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Abstract—This paper discusses the processes of power loss 
development in the joint area of the laminated transformer 
core due to eddy currents produced by the normal magnetic 
flux. Normal magnetic flux is directed in perpendicular to the 
plane of the laminations and the dominating factor in the 
power loss formation in the joint area. The analytical approach 
was verified by a set of tests where two experimental setups 
have been employed to investigate power loss in the 
laminations under various conditions. The tests provided data 
on the power loss produced by the normal flux in relation to 
the lamination width and lamination overlap length. It was 
shown that the power loss in the joint area significantly 
depends on the lamination width and is independent of 
lamination overlap. 

Keywords—laminated core; loss in joint area; eddy current 
loss; severe skin effect; normal magnetic flux 

I.  Introduction 

Electromagnetic loss often referred to as no-load loss, is 
an important characteristic of a power transformer 
representing a constant component of energy losses. A 
significant improvement in the transformer efficiency 
performance is achieved due to the implementation of 
modern textured cold-rolled electrical steels ensuring low 
values of specific magnetic losses and an increased field 
density in the rolling direction. New types of electric steel 
enable to enhance the transformer properties include 
advanced material such as Hi-B, ZDKH, magnetoactive 
coating, laser scribed steel, amorphous steels [1]-[3]. Mitre 
cut joint technology introduced in the magnetic core design 
provided a further reduction of power loss in the 
transformer joint area [1]. However, the power transformers 
are still responsible for approx. 1/3 of power loss occurred 
in the transmission and distribution stages of the grid [4]. It 
demands further improvement in magnetic core design 
focused to reduce the transformer loss rate and, therefore, 
increase the efficiency of the grid operation. 

Textured electrical steels are characterised by cube-on-
edge texture, pronounced anisotropy of magnetic properties, 
and stripe domain structure [2],[5]. The magnetic properties 
of the textured steels are sensitive to mechanical stress and 
speed of magnetisation reversal dB/dt [5]. The joints in 
laminations degrade the characteristics of the magnetic core 
in comparison with the steel properties. Although 
considerable efforts have been made to improve the joint 
designs, the structure of the power loss increase in the joint 
area of the laminated magnetic cores is poorly studied. 
Further progress in the core joint design requires a better 
understanding of magnetic field performance and the power 
loss formation in the joint area [6]. 

Investigation of additional losses in the joints of 
laminated magnetic core presented in [7]-[15] is based on 
conventional, widely recognised structure of the power loss 
in electrical steels proposed by Bertotti [2],[16]. However, 
this approach does not provide detailed analysis of the 
losses associated with the magnetic flux transfer through 
adjacent layers (from lamination to lamination) of the core. 

A new approach suggested in [6] represents the power 
loss occurred in the joint area as an additional loss ∆Р 
gained in comparison to the same jointless (solid) core. This 
increase ∆Р consists of two components: (1) the increase in 
the combined hysteresis-eddy current losses ∆РHEτ related to 
the compression of the tangential (main) magnetic flux Фτ in 
the joint area, and (2) power loss due to eddy currents РEn 
produced by the normal flux Фn directed in perpendicular to 
the plane of the laminations. The separation of the power 
losses was obtained from a series of experiments where the 
power loss in a circle laminated magnetic core made by 
isotopic electrical steel was investigated under two test 
conditions. Initially, the core was tested without joints to 
obtain the reference value of the power loss P; then, the  
laminations were cut into four sections and assembled with 
joint overlapping to determine the increase in the power loss 
∆Р. The tests of the cut magnetic core were conducted for 
three different numbers of laminations per step m = 1, 2, 8. 

Fig. 1a [6] demonstrates curves of the relative increase 
(in p.u.) of the power loss in the joint area δP = δРHEτ + δРEn 
vs. magnitude of the magnetic field density BM obtained 
from investigation of the magnetic core made of isotopic 
electrical steel 2412 (3% Si; specific loss is 4.2 W/kg at 
BM = 1.5 T and f = 50 Hz), where the core lamination width 
is b = 60 mm and the number of laminations per step m = 8. 
It can be seen that the character of the loss components are 
different: the component δРHEτ(BM) is reduced at higher 
values of the magnetic field density; the component 
δРEn(BM) has the maximum value at BM = 1.0-1.1 T 
(approx.) which is corresponding to the knee area of the 
magnetising curve. [6] also reports that the reduction in the 
lamination width b decreases the power loss related to the 
normal flux as δРEn(BM)  b0.5. The character of relative 
power loss cures δP(BM) for the smaller numbers of m 
(m = 1; 2) is the same as shown in Fig. 1a. It suggests that 
the component of the relative increase in power loss δРHEτ is 
proportional to the level of specific loss of the electrical 
steel, whereas the component δРEn depends on the specific 
electrical conductivity γ, which is the same for steels having 
3% of Si. The specific electrical conductivity is independent 
of the core geometry including lamination width b. 

Fig. 1b [6] shows the curves of the relative increase in 
power losses obtained for transformer steel 3406 (specific 
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power loss is 1.25 W/kg at BM = 1.7 T and f = 50 Hz). It can 
be seen that the component related to the normal flux δРEn 
dominates in the total losses in the joints having the 
maximum value at ВM = 1.3-1.4 T [6]. 

An improvement in the specific loss of modern 
transformer steels leads to a further relative increase of 
power loss component δРEn in the joints. [7] provides an 
experimental comparison of losses in magnetic cores made 
of textured steels with different levels of specific losses. 
Three identical three-phase laminated magnetic cores 
(lamination width is b = 100 mm) made of different 
electrical steels were investigated: (1) conventional grain-
oriented Si steel (CGO); (2) high permeability Si steel 
(HiB), and (3) laser scribed high permeability Si steel 
(ZDKH). Specific loss in the rolling direction for CGO is 
1.21W/kg, HiB – 1.01W/kg, and ZDKH – 0.95W/kg. It was 
measured at a magnetic field density of BM = 1.7 T and a 
frequency of f = 50 Hz. The report [7] confirms that the 
steels having lower specific losses in the rolling direction 
demonstrate the larger values of the relative increase in 
specific power loss δР in the joints. Fig. 1c shows the 
relative increase in specific power loss for these electrical 
steels. It can be seen that the character of the curves in 
Fig. 1c is similar to the curves shown in Fig. 1a and Fig. 1b. 
One of the reasons for such similarity is the share increase 
of the component δРEn due to improvement in the specific 
loss in the rolling direction. 

It is observed that the normal flux Фn brings a 
significant impact on the increase in power loss in the joint 
area of the “step-lap” mitre cut transformer cores. [18] 
experimentally proved that the losses in the magnetic core 
(lamination width b = 165mm) of the three-phase power 
transformer (300 KVA) made of electrical steel 27M4 is 
higher by 15% for “step-lap” joints comparing to “butt-lap” 
core joints. This study assumed that the eddy current losses 
produced by a normal flux depend on (tj)

2, where tj is the 
joint overlap length. 

A variety of studies [10]-[13] providing numerical 
analysis of electromagnetic field and the power loss in the 
core joints formulate the problem using the joint overlap 

Fig. 1. Relative power loss increase δP vs. magnetic field density BM at 50 Hz for (a) Isotropic Si steel 2412; (b) Anisotropic Si steel 3406; (c) high 
permeability Si steel (HiB), laser scribed high