extends the TD flux 
influence area (global zone). The combined effect of 
the increased magnitude of the RD flux density as 
well as the extended area contributes to the loss 
increment (Fig. 10). 

 

 

 
Fig. 14.  Flux distribution in the steel lamination with incident TD alone (Left: 
BTD=0.2 T; BRD=0 T), RD alone (Middle: BTD=0 T; BRD=1.6 T) and with 
incident TD flux superimposed with RD flux (Right: BTD=0.2 T; BRD=1.6 T). 
The lower curve figure give the flux density in vertical direction By along the 
line in the middle of the lamination (red line in Fig. 13) corresponding to three 
scenarios in the upper figure. 
 

Figure 15 demonstrates the flux density distribution in the 
horizontal direction. The contour of the Bx explicitly defines 
the ‘local zone’ associated with the TD flux as previously 
described in Fig. 5 (left). Apparently, the area of the local zone 
increases with a decreasing phase angle. At 90° phase angle, 

the area of the local zone is minimum. However, the area of 
the local zone is significantly smaller than the global zone, 
which indicates its relatively small loss contribution to the 
overall loss. This will be justified by the following calculation. 

 

 
Fig. 15.  Flux density in the horizontal direction Bx with incident TD flux 
superimposed with RD flux and with incident TD flux alone (lower right). 

 
The power loss involving the rotational magnetic field can 

be estimated by the sum of the losses in two orthogonal 
directions [20]. Thereby, the total power loss is calculated by 

(max( )) (max( ))
tot x x y yT T

V

P P B P B dV             (4) 

where Px(B) and Py(B) are the specific loss density with 
respect to the peak flux density in TD and RD respectively. 
The reference specific loss [W/kg] measurement in two 
orthogonal directions (RD and TD) obtained by SST has been 
implemented in the finite element model. Considering the flux 
in two orthogonal directions not being always in phase (the 
peaks do not appear at the same time), the maximum value 
over a period shall be used.  

The calculation example is given under TD flux density 
BTD=0.2 T and RD flux density BRD=1.6 T. As demonstrated 
in Table II, the power loss can be predicted accurately by (1). 
The calculation results gives an insight to the constitution of 
the measured power loss, which reveals that that the power 
loss is predominated by the RD flux and a decreased phase 
angle gives a rise on the resultant RD flux density, and thereby 
induces higher loss. On the contrary, the contribution from TD 
flux is small and can be ignored in practice.  
 

TABLE II 
NET POWER LOSS DUE TO TD FLUX COMBINED WITH RD FLUX 

Phase 
angle 
[°] 

Flux 
density 

at p1, By  
[T] 

Net power loss in the core lamination [W] 

Calculated Measurement 

RD TD Total / 

0 1.737 8.923 0.0270 8.95 8.92     

15 1.733 8.917 0.0268 8.94 8.91    

30 1.726 8.906 0.0255 8.93 8.88     

45 1.711 8.882 0.0229 8.90 8.83     

60 1.672 8.810 0.0187 8.83 8.79     

75 1.646 8.784 0.0152 8.80 8.74     

90 1.607 8.677 0.0122 8.69 8.69 
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C. Simulation of ND flux combined with RD 

Power losses induced by the ND flux consists of eddy 
current loss and hysteresis loss, where the latter is determined 
by the magnitude of the resultant RD flux density. The 
simulation is firstly made solely under ND flux (without flux 
superimposition).  The calculation agrees very well with the 
measurement (see Fig. 16), showing that the eddy current 
constitutes the majority of the total power loss under ND flux. 
The small contribution from hysteresis loss explains why the 
measured power loss (in Fig. 11) has a frequency dependent 
factor less than the power of 2 (approximately 1.8). 

 

 
Fig. 16. The calculated power loss and the measured power loss under varying 
ND flux density. The calculated power loss has been separated by 
simulations, where Pe is the calculated eddy current loss and Ph is the 
calculated hysteresis loss. 
 

With ND flux superimposed with RD flux, the distribution 
of the eddy currents has significantly changed and the phase 
difference between two fluxes plays a vital role in power loss 
enhancement. Fig. 17 shows the eddy current distribution 
under the flux superimposition between RD flux (1.6 T) and 
ND flux (0.2 T) at 90° and 0°, respectively. 
 

 
Fig. 17.  The eddy current distribution in the lamination (red region 
highlighted in Fig. 13) under the ND flux (0.2 T) superimposed with the RD 
flux (1.6 T) at phase angle of 90° and 0°.  

 
It is evident that the eddy current is concentrated close to 

the surface at 90° phase angle. In contrast, at 0° phase angle, 
the eddy current region is largely extended due to the 
saturation caused by flux superimposition. The extended eddy 
current volume leads to a significant loss increment, which 
explains the strong phase dependent eddy current loss shown 
in Fig. 12. 

 Under flux superimposition, the decreased phase angle 
also increases the hysteresis loss due to increased magnitude 
of the flux density, similar to the scenario discussed in Section 
III.B. As shown in Fig. 18, this incremental hysteresis loss can 
be comparable to the incremental eddy current loss. However, 
eddy current loss density is significantly larger than that of the 
hysteresis loss. More importantly, as the eddy current loss 
increases more rapidly with ND flux than the hysteresis loss, 
it becomes rather dominating (see Fig. 12) under higher ND 
flux density (0.4 T). 

 
Fig. 18. The calculated incremental power loss and the measured incremental 
power loss under varying phase angle, ND flux density is 0.2 T and RD flux 
density is 1.6 T. 

V. DISCUSSION 

Loss impact has been categorized into the local zone and 
the global zone in the core lamination, according the flux path 
and its orientation. The associated loss characteristic was 
investigated experimentally in Section III and numerically in 
Section IV.    

A. Local zone 

The leakage flux enters into the iron core perpendicularly 
to the core surface, either normal to the lamination plane or in 
the lamination plane but transverse to the rolling direction. 
Due to the leakage flux configuration and the material 
anisotropy, the penetrated flux is constrained within a small 
volume (Figs. 15 and 17) regardless the flux density and phase 
angle.  

The induced loss associated with ND is eddy current loss 
and the induced loss associated with TD is the rotational 
power loss. Compared to the loss in the RD, the eddy current 
loss and the rotational loss produce much higher per volume 
loss (i.e. higher loss density), and can therefore lead to local 
hotspots. This has been confirmed experimentally in Section 
III.D and numerically in Section IVC, where the eddy current 
loss increases rapidly with the ND flux density (Fig. 11). 
More importantly, we found that the phase angle between the 
RD flux (main flux) and the ND flux also plays a significant 
role the eddy current enhancement (Fig. 12).  

In literature [21], the influence of the homogenous TD flux 
on power loss has been investigated experimentally. It 
concludes that the TD flux can generate significant larger 
power loss than RD flux of the same level. However, we have 
demonstrated that, in a lamination structure, the TD flux is 
constrained within such a small volume (see Fig. 15) that the 
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associated rotational loss is rather insignificant compared to 
the eddy current loss induced by the ND flux (see Table II). 

B. Global zone 

The penetrated flux inside the core lamination is largely 
dominated by the flux parallel to the main flux (in RD), which 
circulates along the edge of the core window (Fig. 5, right). 
This flux path constitutes the global zone. Obviously, the 
influence region of the global zone is so much larger than the 
local zone that it has an impact on the overall core loss. 

Since the flux involved in the global zone is in RD, the eddy 
current is limited by the lamination structure and the 
hysteresis loss dominates the power loss. The hysteresis loss 
hardly attribute to any local hot spot. Instead, it can 
considerably increase the overall power losses due to the 
larger volume it involves, particularly under inductive loading. 
In Fig. 10, taking the lowest TD flux density (0.2 T) as an 
example, the incremental loss is 0.2 W when it is in phase with 
the RD flux (1.6 T). This corresponds to 2.3% of the total 
frame loss. Considering the actual leakage flux has multiple 
exposures in a real transformer, the incremental loss could be 
substantial under inductive loading.  

The incremental loss can be estimated based on the 
reference measurement on the laminated steels. The measured 
power loss is formulated in terms of Steinmetz’s equation: 

n

est s
P k B                                    (5) 

where ks is a material dependent constant (also incorporating 
constant frequency), B is the peak flux density, and n is the 
Steinmetz constant having a value of slightly more than 2.0 
for cold rolled laminations [14]. As an approximation, 2.0 is 
used. Thus, the incremental loss ∆Pest can be expressed as: 

 

   
2 2

2

( )a
est net m m

s m s m s

P P P P

k B B k B k B

  

 
    

  



 
       (6) 

where Bm is the peak value of the initial main flux density; 
∆B is the incremental flux density. Here, we assume the 
penetrated flux in the global zone concentrates in a channel 
with the width equal to the width of the exposure, and 
thereby the average flux density in the global zone equates 
the imposed TD leakage flux density Bl. This assumption 
leads to an under-estimation of the power loss, since the real 
flux density is inhomogeneous and the power loss is a 
convex function (see equation (5)) of flux density. 
Nevertheless, under this assumption, the incremental flux 
density ∆B can be simply expressed as Bl and the phase 
difference α between Bm and Bl: 
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By inserting (7) into (6), we obtain: 
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At a large phase angle (α≈90°), the incremental loss 
becomes a small negative value: 

2

est s l
P k B                               (9) 

which can be observed in Fig. 10. 
At a smaller phase angle (α≪90°), the first term in (8) 

dominates, whereas the last two terms can be omitted, thus  

2 cos
est s m l
P k B B                        (10) 

Equation (10) implies that the incremental loss is 
proportional to the main flux density Bm and Bl. This is in line 
with the measurement results shown in Fig. 10. Furthermore, 
we can calculate a percentage increase based on (10). 
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Equation (11) and (12) can be used to estimate the loss 
percentage increase in the global zone due to flux 
superimposition. For example, the main flux density of 1.6 T 
superimposed with the leakage flux of 0.2 T leads to a 
2×0.2/1.6=25% increase of power loss relative to the nominal 
condition (1.6 T) in the global zone. This corresponds to 2.2% 
of the total frame loss (considering volume ratio), which has 
a good agreement with the measurement (2.3%). 

Little discrepancy at 90° phase angle (in Fig. 10) implies 
that the conventional no-load (unidirectional) test gives a 
good estimation on overall core loss in normal operation. 
However, underestimates the losses under inductive loading. 

VI. CONCLUSIONS 

The demonstrated combined experimental and numerical 
approach to determine the nature and importance of 
multidirectional leakage flux on the magnetic losses in 
transformer core lamination can be an effective tool for loss 
analyses.  

The results show that the loading angle has a significant 
impact on the eddy current loss in the local zone as well as the 
overall power loss in the global zone of the transformer core. 
A smaller loading angle can aggravate the risk of local 
overheating and enhances the overall core losses. The 
conventional no-load test may underestimate magnetic core 
loss considerably under inductive loading due to ignorance of 
penetrated leakage flux. 

In contrast, the rotational magnetic loss that appears locally 
has a negligible contribution, regardless of the phase and the 
magnitude of the superimposed leakage flux density.  
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Leakage flux penetrating laminated iron cores in power transformers and large generators induces eddy current and local loss. Due 
to the strong magnetic anisotropy of the lamination structure, the penetrating flux tends to saturate the lamination in its plane, even 
when the incident stray flux density is low. Therefore, the combined effect of anisotropy and nonlinearity has a great impact on the 
eddy current distribution and the associated power losses. Moreover, the incident normal flux often interacts with the main flux, where 
the phase angle between the two fluxes may play a significant role. A measurement device is developed to emulate the actual leakage 
flux in a steel lamination and the power losses are measured at the flux densities of various magnitudes and phases. The measurement 
results are compared and interpreted by the results obtained from a finite element analysis, where the homogenization approach for 
material modelling is implemented, taking the combined effect of magnetic anisotropy and the saturation into account.  
 

Index Terms— Eddy current, Finite element analysis, Magnetic anisotropy, Power losses, Saturation magnetization. 
 

I. INTRODUCTION 

ARIABLE power production and consumption due to e.g. 
renewable energy sources and charging of electrical 

vehicles, lead to new load patterns for power apparatuses. In 
large transformers and generators, the laminated iron cores 

close to the windings are exposed to leakage flux. The normal 
leakage flux penetrating the core perpendicularly to the plane 
of the lamination induces eddy currents and generates power 
loss [1]. Hence, the core loss can be load dependent and under 
certain loads, the excessive local loss may lead to hot spots on 
the core surfaces, and result in deterioration of the core 
insulation and degradation of the insulating oil.  

In the past decades, several experimental works involving 
normal flux [1]-[2] have been carried out. Those works focus 
on material characterization under unidirectional flux in a 
single sheet. However, the actual normal flux is usually 
superimposed with the main flux. Depending on the loading 
condition, the phase angle between the two fluxes varies, 
which may change the induced eddy current distribution and 
the associated power losses. The research on power loss 
behavior under flux superimposition is largely lacking, and so 
far, no experimental investigation has been made on the effect 
of the phase angle between multidirectional fluxes on the eddy 
current loss.  

The finite element method (FEM) has been widely used in 
eddy current calculation for decades. To reduce the 
computational effort several homogenization approaches for 
modelling laminated cores have been proposed [3]-[5], which 
enables a direct calculation of classical eddy current and the 
associated loss in lamination structures. The loss 
decomposition method [6] allows for calculation of hysteresis 
loss and excess eddy current loss that have different frequency 

dependency through a post-processing approach.   
The primary aim of this paper is the experimental 

investigation on the loss influence by the normal flux 
considering actual leakage flux configuration and the flux 
superimposition of varying phase angle. The physical 
interpretation of the effects as well as the theoretical 
calculation was based on finite element analysis, where the 
homogenization approach was used to calculate the 
incremental classical eddy current loss. The hysteresis loss and 
the excess loss were treated together by a post-processing 
approach. The obtained measured results were compared with 
the calculated results. 

II. ANISOTROPIC MATERIAL DEFINITIONS 

In classic homogenization scheme [3]-[4], the lamination 
structure is treated as a single domain, and the permeability 
and the electrical conductivity of the domain are defined as 
tensors. The three diagonal components of the permeability 
tensor differ in a grain-oriented (GO) material (Fig. 1). 
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Fig. 1.  Illustration of anisotropy of steel lamination. The permeability tensor, 
µ, and the electrical conductivity tensor, σ, definitions for the lamination of a 
grain-oriented material. 

 
The effect of the iron-air structure on the permeability in the 

normal direction, µn, is considered by means of a stacking 
factor γ [4].  

1 1

n f a

 

  


                                  (1) 

where µf and µa are the permeability of the iron and the air. 
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The average stacking factor is calculated by: 

m

V



                                    (2) 

where m is the weight of the lamination, V is the volume of the 

lamination; ρ is the mass density of the steel, 7.65 kg/dm3. The 
test lamination is made of cold-rolled GO electrical steel strips 
(30P120 [7]). The nominal thickness is 0.30 mm with a 10% 
variation. The calculated stacking factor is 0.97, thus µn is 
approximately 30 according to (1). 

To account for the nonlinearity effect, B-H curves up to the 
saturation level are required. At least two B-H curves (Bx-Hx 
curve for By=0 and By-Hy curve for Bx=0) shall be used for a 
grain-oriented material. In our test, the two curves were 
obtained from the single sheet tests (SSTs) in the rolling 
direction and the transverse direction, respectively. Multiple 
samples were measured and the permeabilities (mean value) in 
two orthogonal directions are presented in Fig. 2. 
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Fig. 2.  The components of the permeability tensor versus flux density 
measured using the single sheet tester (SST). (µx: rolling direction; µy: 
orthogonal to rolling direction) 

 
A geometry dependent equivalent electrical conductivity [5] 

is used in the normal direction.  
2

n f
b


  

  
 

                                   (3) 

where σf is the isotropic conductivity [7] of the GO steels, and 
δ and b are the thickness and the width of the sheet. 

 
TABLE I 

THE PERMEABILITY TENSOR AND THE ELECTRICAL CONDUCTIVITY TENSOR 

Relative permeability Electrical conductivity [S/m] 

µx µx (B) ref. to Fig. 2 σx 2.08×106 

µy µy (B) ref. to Fig. 2 σy 2.08×106 

µz 30 σz 2.08×102 

III. EXPERIMENTAL INVESTIGATION 

A. Measurement principles and instrument 

To emulate the actual leakage flux configuration in the steel 
lamination exposed to normal flux, we have developed an 
instrument for loss measurements under multidirectional flux 
[8]. In the loss measurement system (Fig. 3), the main flux 
was generated in a square lamination frame with excitation 
coils and voltage pick-up coils. The normal direction flux was 

generated in a C-shaped powder core, in which the flux (with 
varying magnitude and phase angle) was controlled by the 
auxiliary excitation coils. The net loss Pnet in the test specimen 
is calculated by: 

a

net m m pow
P P P P                               (4) 

where Pm and Pa
m are the measured power losses from the 

wattmeter of the main excitation system and the auxiliary 
excitation system. The measurement reading is obtained with 
double excitations. The power loss of the C-shaped powder 
core Ppow is calibrated [9] under specified flux densities and 
frequency prior to fabrication. 

 

 

  

Fig. 3. Loss measurement system with main flux superimposed with leakage 
flux in the normal direction. The AC power supply 1 connects to the windings 
wrapping around the square frame and supplies main flux. The AC power 
supply 2 connects to the winding wrapping around the C-shaped powder core 
and supplies artificial leakage flux. The C-shaped core is mounted on the 
surface of the lamination to generate the normal flux. The power source is 
ITECH IT7627 and the power analyzer is YOKOGAWA WT3000. 
 

B. Measurement under single excitation 

The power loss is measured under a single excitation 
(without main flux in the lamination frame) by the C-shaped 
powder core. The measurement is performed at 50 and 25 Hz, 
and the flux density is varied from 0.2 to 0.8 T (Fig. 4). A 
rapid increase of the power loss with increasing flux density 
and frequency can be observed.  

 

 
Fig. 4.  Net power losses versus flux density measured at 50 and 25 Hz. The 
measurement is performed under single excitation by the C-shaped powder 
core. 
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The loss dependency on flux density Bl and frequency f can 
be formulated in form of Steinmetz’s equation: 

1.8 2.5

l
P f B                                    (5) 

Relation (5) deviates considerably from the classic loss 
equation where the eddy current loss is proportional to the 
square of the flux density and square of the frequency. 

C. Measurement under multiple excitations 

Measurements are performed under multiple excitations with 
varying phase angle between the main excitation and the 
auxiliary excitation. The flux density produced in the main 
frame Bm is set to 1.0 and 1.6 T, whereas the flux density in the 
C-shaped core Bl is set to 0.2 and 0.4 T. The incremental loss 
(the difference between the loss measured under superimposed 
flux and the arithmetic sum of the loss measured with 
individual excitation systems alone under unidirectional flux) 
due to flux superimposition are obtained. 

 
Fig. 5.  Incremental power loss versus phase angle measured at different main 
flux densities Bm combined with different normal leakage flux densities Bl.  
 

As demonstrated in Fig. 5, the power loss increases 
significantly with increasing flux densities (both the normal 
flux and the main flux) and with a decreasing phase angle. 
Apparently, flux superimposition has a greater impact on eddy 
current loss at a smaller phase angle. In contrast, there is only 
little discrepancy on loss increase at 90° phase angle.  

IV. FINITE ELEMENT ANALYSIS OF EDDY CURRENT LOSS 

A. Finite element model 

A three-dimensional finite element model (Fig. 6) was 
developed to investigate eddy current loss in the steel 
lamination under normal flux as well as the effect of the flux 
superimposition. The homogenization scheme described in 
Section II was implemented for the GO. The classical eddy 
current losses were calculated corresponding to the scenarios 
illustrated in Sections IIIB and IIIC.  

The governing equations for the three-dimensional eddy 
current field in the steel lamination are expressed in terms of a 

magnetic vector potential and an electric scalar potential ( , 

φ-  formulation).  

A
A

1

0
t

  


                         




          (6) 

A
0

t
 

                       



                     (7) 

where [µ] and [σ] are the tensor of the magnetic permeability 
and the conductivity, which are defined in Table I.  
 

 
Fig. 6.  View of the geometry model and refined mesh in FEM at eddy current 
concentrated region. In the lamination (blue), the mesh density is growing 
with geometric sequence towards surface plane. The model was implemented 
in COMSOL Multiphysics®. 

B. Simulation under unidirectional flux 

The time-domain simulation was made under the normal 
flux corresponding to IIB. Figure 7 shows the flux density and 
the eddy current distribution in the steel lamination at 0.4 T 
normal flux density. As expected, the majority of the 
penetrated flux turns to become parallel to the rolling direction 
and the eddy current induced by the normal flux is constrained 
within a thin layer (< 3 mm) under the exposure area (interface 
with C-shaped core).  

 

 
Fig. 7.  The flux density (left) and the eddy current (right) distribution in the 
lamination (a half part of the red region in Fig, 6) at 0.4 T normal flux density. 
The eddy current is constrained within a thin layer under the exposure area. 
 

The power losses other than the classical eddy current loss 
are traditionally expressed as hysteresis and excess eddy 
current loss [6]. The flux density variation in the flux 
superimposition region influences those losses. We treat these 
losses together in the post-processing approach. The preserved 
relationship between this loss and the flux density is obtained 
from the standardized specific loss measurement [9] 
performed on the lamination frame.  

The simulation result is listed in Table II. To demonstrate 
the effect of the magnetic nonlinearity, we add linear cases 
(constant permeability) for comparison to the nonlinear 
implementation. In the linear simulation, µx and µy are set to 

10000 and 1000, respectively.  
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TABLE II 
POWER LOSS IN THE STEEL LAMINATION DUE TO NORMAL FLUX 

Normal 
flux 
density 
[T] 

Calculated power loss in the lamination [W] 

Measured 
total losses 

[W] 

Classical 
eddy loss 

Pe_n 

(nonlinear) 

Classical 
eddy loss 

Pe_l 

(linear) 

Hysteresis+
excess eddy 

loss  
Phex 

Total power 
loss 

Pe_n + Phex 

0.2 0.18 0.15 0.06 0.24 0.23 

0.3 0.53 0.34 0.11 0.64 0.61 

0.4 1.07 0.60 0.16 1.23 1.24 

0.5 1.99 0.94 0.21 2.20 2.19 

0.6 3.21 1.36 0.27 3.48 3.51 

0.7 4.82 1.84 0.33 5.15 5.27 

0.8 7.06 2.41 0.39 7.45 7.47 

 
The calculated total power loss by the nonlinear 

implementation have a good agreement with the measurement, 
whereas the linear approach largely underestimates the eddy 
current loss, even at very low flux densities. As expected, the 
classical eddy loss is strictly proportional to the square of the 
flux density in the linear case. In the nonlinear case, the eddy 
loss has a flux density dependency of power 2.5 (larger than 2). 
Thus, the rapid increase of the eddy loss attributes to the flux 
saturation effect, which largely extends the eddy current 
region and amplifies the eddy current loss.  

C. Simulation under superimposed multidirectional flux 

The simulation is made under superimposed multidirectional 
flux corresponding to IIC. Figure 8 demonstrates the 
development of the eddy current region in the lamination with 
a varying phase angle. The main flux density and the normal 
flux density are 1.6 T and 0.2 T, respectively.  

 

 
Fig. 8.  The maximum eddy current distribution in the lamination under a 
weak normal flux (0.2 T) superimposed with the main flux (1.6 T) at different 
phase angles. 

 
The eddy current is more surface concentrated at a larger 

phase angle (90°), similar to the case without main flux (Fig. 
7). In contrast, at a low phase angle, the eddy current region 
extends deeply due to the saturation effect caused by flux 
superimposition. The flux superimposition not only expands 
the classical eddy current loss volume but also enhances the 
hysteresis loss and excess eddy current losses (Table III).  

 
TABLE III 

POWER LOSS DUE TO NORMAL FLUX AND SUPERIMPOSED MAIN FLUX 

Phase 
angle 
[°] 

Calculated power loss in the lamination [W] 
Measured total 

losses 
 [W] 

Classical 
eddy loss  

Pe 

Hysteresis+ex-
cess eddy loss  

Phex 

Total 
Pe + Phex 

0 0.43 8.90 9.33 9.39 

15 0.42 8.87 9.29 9.37 

30 0.39 8.84 9.23 9.29 

45 0.35 8.81 9.16 9.17 

60 0.30 8.76 9.06 9.05 

75 0.26 8.73 8.99 8.92 

90 0.25 8.66 8.91 8.83 

V. CONCLUSIONS 

The classical eddy current loss dominates the local power 
loss of the GO-steel lamination when the lamination is 
exposed to a normal flux, and the loss increases with the flux 
density more rapidly than what traditional formula predicts. 
The anisotropy of the lamination structure makes the 
penetrated flux saturate easily, thereby expands the eddy 
current region. When the normal flux is superimposed with a 
main flux at a low phase angle, the power loss can be further 
amplified. Hence, the core loss can be locally load dependent. 

Power apparatuses such as transformers are often operated 
and tested (no-load test) close to 90° loading angle. Under 
inductive loading (i.e., at smaller loading angle), special 
attention must be paid to the local heat enhancement in the 
core lamination exposed to the normal leakage flux.  

The physical interpretation of the effects shows that the 
combined effect of anisotropy and nonlinearity must be 
considered in eddy current loss calculation involving normal 
flux, even when the flux density is very weak. 
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Abstract
Dcmagnetization due to the geomagnetically induced currents (GICs) and HVDC (High Voltage Direct Current) systemsmay
cause core saturation and result in serious destruction in the transformer performance as well as the power system stability.
Based on susceptibility, transformers are classified into different groups. For instance, a three-phase, three-limb transformer
is considered less vulnerable to effects of GIC compared to a single-phase or a three-phase, five-limb transformer. However,
our study shows that such classifications do not apply to the dc magnetization caused by converter modulation. In this article,
we introduce the concept of common mode and differential mode to distinguish dc-bias caused by different mechanisms.
Main focus is given on differential mode dc current since it has rarely been reported in any literature. The differential mode dc
current was demonstrated by system simulations of classic three-level voltage source converters as well as modular multilevel
converter. Detailed experimental investigations were made on a three-phase, three-limb transformer, where the loss impact as
well as reactive power consumption were studied. The test shows a significant difference in stray loss between the two modes
in three-phase power transformers. Finally, we discuss the effect of delta winding on dc-bias of different modes.

Keywords AC-DC power converters · Dc magnetization · Geomagnetically induced current · HVDC transmission ·
Transformers · Saturation magnetization

1 Introduction

Geomagnetically induced currents (GICs) [1–4] and HVDC
system operation [5–9] are two main causes of dc mag-
netization in power transformers. It is well known that
dc magnetization can lead to half-cycle saturation of the
transformer core, and adversely affect the performance of
the power transformer as well as the power system [4].
The excessive magnetization current can create hot spots in
windings and structural parts [10], increases reactive power
absorption and cause voltage instability [11]. In the worst
scenario, the destruction of grid transformers [12] and sys-
tem blackouts [13] may occur due to dc magnetization. To
eliminate dc currents, mitigationmeasures often involve sub-
stantial investments such as in dc blocking devices [14] for

B Wei Wang
weiwan@ntnu.no

1 Norwegian University of Science and Technology, NO-7491
Trondheim, Norway

2 SINTEF Energy Research, NO-7465 Trondheim, Norway

GIC or fundamental frequency blocking filters [15] for the
converter related dc currents.

GIC is associated with the phenomenon of geomagnetic
disturbance (GMD). The coronalmass ejections (CME) orig-
inated from the sun interacts with the magnetosphere of the
earth and induce a longitudinal quasi-dc potential on the
transmission lines, which drives the flow of GICs [4]. The
quasi-dc current flow in the ground via the star windings of
the grid transformer at the grounded neutral points. Since the
directions of the currents in the three phases are identical,
those currents are often referred as zero sequence.

HVDCsystems can introducedc currents into power trans-
formers in two ways. The stray dc current due to HVDC
electrode operations (monopolar or bipolar operation) can
flow into solidly earthed transformers between two substa-
tions. This dc current can have two major consequences:
saturation of the grounded transformers and corrosion of the
ground grid of the station nearest the cathode [8]. Mitigation
schemes are extensively discussed in [16].

Another major cause of dc magnetization by HVDC sys-
tems is the modulation effect of power converters. A rapid
increase in the number of HVDC transmission lines creates

123
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a situation where ac and dc lines may share the same cor-
ridor or even share the same towers [6, 7]. A neighboring
ac line can induce a substantial fundamental current onto
the dc line. The induced fundamental voltage and current on
the dc side of the converter will then transfer to the ac side
and appears as a dc-bias [5]. Parameter sensitivity study on
the coupling effect has been reported in [7, 17], where the
parallel length, separation distance between ac/dc lines, line
transposition and ground resistivity are discussed. Literature
[17] focuses on VSC-HVDC transmission system, where a
frequency domain model is derived for parameter sensitivity
study. With the equivalent impedance representation of the
network, the factors such as dc capacitors and modulation
index are studied analytically.

Since 1989, when the blackout due to GIC occurred in
Canada [13], the phenomenon has been drawn significant
attention. The guideline [4] has classified power transform-
ers into four groups based on their susceptibility to effects
of GIC and has been widely used for selecting or validat-
ing power transformers subjected to dc current. However, as
comparison, we will demonstrate that the feature of the dc
current generated by converter modulation is significantly
different from GICs and the stray current introduced by
HVDC electrode operations. First, GICs are characterized by
a large number of narrow consecutive pulses over a period
of hours separated by a few high peak pulses of less than a
few minutes duration [4]. In contrast, the dc currents gener-
ated byHVDC systems (either by convertermodulation or by
electrode operation) are mostly constant. Another important
difference, which has not been addressed in any literature,
is the directions of the dc currents in three phase windings.
GICs and the stray dc current introduced by HVDC systems
arewell known to be of zero sequence,whereas, this is not the
case for the dc current generated by converter modulation.

In this article, we investigate the performance of a three
phase, three-limb transformer, subjected to different types
of dc currents. Main focus will be given on the modulation
related dc currents due to the lack of research and understand-
ing of this phenomenon. First, we analyze the modulation
effect in voltage source converters (VSCs) and demonstrate
the dc current distribution in the three phases. Then, we intro-
duce the concept of common mode and differential mode to
distinguish dc-bias of different directions. By experiment, we
compare the loss impact as well as reactive power variation
in three-phase power transformers of the two modes. Last,
we discuss the effect of delta winding on dc-bias of different
modes.

2 Modes of dc-bias in power transformers

To distinguish dc currents generated by different mecha-
nisms, we introduce common mode (CM) for GICs and stray

Fig. 1 Geomagnetically induced current distribution in three-phase
power system and power transformers

currents, and differential mode (DM) for converter modu-
lation related dc current, based on their current directions.
System-oriented models are developed to demonstrate dc
current introduced by the modulation effect.

2.1 Commonmode

The scenario of GIC generation in the network is depicted
in Fig. 1. GIC is a quasi-dc current (low frequency, typically
0.01 Hz to 0.5 Hz) that flows in the power system, closing its
path through transmission lines, windings and neutral points
of grid transformers and ground. Factors that influence the
level of GIC include geomagnetic latitude, ground resistivity,
network topology and the design of the power transformer.
In spite of its destructive impact, high level GICs can hardly
sustain over a long period. Often, the peak pulses have time
constant less than a few minutes, which is smaller than the
thermal time constant of the magnetic core (typically in a
range of half hour), but larger than the thermal time constant
of the structural steels. Therefore, the thermal issue caused
by GIC is mostly related to the hot spots caused by stray flux,
not the overall power loss.

Different from GICs, the stray currents are driven by the
potential difference between substations due to HVDC elec-
trode operation.That is, the current emanating from the anode
partly enters the earth of one substation and flows into the
grounded neutrals of the transformer towards the other sub-
station (and the cathode) [8]. Apart from the difference in
origination, the stray currents feature a stationary dc current.
Therefore, a peak pulse specification is not as crucial asGICs.

Regardless of the differences between the twomechanism,
stray dc currents due toHVDCelectrode operation are similar
to GICs: the dc currents are in the same direction in all three
phases. At very low frequencies, the high-voltage network is
essentially resistive. Considering the symmetric resistance in
three phases, the magnitudes of dc currents in three phases
are practically equal. Based on these factors, the GICs and
the stray currents are classified as CM.

Several factors determine the susceptibility of the power
transformer to CM dc current, such as core topology, wind-
ing configuration, and the design of structural parts. Among
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Fig. 2 Fundamental frequency voltage and current on the dc side of the
VSC-HVDC converter transfer to the ac side and appear as dc current
circulating in the windings of the power transformer

them, the core topology has a major impact on the classifica-
tion. Single-phase and five-leg core transformers providing
low reluctance path for the dc flux, are susceptible to satu-
ration. The three-phase, three-limb transformer, on the other
hand, is less susceptible to core saturation due to the high
reluctance path for dc flux. In a three-phase, three-limb trans-
former, the CM flux must pass through the path from the top
yoke to the tank top, through the tank walls, and return to the
bottom yoke from the tank bottom.

2.2 Differential mode

A dc line in parallel with an ac line is exposed to an inductive
coupling. A longitudinal voltage potential of fundamental
frequency is induced along the dc line. As depicted in Fig. 2,
the induced fundamental frequency voltage and current on
the dc side of the converter transfer to the ac side and appear
as a dc current (and second-order harmonic) circulating in
the windings of the power transformer.

The inductive coupling part is represented as two longitu-
dinal voltage sources in this model. The difference between
two voltage sources and the impedance seen from dc side
determines the dc current level on the ac bus. Different from
CM, the sum of the dc currents appearing on the ac bus is
zero. Thus, it is referred as differential mode (DM). As the
dc currents are not identical in the three phases, the mag-
netization of the transformer core becomes non-symmetric.
Likewise, the saturation caused by DM dc current can result
in excessive heating and an increased noise level in the trans-
former.

The distribution of the dc currents among the three phases
depends on the phase difference between the induced voltage
sources and the switching operation. However, this informa-
tion is not controllable since the two systems do not have to
be synchronized. For simplicity, we assume that two funda-
mental frequency voltage sources up and un have the same
magnitude Vm but are out of phase:

{
uP �Vm cos(ω0t + θ0)

un � − Vm cos(ω0t + θ0)
(1)

Fig. 3 Phasor representation of the dc component in each phase of the
transformer winding due to the modulation effect. θ0 − θ1 determines
the magnitudes of dc current in each phase. The scenarios 0°, 60°, 90°
and 150° will be investigated in detail

where ω0 is the fundamental frequency and θ0 is the phase
of the induced voltage source.

The voltage on the ac bus of the converter can be expressed
in terms of switching functions [5]:

uac � Sp × u p + Sn × un (2)

where the switching functions Sp and Sn of the converter are
defined as:

Sp �1

2

⎡
⎢⎣ 1 + m cos(ω0t + θ1)
1 + m cos(ω0t + θ1 − 2

3π )
1 + m cos(ω0t + θ1 + 2

3π )

⎤
⎥⎦

Sn �1

2

⎡
⎢⎣ 1 − m cos(ω0t + θ1)
1 − m cos(ω0t + θ1 − 2

3π )
1 − m cos(ω0t + θ1 + 2

3π )

⎤
⎥⎦ (3)

where m is the modulation index and θ1 is the phase of the
switching function.

By inserting (1) and (3) into (2), taking only the dc com-
ponent of (2) udc and by simplifying, we obtain:

udc � mVm
2

⎡
⎢⎣ cos(θ1 − θ0)
cos(θ1 − θ0 − 2

3π )
cos(θ1 − θ0 + 2

3π )

⎤
⎥⎦ (4)

Equation (4) indicates that the relative phase difference
between the induced voltage and the switching function of
the converter θ0 − θ1 determines the magnitudes in each
phase. A phasor interpretation of (4) is described in Fig. 3.

Since the relationship between the phase of induced volt-
age θ1 and the phase of the switching function θ0 is unknown,
the magnitudes among three phases varies. To identify the
worst case in terms of power losses, we define four scenarios
where the phase difference varies from0 to 150° as illustrated
in Fig. 3. Note that the dc current magnitudes of 0° and 90°
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Table 1 Dc current defined in
each phase of the transformer θ0 − θ1 Dc current ratio in phase A, B and C Ref. range [A]

IA_dc IB_dc IC_dc I0

DM 0° 1 − 0.5 − 0.5 0 0.4–1.6

60° 0.5 − 1 0.5

90° 0 − √
3/2

√
3/2

150° − √
3/2 0

√
3/2

CM / 1 1 1 3 0.4–4.0

The applied current in each phase is the multiplication of the current ratio and Ref. range

are the same as 60° and 150°, but distribute in different limbs
(the flux path of the middle limb and the side limb are differ-
ent in a three-phase transformer). To compare the difference
between DM and CM, we also define test cases of CMwhere
the dc currents in the three phases are in the same direction.
The tests are conducted for a three-phase, three-limb trans-
former. The ratio and the range of the current applied are
listed in Table 1.

In the system study, we made simulations with the setup
described in Fig. 2, a classic three-level voltage source con-
vertermodel and amodularmultilevel converter (MMC) [18]
model with full control function implemented. The models
were built in MATLAB®/Simulink® [19]. The 200 MVA
three-levelVSCusesNeutral Point Clamped (NPC) topology
and Sinusoidal Pulse Width Modulation (SPWM) scheme.
On the ac side, the station includes a 230 kV step-down Yg-
D transformer andfilters. The 150MVA12-levelMMClevels
uses cascaded two-level topology and nearest level control
[18]. No filter or smoothing reactor is included in MMC as
the harmonic level has been well managed. In both mod-
els, the transformers were modeled in a simply way, i.e., tap
changers and saturation characteristics were not simulated
since the purpose for the simulation was to demonstrate the
modulation effect of the power converters. The main circuit
parameters for the two converters are summarized in Table
2.

The phase currents on the ac of the converter bus as well
as their dc components obtained from the simulations are
demonstrated in Fig. 4.

The induced longitudinal fundamental frequency voltage
on the dc side causes the unbalanced phase currents on the
converter ac buses, as they contain dc component of differ-
ent levels and directions in each phase. The dc (component)
current circulates within three phases and the sum of them
must be zero. This modulation effect occurs in both three-
level VSC and MMCs, where the dc currents generated in
MMCs has less ripple than in three-level VSCs.

Compared to the pulsating nature of GIC, the induced dc
current is considered to be more constant (in both direction

Table 2 Main circuit parameters of the converters

Main circuit
parameters

Unit Three-level VSC MMC

Converter rating MVA 200 150

System frequency Hz 50 50

DC voltage kV + /− 100 + /− 200

AC voltage kV 230 123

AC filter size MVar 40 /

Reactance of phase
reactor

mH 23.9 50.9

Converter bus
voltage

kV 100 123

Transformer rating MVA 200 150

Transformer
leakage reactance

mH 23.9 25.5

Reactance of
smoothing reactor

mH 8 /

Fig. 4 Phase currents (IA, IB and IC) and their dc components (IA_dc,
IB_dc and IC_dc) on the converter ac bus due to harmonic transfer from
the dc side. The upper two figures are the result of the three-level VSC
and the lower two figures are the result of MMC
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andmagnitude) as the (phase) regulation of the converter con-
trol does not change very often. As a result, a temperature rise
can build up in the transformer. Therefore, both the overall
power loss (in the core, windings and structural parts) and the
located stray loss shall be evaluated for converter modulation
related DC magnetization.

Although the mechanism of harmonic transfer is not the
scope of this study, we must emphasize the importance of
control implementation in the resultant dc current, as it
has not been addressed in any literature. Converter internal
impedance seen from the dc side is strongly affected by the
converter controls and associated bandwidths, particularly in
voltage-source converters. For example, the circulating cur-
rent control (and/or any low-pass active filtering) used in
MMCs behaves like a resistor seen from the induced voltage
source. Therefore, the dc current derived by the analytical
approach [17] without considering control effects may not
be valid in practice. Nevertheless, in the following investiga-
tion, the dc current level on the ac converter bus is pre-defined
and we study the influence of different modes on the power
transformer.

3 Test

3.1 Test setup

A 2.5 kVA three-phase, three-limb transformer was used as
the test object (Fig. 5),which is connected to the FPGA-based
grid emulator (EGSTON®). The EGSTONgrid emulator is a
200 kW switching voltage source converter with high band-
width able to emulate a power system as ac/dc sources. In this
test, it is important to program a symmetric ac source with
independent, controllable dc components, such that the dc
currents are tuned precisely to the predefined values, while
the ac voltage is maintained to the nominal values.

Although the phenomenon under investigation is mainly
related to grid and distribution transformers, the laboratory
transformer is still adopted in our test because:

• The test can be destructive due to extreme saturation con-
dition and excessive losses.

• It is easier to manufacture, modify and assembly iron tank
to investigate stray losses.

• The conclusion drawn from a scale-down lab transformer
is valid for a lager transformer since the saturation phe-
nomenon is sensitive to materials and dimension ratio,
rather than absolute dimensions.

The tank and the clamping plates are made of ordinary
carbon steel. The electrical connections are well maintained
(no air gap) when connecting the iron plates. The iron tank
and the clamping plates can be disassembled such that the

Fig. 5 Test setup. 2.5 kVA three-phase, three-limb transformer for dc-
bias test with (upper right) and without (upper left) iron tank. The
EGSTONgrid emulator (inNational SmartGridLaboratory operated by
NorwegianUniversity of Science and Technology and SINTEFEnergy)
provides controllable voltage source (lower)

core and the stray (in the tank and the clamping steels) losses
could be separated. Moreover, the height of the tank (i.e., the
distance between the magnetic core and the cover/bottom)
was adjustable such that the influence of geometry on stray
loss in the tank could be further evaluated.

The number of turns was 280 for both the primary and the
secondary windings of the transformer. The primary wind-
ingswere connected (in star) to a three-phase power converter
(three-phase power source, Fig. 6), which provided indepen-
dent voltage sources for the three phases. The dc voltage bias
of each phase was adjusted individually to make the currents
reach the predefined values in Table 1. The secondary wind-
ings were connected in delta. A switch was used (Fig. 6) such
that the impact of open circuit and delta connection could be
investigated. No load is connected on the secondary side in
the tests (Sect. 3.2, 3.3, 3.4). The current and the voltage
in each phase were measured and incorporated into a high
precision power analyzer to obtain the power losses and the
reactive powers.

3.2 Commonmode test

The dc voltage offsets in all three phases were tuned to the
same magnitude and direction, where dc currents are CM.
The ac nominal voltage (230 Vrms) was applied on the pri-
mary winding, and the dc voltage offsets were adjusted until
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Fig. 6 Transformer winding connection and dc-bias implementation.
The primary windings of the transformer were connected to a three-
phase power source, where the dc voltage bias of each phase can be
tuned. The switch was used to open the secondary delta winding

the dc currents reached the preset values in Table 1 (from 0.4
to 4 A).

Themeasured total power losses consist of core loss,wind-
ing loss and stray loss. The winding loss was derived from
the obtained current measurement and winding resistance.
The core loss was obtained by withdrawing the winding loss
from the total loss measured without the tank and the clamp-
ing structure. The stray loss was then derived bywithdrawing
the winding loss and the core loss from the measured total
loss. The measurement results are given in Table 3.

The total power loss and the reactive power consumption
increase significantly as the dc current increases. Although
the core loss constitutes most in the power losses, the major-
ity of the loss increase is from the winding loss, whereas the
stray loss increases slightly and the core loss remains almost

Fig. 7 Themeasured primary side (magnetizing) currents with different
levels of CM dc component

constant (the variation < 2%). This confirms the theoreti-
cal analysis in Sect. 2.1, namely the three-phase, three-limb
transformer has a high reluctance path for the dc flux in CM
and it is invulnerable to CM dc current.

Figure 7 shows the measured primary currents over one
period at three different levels of dc-bias, i.e., 0 A, 2 A
and 4 A. The average current in each phase is equal to the
pre-defined dc currents. Without dc-bias (0 A), the average
current is zero over a cycle. With dc current, there is a half-
cycle asymmetry in the current waveform, which is more
notable at 4 A than at 2 A. Moreover, there is an asymmetry
in the three phases regardless of the dc current level. This is
due to the difference in the reluctance between flux path in
phase B (middle) and phase A and C (sides). Nevertheless,

Table 3 Power Losses and
Reactive Power due to Dc-bias of
CM

DC current
[A]

Total losses Pt
[W]

Winding loss
Pw [W]

Core loss PC
[W]

Stray loss Ps
[W]

Reactive
power Q
[Var]

0 51.02 0.20 50.06 0.76 260

0.4 51.32 0.51 50.05 0.77 386

0.8 52.15 1.31 50.05 0.79 615

1.2 53.33 2.52 50.02 0.81 876.8

1.6 55.04 4.26 49.95 0.84 1140.2

2.0 57.38 6.58 49.93 0.87 1417.7

2.4 60.20 9.36 49.92 0.92 1691.6

2.8 63.57 12.67 49.85 1.06 1971.1

3.2 67.62 16.48 49.81 1.31 2245.4

3.6 72.30 20.93 49.78 1.60 2530.9

4.0 77.54 25.86 49.74 1.95 2813.4
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Fig. 8 Stray loss versus dc-bias level under 0.7 p.u. and 1 p.u. ac nominal
voltages for four DM configurations

the half-cycle asymmetry in the waveforms of the magne-
tizing current is rather moderate under the applied CM dc
current and transformer core does not reach saturation.

3.3 Differential mode test

TheDMdc-bias in the three phaseswas implemented accord-
ing to the definition in Table 1. The nominal ac voltage
230 Vrms (1 pu, corresponding to 1.48 T core flux density)
and a lower voltage 161 Vrms (0.7 pu, corresponding to 1 T
core flux density) were applied on the primary winding. The
dc voltage offsets were adjusted until the dc currents reached
the preset values in Table 1 (from 0.4 to 1.6 A). The power
losses and the reactive power assumptions of four configura-
tions were measured. The stray losses and the winding losses
are shown in Figs. 8 and 9 respectively. Note that, for all the
test cases, the measured core losses remain almost constant
(< 2.5%); therefore, they are not demonstrated in detail in
the following sections.

Unlike the CM dc current, the stray loss becomes very
sensitive to the DM dc current due to the low reluctance path
of the dc flux. As seen from Fig. 8, a dramatic loss increase
can be observed as the dc-bias increases. In contrast, the
power loss under CM dc current of the same levels are order-
of-magnitude lower than that of DM.

Furthermore, there is a significant difference in the stray
loss among the four configurations. This difference is smaller
at lower ac voltage or lower dc current. And, the difference
expands as the dc current increases. At the highest dc-bias
level (1.6 A), the difference approaches 41% at the nominal
ac voltage and 20% at 0.7 pu of nominal ac voltage. The
highest stray loss (31 W) occurs when the largest dc current

Fig. 9 Winding loss versus dc-bias level under 0.7 p.u. and 1 p.u. ac
nominal voltages for four DM configurations

Fig. 10 Themeasured primary phase currents at different configurations
of DM dc currents

is in the middle limb (i.e., 60°) and the lowest loss (22 W)
occurs when the largest dc current is in the side limbs (i.e.,
0°). The winding loss (Fig. 9) is highest for the 0° case,
although the difference is not as notable as the stray losses.

Figure 10 shows themeasured primary (magnetizing) cur-
rents over one period for the four configurations when the dc
current is 1.6 A. Since no current flows in the neutral, the
sum of the three-phase currents is zero. The peak values of
the currents in DM are significantly larger than that of CM.
Among four configurations, the 0° case gives the highest
peak current (as well as the highest RMS current) at phase
A, resulting in the highest winding loss (Fig. 9).
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Fig. 11 Total reactive power consumption due to different levels of DM
dc currents

Table 4 Reactive Power due to a 1.6 A Dc-bias in DM

Configuration Reactive power consumption [Var]

Phase A Phase B Phase C Total

AC 133.7 83.5 109.1 326.3

0° 658.8 367.7 362.7 1389.2

60° 415.9 588.5 408.7 1413.1

90° 579.0 518.4 308.9 1406.3

150° 547.3 304.4 541.9 1393.6

Compared to the CM dc current, the magnetizing cur-
rents of DM have higher amplitudes and shaper spikes (i.e.,
higher-order harmonic content). Hence, it leads to the higher
winding losses.

Different from the rapid increase in power losses (Figs. 8
and 9), the reactive power is practically linear with the dc
current (Fig. 11), with little difference between the four con-
figurations.

Although the total reactive power consumption is similar
for the four configurations, the reactive power distributions in
the three phases are significantly different for each configu-
ration. An example of the reactive power distribution is given
in Table 4, for a dc current of 1.6 A. Among the four con-
figurations, the 0° case gives the largest difference between
the three phases, which implies the largest voltage imbalance
occurring in this scenario. The voltage imbalance (defined as
ratio of the negative sequence fundamental voltage and the
positive sequence fundamental voltage) of the four DM con-
figurations with respect to different dc current level is shown
in Fig. 12. A linear dependence on dc current can be observed
and the case 0° gives the largest voltage imbalance.

Fig. 12 Voltage imbalance due to different levels of DM dc currents

3.4 Influence of tank and clamping steels

The measurement cases in Section IIIC were repeated after
adjustment of the tank and the clamping structure, where the
tank height (determined by the distance between the upper
yoke and the tank cover and between the lower yoke and the
tank bottom, d) was adjusted. Four cases were defined:

• Case 1:d � 5 mm.
• Case 2: d � 20 mm.
• Case 3: Without tank.
• Case 4: Without tank and clamping plate.

The loss measured in Case 4 equals the core loss (plus
winding losses) since no tank and clamping structure were
involved. The difference between Case 3 and Case 4 is due
to the stray loss from the clamping plates. The difference
between Case 1 (or 2) and Case 3 is the stray loss from the
tank [20]. The results at a dc current of 1.6 A are given in
Table 5.

As expected, both the tank and the clamping structure have
a great impact on the stray loss. The loss in those structural
parts largely attributes to eddy currents generated in proxim-
ity of the magnetic core. Several conclusions can be drawn
from Table 5.

• The stray loss in the tank and the clamping plates increases
dramatically due to dc-bias. In case 2, for instance, it
increases from 1.3 (under pure ac excitation) to 31.3 W
(1.6 A dc-bias at 60°).

• Among the four configurations, the stray loss varies con-
siderably. The variations inCase 1 (33%) andCase 2 (37%)
are greater than in Case 3 (26%), largely due to the stray
loss redistribution in the iron tank.
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Table 5 Power Losses due to Dc-bias of DM

Loss type Configuration Case number

1 2 3 4

Stray loss [W] AC 1.9 1.3 1.2 0

0° 32.5 22.8 7.7 0

60° 43.3 31.3 9.7 0

90° 40.4 28.7 8.4 0

150° 34.5 24.3 8.4 0

Winding loss [W] AC 0.4 0.4 0.4 0.4

0° 7.2 7.2 7.4 7.7

60° 6.9 6.8 6.9 7.1

90° 7.0 7.0 7.0 7.4

150° 6.9 7.0 7.0 7.3

• The stray loss in the tank is sensitive to the tank height
(air gap). The loss increases with more than 10W (> 40%)
when the gap distance reduces from 20 to 5 mm.

• Thewinding loss increaseswith dc-bias level. The tank and
clamping structures have little impact on winding loss.

In all measurement cases, the tank and the clamping struc-
ture have a minor influence (< 5%) on the reactive power.

3.5 Influence of delta winding

Delta connection is widely used inmany types of three-phase
transformers. Except for being used as a secondary winding,
in high rating transformers, a delta connected tertiary wind-
ing can be used to reduce the unbalancing currents or to
supply an auxiliary load at different voltage levels. The mea-
surement Cases 1, 3 and 4 in Sect. 3.4 were repeated with
the secondary winding connected in delta. The results at a dc
current of 1.6 A are given in Table 6.

The delta winding significantly reduces the power loss
caused by the dc-bias. The majority of the decreased loss is
from the stray loss in the tank (> 25W). Additionally, there is
a reduction in the stray loss in the clamping structure (< 4W),
whereas the core loss is practically unchanged. Moreover,
with delta winding, the loss difference between the four con-
figurations becomes smaller. The winding loss in the primary
side increases slightlywith connecting the deltawinding, due
to the small increased magnetizing current. Last but not the
least, in our test, the loss in the delta winding is moderate.
However, in practice, attention should be paid to the rating
of the delta winding as the induced current might exceed the
design value. For instance, a delta winding used as tertiary
winding supplying an auxiliary load might not be rated high
enough to withstand the induced current caused by high dc
bias.

Table 6 Power Losses due to Dc-bias of DM with Delta Winding

Loss type Configuration Case number

1 3 4

Stray loss [W] 0° 6.3 5.6 0

60° 5.9 6.3 0

90° 5.6 5.5 0

150° 6.1 5.8 0

Winding loss primary side
[W]

0° 7.7 7.8 7.9

60° 7.3 7.3 7.4

90° 7.4 7.4 7.6

150° 7.3 7.3 7.4

Winding loss delta [W] 0° 1.7 1.7 0.9

60° 2.2 2.3 2.0

90° 2.0 2.0 1.5

150° 1.6 1.5 0.7

Fig. 13 Winding losses and stray losses due to different levels of DM
and CM dc currents. Left: winding losses; Right: stray losses

The measurement were also repeated for CM dc currents.
Since the corewas not saturated under the appliedCMdc cur-
rent, no significant difference in the losses (core loss,winding
loss and stray loss) was observed by adding a delta winding.

4 Discussion

4.1 Comparisons between DM and CM dc current

Comparisons of the power losses for DM and CM dc current
are summarized in Fig. 13. Both the winding losses and stray
losses of DM are significantly larger than those of CM.

The difference in winding losses can be explained by cur-
rent total harmonic distortion (THD) of two modes. As an
example, in Fig. 14 (DM case 0°), the THD of DM is signif-
icantly larger than CM. The harmonic currents account for
considerable portion of the winding loss for DM. In contrast,
the THD is small and increases very slightly for CM dc cur-
rent, inwhich thewinding losses is dominatedbydcohm loss.
It is also worth noting that the winding losses distribution
among three phases can be unbalanced due to asymmetric
DM dc current distribution.
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Fig. 14 Current total harmonic distortion (THD) due to different levels
of DM and CM dc currents

Detailed harmonic contents due to different levels of DM
and CM are presented in Fig. 15. The harmonic current dis-
tribution is unbalanced within the three phases for different
configurations of DM, which leads to unbalanced winding
losses, and more importantly, different stray losses. In con-
trast, the harmonics of CM are symmetric in the three phases
and the magnitudes are much smaller at high frequency.

4.2 Down scaling of transformer

The experiment was carried out on a down-scaled lab trans-
former, as it is impractical to perform such potentially
destructive test on a full-size grid transformer. In principle,
the saturation phenomenon is characterized by the flux den-
sity in the magnetic core. According to the Ampere’s law, the
magnetomotive force (defined as NI in ampere-turns) is

N I � Hl (5)

where N is number of turns, I is current, H is magnetic field
strength and l is mean length of the flux path. Then the flux
density can be simply expressed by

B � μH � μ
N I

l
(6)

where μ is magnetic permeability of the core.
In order to preserve the flux density feature, the down-

scaled experiment maintains the same topology of the core
and keeps N/l approximately at the same level as full-scale
transformer. It has been seen from the lab test that the trans-
former performance has been degraded at 1.6 A dc current.
Such level of dc current (a few ampere) can cause similar
saturation for a transformer with 105 times larger rating (full-
scale transformer, with the same topology and similar N/l).

Despite of the similarity in flux density distribution
between the lab transformer and full-scale transformer, it
is imperative to highlight the important differences between
them.

• Large (full-scale) transformers have sophisticated struc-
tural steels such as flitch plates close to the magnetic core
which are susceptible to the leakage flux affected by satu-
ration.

• The core material used in a grid (full-scale) transformer
is often the grain-oriented (GO) steel, which has higher
nominal flux density, lower specific loss and steeper mag-
netization curve below the knee point, compared to the
lab (down-scale) transformer which is made of non-grain-
oriented (NGO) steel.

• The rated current in a full-scale transformer is much larger
than the lab transformer, so the winding loss generated
under the same dc current in a full-scale transformer is not
as problematic as the down-scaled one, since the percent-
age current increase (relative to nominal load current) in a
full-scale transformer is much less significant.

The grain-oriented steel (typical core material of a grid
transformer) often has steeper magnetization curve (i.e.,
higher permeability) below the knee point and flatter slope
above the knee point (i.e., lower permeability). According
to Eq. (6), under the same incremental flux (ΔB), higher
magnetization current would be induced in the GO material
due to its smaller permeability at saturation. This indicates
that themagnetization currentwithGOmaterial has narrower
spike (contents higher frequency current harmonics) than the
NGO. As a result, the GO material is more sensitive to dc
bias, although it is superior in overall core loss reduction.

5 Conclusions

Measurements of power losses and reactive power in CMand
DM reveal that there is a significant difference between the
two modes of dc currents in three-phase power transformers.
Whether a dc current can cause a damage to a power system
or a transformer depends on the mode of the dc current.

• Three-phase, three-limb transformer can withstand much
higher CM dc current, compared to DM dc current.

• Power transformers are susceptible to DM dc current
regardless of their core topologies, due to low reluctance
paths and higher flux density offset.

• The magnetizing current under DM dc current has higher
THD level than CM and content higher-order harmonics,
resulting in both higher stray loss and higher winding loss.

• The core loss is not significantly influenced by the dc-bias.
As demonstrated in Table 3, the core loss even decreases
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Fig. 15 Current harmonic content due to different levels of DM and CM dc currents
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slightly with the dc-bias present, which is in line with the
material measurement in [21].

• The power losses caused by high-level DM dc currents
depends on dc current distribution in three windings, due
to the stray loss redistribution in the iron tank.

• The DM dc currents enhance the reactive power consump-
tion and introduce an unbalanced voltage distribution in
the three phases.

• Delta winding can significantly reduce the excessive stray
loss (and noise) caused by the DM dc currents, as long as
a proper rating is chosen for the delta winding.

The susceptibility classification of power transformers in
the guideline [4] applies only to GICs (CM dc currents in
general). It is recommended to verify the performance (noise,
harmonic distortion, reactive power and/or temperature rise)
of a power transformer regardless of its topology, as long as
it is exposed to DM dc currents.
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Abstract
Geomagnetically induced currents (GICs) and the converter modulation effect are the two
main causes for dc magnetisation in power transformers. It is well known that a small dc‐
bias can saturate a large transformer and thereby generate high unbalanced magnetising
currents, imposing a serious risk of excessive power losses and local overheating. Mag-
netising currents due to GIC phenomena have been studied extensively, whereas studies
on converter related dc‐bias are few. In particular, a discussion on loss characteristics
related to converter modulation lacks. In this study, the dc‐bias of common mode and
differential mode in a three‐phase, three‐limb transformer is investigated experimentally.
Additionally, to interpret the physical phenomena, the system was modelled using the
finite element method. The results revealed that the power losses are significantly influ-
enced by the dc current direction, arrangement of the structural parts, and the method of
winding connection.

1 | INTRODUCTION

DC magnetisation due to geomagnetically induced currents
(GICs) [1] and converter modulation [2] may cause core satu-
ration in grid transformers. The dc magnetisation yields high
magnetising currents, which increase the noise level in the core
and create local hotspots in the winding terminal and in iron
structural parts such as the tank and the flitch plates [3, 4]. In the
worst case, the generated heat can lead to the full failure of the
transformer [5]. Moreover, the excessive magnetising current
can deteriorate the performance of the power system [3]. For
instance, it increases reactive power consumption, causes
voltage instability [6], and the induced current harmonics may
lead to incorrect operation of protection relays of HVDC sys-
tems, with the risk of tripping the entire transmission system [7].

TheGICoriginates from the interaction between the coronal
mass ejections (CME) of the sun and the magnetosphere of the
earth. The electrojet current (generated by the movement of the
geomagnetic field relative to the conductive ionosphere) induces
a longitudinal quasi‐dc potential in series with the transmission
lines, driving the flow of induced current, the GIC [3].

Another origin of dc‐bias in power transformers is the
modulation effect of power converters. When ac and dc

transmission lines share the same corridor or even the same
towers [8, 9], the ac line induces fundamental current in the dc
lines by inductive coupling. Due to the switching operation of
the power electronic converter, the fundamental signal on the
dc side of the converter will then be transferred to the ac side
and appear as dc‐bias (and second order harmonic) [2].

The two mechanisms of dc magnetisation are illustrated in
Figure 1. As depicted in the upper figure, the GIC flows
through transmission lines and closes its path via the star
connected windings of the grid transformer at the grounded
neutral points. The GICs are oriented in the same direction in
all three phases of the power lines, consequently, in the
transformer windings. At very low frequencies (typically
0.01–0.5 Hz), the high‐voltage network is essentially resistive.
Considering equal resistance in the three phases, the magni-
tudes of GICs become identical in the three phases. Based on
these factors, the GICs are common mode (CM) dominated
and causes a zero‐sequence magnetising current. In the lower
figure, the inductive coupling due to power converter modu-
lation is represented as two longitudinal voltage sources, which
determines the dc current level in the transformer windings.
Different from GICs, the sum of the dc currents appearing on
the ac bus is zero (regardless of whether the transformer is

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is
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grounded or not). Thus, they cannot be in the same direction.
These currents are referred to as differential mode (DM).

The GIC phenomenon has been given significant attention
and is investigated extensively for decades. The standard [3] has
been widely used as a guideline to select or design power
transformers subjected to GICs. As for the converter‐related dc
magnetisation, the physical consequence is similar to GICs in a
single‐phase transformer, which is used prevalently in large
HVDC transmission projects. However, for HVDC projects
with constraints in footprint of the converter station (e.g.
offshore platform) [10, 11], three‐phase transformers are
sometimes preferred. In contrast to three single‐phase units,
where the electromagnetic field is isolated in each phase, the
fluxes may interact within the core and structural parts in a
three‐phase transformer. Such interaction can be significant,
particularly when flux saturates the core (due to dc currents).

As the dc currents are not identical in the three phases, it
results in unsymmetrical magnetisation of the transformer
core. The distribution of the dc voltages, udc, among the three
phases depends on the phase difference, θ, between the
induced voltage sources (V1± in Figure 1) and the switching
operation of the converter [12]:

udc ¼
mVm

2

2

6
6
6
6
6
4

cos θ

cos
�

θ −
2π
3

�

cos
�

θ þ
2π
3

�

3

7
7
7
7
7
5

ð1Þ

where m is the modulation index and Vm is the peak voltage
on the ac side of the converter. Since θ may take different
values, the dc current distribution among the three phases can
be largely different under different conditions. Table 1 defines
four cases with θ varying from 0° to 150°. For comparison, the
CM currents are also included.

The unsymmetrical magnetisation due to the DM dc
current in the core may lead to a significantly different

physical consequence in terms of losses, noise, and reactive
power consumption, which makes the conclusions based on
GICs invalid for a three‐phase transformer. Understanding
the behaviour of the three‐phase transformer subjected to
DM dc current becomes increasingly important due to recent
HVDC projects and has not yet been addressed by any
literature. In this study, we experimentally determine the po-
wer loss under different cases in a three‐phase, three‐limb
transformer. The influence of dc current directions (CM
and DM), the arrangement of the structural parts (tank,
clamping plates) and delta connection on the losses are
studied for the transformer. To interpret the results and
explain the physical phenomena, the transformer is modelled
using the finite element method.

2 | EXPERIMENTAL SETUP

2.1 | Test system

A 2.5‐kVA three‐phase three‐limb transformer was used as the
test object [12]. Both the primary and the secondary winding
had 280 turns. The primary windings were connected (in star)
to a three‐phase power supply (the FPGA‐based grid
emulator, EGSTON®), with independently controllable pha-
ses. The secondary windings were connected in delta and a
switch was used to allow the delta connection to be open
(Figure 2). The grid emulator is a reconfigurable switching
converter being able to emulate a power system as ac/dc
sources (100 kVA, 400 Vac/800 Vdc). The system offers a
symmetric ac source with independent, controllable dc volt-
ages. During the test, the dc currents can be tuned precisely to
predesignated values, while the nominal ac voltage is main-
tained. The primary current and the voltage across each
winding were measured in each phase of the transformer, and
the measurements were incorporated into a high precision
power analyser (YOKOGAWA WT3000), where the power
losses were obtained.

The iron tank and the clamping plates (mild steel) can be
disassembled such that the core loss, the stray losses of the
tank, and the clamping steels can be separated. The height of
the tank was adjustable, enabling the influence of geometry on
stray loss to be further evaluated (Figure 3).

F I GURE 1 Illustration of dc‐bias in a three‐phase transformer. Upper:
the dc‐bias is generated by geomagnetic disturbances. The dc current in the
transformer winding is of the common mode. Lower: the dc‐bias is
generated by the converter modulation effect. The dc current in the
transformer winding is of the differential mode

TABLE 1 Examples of dc current ratios defined in each phase of the
transformer windings for different phase differences

Mode θ

DC current ratio in Phases A, B and C

IA_dc IB_dc IC_dc Σ IABC_dc

DM 0° 1 −0.5 −0.5 0

60° 0.5 −1 0.5 0

90° √3/2 √3/2 0 0

150° √3/2 0 √3/2 0

CM / 1 1 1 3

Abbreviations: CM, common mode; DM, differential mode.
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2.2 | Material measurement on the
transformer

The data of the electric steel of a transformer is not
always available for the user or even for the transformer
designer, particularly when it needs a non‐standardised test

such as dc magnetisation. Although standardised material
measurement methods for specific power loss [13, 14] as
well as specially developed instruments for measurements of
losses due to dc bias [15] exist, they cannot always be
utilised. Comprehensive measurements are required to cover
various combinations of ac and dc magnetomotive force
(MMF) and, additionally, the availability of samples can be
largely limited.

In a single‐phase transformer, the magnetic properties of
the electrical steel sheets can be characterised directly on the
transformer (ac and dc fields can simultaneously be applied
to the core as in [15]). However, for a three‐phase trans-
former, such a standardised test is not applicable since the ac
flux and dc flux have different paths in the yoke and the
limbs, and the resultant total flux density is non‐uniform in
the core. In this section, we propose a simple method, which
utilises a three‐phase transformer to create a uniform flux
distribution, and thereby enables a dc‐bias test.

The winding connection is represented in the schematic
diagram in Figure 4. The primary windings of Phases A and
C (two side‐limbs) of the transformer are connected in
series and excited by a single‐phase voltage source. The
secondary windings of the Phases A and C are also con-
nected in series and are used as a voltage measurement
winding. In this way, the flux along the path lc in Figure 4
becomes uniform. The ac flux and dc flux have the same
path lc. The flux path lc comprises the side limbs and yokes.
In principle, there is no flux flowing in the middle limb. To
verify this, the induced voltage in the middle winding is
monitored.

The measured specific power loss (loss per unit mass)
versus ac flux density is shown in Figure 5. In all measure-
ments, the induced voltage recorded in the middle limb was
less than 1% of the voltage applied on the side limbs indicating
that the power loss contributed by the middle limb was
negligible. The specific power loss provided by the manufac-
turer is 1.35 W/kg at 1.0 T (red point in Figure 5), which
agrees well with the measurements.

The example of magnetisation characterisation under the
dc‐bias is demonstrated in Figure 6, where the ac MMF of 1
per‐unit (corresponding to 1.48 T) is superimposed with
various dc MMFs.

F I GURE 2 Test circuit (transformer winding connection and dc‐bias
implementation) and the EGSTON grid emulator (controllable three‐phase
voltage source) in the National Smart Grid Laboratory (NSGL), Norway

F I GURE 3 The 2.5‐kVA three‐phase three‐
limb transformer for dc‐bias test

WANG ET AL. - 3



The half‐cycle saturation is clearly observed from the B‐H
characteristic in Figure 6. Due to the dc‐bias of the flux, the
area of the hysteresis loop increases in one half‐cycle and de-
creases in the other half‐cycle. For high dc MMFs, the peak
flux density exceeds the saturation point in one half‐cycle. As a
result, a moderate change of the hysteresis loss is expected with
the increasing dc MMF. As shown in Figure 7, at low flux
density (0.7 pu), the loss increases slightly with dc MMF and
asymptotically approaches a constant value. At the nominal
flux density (1 pu), the loss decreases slightly as dc MMF
increases.

3 | FINITE ELEMENT MODELS FOR
LOSS CALCULATION

The measured transformer power losses comprise core loss,
winding loss, and stray loss, which cannot be easily separated
by means of the measurement itself. To gain insight of the
constitution and the spatial distribution of the power losses,
finite element (FE) models were developed. A two‐
dimensional (2D) FE model was developed to investigate the
core loss and the magnetising current; a three‐dimensional
(3D) FE model was used to calculate the stray loss (eddy
current loss). The geometry of the 2D and 3D models are
shown in Figure 8.

The magnetisation characteristic (Figure 9) of the magnetic
core was obtained using the approach described in Section 2.2.
In normal operation as well as in our test, the leakage flux
density is too small to saturate the tank and the clamping plate.
Therefore, constant relative permeability (100) was used for
the iron tank and the clamping plate (mild steel). The con-
ductivity was 6.99 mS/m.

Transient analyses considering non‐linear magnetic proper-
ties often require significant computational efforts to obtain
steady state solutions.When the problem involves a dc signal, the
time constant for reaching steady state, determined by the ratio
between the inductance and dc resistance of the winding, be-
comes extremely large. To deal with such a situation, the time
periodic finite element method (TPFEM) [16] and the harmonic
balance finite element method (HBFEM) [17] have been pro-
posed. A comparison of the methods is given in [18]. Here, we
used 2DTPFEM to calculatemagnetising currents and core loss.

The governing equations in terms of a magnetic vector
potential A

→
is given by

∇�H
→
þ σ

∂A
→

∂t
¼ J e

→
ð2Þ

F I GURE 5 Measured specific power loss versus ac flux density. The
reference point is given by the manufacturer

F I GURE 6 Magnetisation characteristic (B‐H curve) under ac nominal
MMF superimposed with multiple dc‐bias levels

F I GURE 4 Schematic diagram for material magnetisation
characterisation using a three‐phase three‐limb transformer. The dash line
lc and the red arrows represent the flux path in the transformer core. No
flux passes through the middle limb. Note that the measurements are
performed without tank and clamping steels
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where σ is the conductivity of the material. J
!

e is the
periodic excitation current density. When voltage sources
are involved (e.g. in 2D FE models), the current density
satisfies

J e
!
¼ −σ

 
∂A
→

∂t
þ ∇∅

!

ð3Þ

where Φ is the electric scalar potential related to the applied
voltage sources.

Since saturation is included in the field problem, the
magnetic field strength H

→
is a non‐linear function of the flux

density B
→

H
→
¼H

→�
B
→�
¼H

→�
∇� A

→�
ð4Þ

To implement TPFEM with commercial simulation codes
(COMSOL Multiphysics®), the time domain Equation (2) is
discretised into multiple coupled stationary problems:

∇�H
→�

∇� Ai
�!
�
þ σ

Ai
�! − Ai−1

��!

2 T
N

¼ J e;i
�!|t¼ i

N T ð5Þ

where T is the period of the excitation and N is the number of
the time steps. A

!
i and J

!
e;i are the vector potential and exci-

tation current at time step i. Equation (5) represents i discrete
equations at specified time instants. A total of 40 points was
used in one period in the study.

For the boundary conditions, the symmetric plane (the
bottom plane in Figure 8) of the model is defined as a perfect
magnetic conductor (i.e. no tangential magnetic field)

n�H
→
¼ 0 ð6Þ

Magnetic insulation is defined for the vertical symmetric
plane in the 3D model, as well as for the outer boundary of the
whole study region

n� A
→
¼ 0 ð7Þ

By integration of Equation (3) over the whole coil cross‐
section and by expressing the electric scalar potential explic-
itly by means of applied voltage, a set of ordinary differential
equations are obtained (following the similar discretisation
approach as in Equation 5)

Nt · J e;i
�! −

�

V dc þ Vm · sin
�

2π
i − 1
N

��

·
σ
2l

þNt ·
σ
2

∫
�

Ai
�! − Ai−1

��!
�
ds

2 T
N

¼ 0

ð8Þ

F I GURE 8 Views of the geometry of the FE models. Upper: 2D FE
(half) model for core loss calculation. Lower: 3D FE (quarter) model for
stray loss calculation

F I GURE 9 Measured magnetisation characteristic (B‐H curve) for the
transformer core

F I GURE 7 Measured specific power loss versus dc magnetisation.
Red: nominal ac flux density (1 pu); Blue: low ac flux density (0.7 pu)
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where Nt is the number of the turns, l is the out‐of‐plane
depth, and Vdc and Vm are the dc voltage offset and the ac
voltage amplitude applied, respectively.

With such implementation, the computation time is
significantly reduced. When the flux density distribution is
obtained, a post‐processing approach is adopted to calculate
power loss, based on the material measurements made for the
P‐B relationship, see Figures 5 and 7.

For stray loss analyses involving asymmetric or irregular
geometries such as the tank and the clamping plate, 3D
modelling must be applied. In 3D FE transient simulations, the
obtained magnetising currents are defined as the current ex-
citations [19]. Compared with the voltage source imple-
mentation, this requires significantly less memory and thereby
saves computation time.

4 | RESULTS AND DISCUSSION

4.1 | Influence of the dc‐bias on core loss

Ac nominal voltage (230 V) was applied on the primary
winding, where the CM dc currents varied up to 4 A and the
DM dc currents varied from 0.4 to 1.6 A. In the tests, the tank
and clamping plates were disassembled such that the total
power loss only consisted of core loss and winding loss
(without stray loss from structural parts). The winding loss was
derived from the obtained current and the winding resistance,
whereas the core loss was obtained by withdrawing the winding
loss from the total power loss.

The test results are presented in Figure 10 (CM dc current)
and Table 2 (DM dc current for the four cases in Table 1). The
total power loss due to CM currents increased with the dc
current. The winding loss dominated the loss increment,
whereas the core loss remained practically constant.

A similar behaviour was observed for DM, with the core
loss remaining practically constant (with a maximum difference
of 2.5%) as dc current increased. However, the winding loss of
DM was significantly larger than that of CM at the same dc
current level. Among the four different cases in DM, the 0°
case gave the highest winding loss, although the difference was
small.

Figure 11 shows the measured and calculated primary
currents (magnetising currents) for the four DM cases. For
comparison, the magnetising current under CM dc current of
the same level (1.6 A) is presented. The simulated currents
were in good agreement with the measured ones. Due to the
ungrounded connection, the sum of the three currents in DM
was zero. Although the dc component of the currents was the
same (1.6 A), the peak (or harmonic contents) of the DM
magnetising currents was significantly larger than that for CM,
and thereby induced higher winding loss. Among the four
cases in DM, the 0° case gave the highest peak magnetising
current (at Phase A) and consequently the highest winding loss.

Figure 12 shows the maximum flux densities in the trans-
former core. The maximum flux densities are distributed
differently in the three limbs for the four DM cases. The

calculated flux density offsets at the centre of the limbs (at
Points A, B, C specified in Figure 8) as well as the calculated
core loss are presented in Table 3. The maximum flux densities
of DM were significantly higher than those of CM. This dif-
ference is due to the fact that the DM flux can close its path
inside the core, yielding a smaller reluctance path for the dc
flux of DM and a higher flux density offset, whereas the CM
flux must close its path outside the core, resulting in a much
larger reluctance path and a small flux density offset.

The higher flux densities (or flux density offsets) did not
lead to higher core loss. On the contrary, the core loss slightly
reduced (Table 2) due to the dc‐bias. Despite decreased core
loss, the dc‐bias produced higher magnetising current and
higher winding loss.

The magnetic core in the test transformer is made of
isotropic material. As seen from Figure 12, the flux density is
not uniform in the corner and joint regions. When anisotropic
material (e.g. grain‐oriented steel) is used, the flux density
would be more uniform throughout the core. More impor-
tantly, grain‐oriented material often has a much steeper mag-
netisation curve, which indicates less flux density offset but
higher magnetisation current peak under saturation. Therefore,
the current harmonic, winding loss and the stray loss are ex-
pected to be more pronounced.

F I GURE 1 0 Power losses versus dc‐bias of CM. The dashed lines are
guides to the eye

TABLE 2 Winding losses and core losses due to the dc‐bias of DM

DC current (A)

Winding loss (W) Core loss (W)

0° 60° 90° 150° 0° 60° 90° 150°

0.4 0.79 0.79 0.79 0.74 50.0 49.5 49.7 49.8

0.8 2.30 2.16 2.18 2.16 49.8 49.6 49.5 49.5

1.2 4.62 4.28 4.39 4.32 49.5 49.6 49.4 49.1

1.6 7.70 7.13 7.35 7.29 49.3 49.7 49.4 48.8
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4.2 | Influence of the dc‐bias on stray loss

For stray loss investigations, the structural parts were included.
The structural parts were added in two steps. First, only the
iron tank was added (i.e. the clamping plates were excluded). In
this case, the total power loss consisted of core loss, winding
loss and the stray loss from the tank. The same ac voltage and
dc currents were applied as in Section 4.1, and the winding loss
was derived again from the obtained current. As the excitation
maintained the same, the core loss was assumed to be identical

to the case without the clamping plate (Section 4.1). Thus, the
stray loss could be estimated by withdrawing the winding and
core losses from the total loss.

The test results at 1.2 A are presented in Table 4. Both
stray loss and winding loss were significantly higher for DM
than for CM. The magnetising currents as well as the winding
losses remained virtually unchanged when the tank was added.
The stray loss differed considerably between the four DM
cases, where the 60° case gave the highest loss. The simulated
stray loss (i.e. eddy current loss in the tank) waveform over one

F I GURE 1 1 Comparison of the measured and calculated primary phase currents over one period at 1.6 A dc current for the four different DM cases and
for the CM case. A, B, and C refer to the different positions given in Figure 8
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period is presented in Figure 13 and the calculated average
values are listed in the last column in Table 4. The difference
between the calculated stray losses and the measurement likely

attributes to the neglected geometrical details, such as slots and
holes (Figure 3) in the numerical modelling.

Figure 14 shows the maximum stray loss density distribu-
tion in the tank for the four cases. The symmetry/asymmetry of
the flux density distribution within the core limbs determines
the symmetry/asymmetry distribution of the induced stray
losses in the tank. For example, at 60° and 150°, the flux density
is symmetric with respect to the centre limb (see Figure 12) and
so is the loss density (Figure 14). In contrast, at 0° and 90°, the
loss concentrates on one side of the tank due to the asymmetric
flux density distribution. Among the four cases, the 60° case has
the highest magnitude of the loss density, and generates the
maximum stray loss.

In the next step, the complete transformer unit was
measured (i.e. both tank and clamping plates were included).
The stray loss and the winding loss are presented in Figure 15.
By including the clamping plates, the stray loss significantly
increased. There is a large difference in stray loss between the
four DM cases, particularly at higher dc‐bias levels. In contrast,
the winding losses are almost the same for the four cases.

The stray loss variation and distribution is given for the
60° case in Figure 16. By adding the clamping plates, the total
stray loss is increased not only by the added clamping plates,
but also by the incremental stray loss in the tank, due to the
reduced clearance between the tank and the core. The stray
loss of the clamping plates concentrated on the edges close
to the winding terminals. The loss concentration area pre-
sented in Figures 14 and 16 also indicates the location where
the mitigation measures such as a magnetic shunt shall be
placed.

4.3 | Influence of delta winding

To evaluate the influence of the delta winding, measurements
were made with the secondary winding in delta configuration

F I GURE 1 2 The maximum flux density in the magnetic core at 1.6 A
dc current for the four DM and the CM cases

TABLE 3 Comparison of flux density offset and core losses due to
DC‐bias of DM and CM

Mode θ

Calculated flux density
offset in the middle of
each limb (T) Core loss (W)
∆BA ∆BB ∆BC Pc

DM 0° 0.61 0.36 0.26 49.4

60° 0.38 0.75 0.38 49.5

90° 0.54 0.66 0.14 49.4

150° 0.51 0 0.51 49.4

CM / 0.01 0.01 0.01 50.1

TABLE 4 Comparison of power losses with 1.2 A DC‐bias in DM
and CM

Mode θ

Measured losses (W)
Calculated
stray loss
(W)

Total
loss

Winding
loss

Stray
loss

DM 0° 59.3 4.5 5.6 6.0

60° 62.5 4.3 8.6 8.0

90° 61.4 4.3 7.7 7.0

150° 58.2 4.3 5.2 5.4

CM / 52.9 2.5 0.3 0.3

Abbreviations: CM, common mode; DM, differential mode.

F I GURE 1 3 The instantaneous stray loss in the iron tank under 1.2 A
DM dc current for the four cases. The 0.02 s corresponds to one period
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(closing the switch in Figure 2). The stray loss as well as the
winding loss at a dc current of 1.6 A are presented in Table 5.
As for the previous cases, the winding loss was derived from

the measured current, and the stray loss was estimated by
withdrawing the winding loss and the core loss from the total
loss.

The delta winding connection resulted in dramatically
reduced stray loss (Table 5 compared with Table 4) caused by
the dc‐bias with the cost of only the modest additional loss in
the secondary winding. In addition, the loss difference between
the four cases greatly reduced. The simulated example,
Figure 17, is given for the 0° case, showing the reduced
instantaneous loss with delta winding.

The circulating current in the delta winding was also
calculated in the FE analyses, and it was in good agreement with
the recorded measured waveform, see Figure 18. The (induced)
circulating current counteracted the leakage field generated by
the magnetising current, and thereby reduced the stray loss.

5 | DISCUSSION

Traditionally, mitigation measures can be classified into pre-
vention of the creation of GICs and prevention of the trans-
former core from saturation [20]. The former strategy includes
line connected methods [21] and neutral dc blocking devices
[22]. For example, a fundamental frequency‐blocking filter is
used to reduce the fundamental current in the transmission line
from inductive coupling, and thereby reduces dc current. A
series capacitor can be used to blockGICs on line. However, the

F I GURE 1 4 The maximum volumetric stray loss density in the tank at 1.2 A DM dc current for the four cases. The upper left figure shows a 3D view of
the tank and the upper right figure shows how the tank walls are expanded in a 2D view. One quarter of the model is shown

F I GURE 1 5 Stray loss and winding loss (with both tank and clamping
structure) due to DM dc current for the four different cases. For
comparison, stray loss and winding loss due to CM are also included
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line connected methods often involve line insulation level and
high equipment costs. In contrast, neutral dc blocking devices
require much lower voltage rating and less investment. For the
counter‐saturation strategy, it often suggests using three‐phase
three‐limb transformers to increase reluctance of dc flux [3].

However, for DM dc current, our study shows that the
saturation phenomenon is also significant in a three‐phase three‐
limb transformer and that the stray loss can be substantial.
Moreover, the neutral blocking device is not a feasible solution
since the DM dc current circulates within three phases. Fortu-
nately, most large three‐phase transformers used in HVDC link
are equipped with delta winding. As discussed in Section 4.3, the

stray loss can be largely reduced if delta winding exists and
proper rating is considered.Otherwise, line connected devices or
the control compensation method [23] shall be considered.

6 | CONCLUSIONS

The experimental and modelling study revealed significantly
different behaviour in terms of power loss between CM and
DM as well as between four DM cases.

� The flux density offset (as well as the maximum flux density)
due to DM dc‐bias was significantly larger than that in CM
(Figure 12 and Table 3), due to the low reluctance path in

F I GURE 1 6 The calculated stray loss under DM dc current of case
60°. Upper: the instantaneous stray loss over one period in the tank and the
clamping plates. Lower: the maximum volumetric stray loss density in the
clamping plates

TABLE 5 Power losses due to DC‐bias in DM with delta winding

Mode θ

Measured power losses (W)

Stray
loss

Primary
winding loss

Secondary
winding loss

DM 0° 1.1 4.7 0.6

60° 0.9 4.4 1.1

90° 0.9 4.4 0.9

150° 0.5 4.3 0.5

F I GURE 1 7 The calculated instantaneous stray loss over one period
in the tank under 1.2 A DM dc current for the 0° case

F I GURE 1 8 Comparison between the calculated circulating current in
the delta winding and the measurement over one period in the tank under
1.2 A DM dc current for the 0° case
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DM. Among the four cases, 60° gave the highest offset and
thereby the worst case.

� The core loss was not sensitive to dc‐bias, regardless of the
magnitudes and modes of the applied dc currents (Figure 10
and Table 3).

� The winding loss due to DM dc‐bias was significantly larger
than that of CM (Table 4 and Figure 15), due to high mag-
nitudes of the magnetising currents as well as their high
frequency harmonic contents. For the winding loss, there
were only small differences between the different cases.

� The stray losses differed between the four DM cases, where
60° gave the highest loss and 150° gave the lowest loss
(Figure 15). The geometry of the tank and the clamping had
a dramatic impact on the stray loss.

� The excessive stray loss caused by the DM dc currents was
reduced significantly by introducing delta winding (Table 5
and Figure 17).

The results above shows that a three‐phase three‐limb
transformer, which is vulnerable to CM dc currents, is sus-
ceptible to DM dc current. The DM dc‐bias can constitute a
local overheating hazard in the tank and the clamping plates in
a power converter connected transformer, particularly if delta
winding is not used.
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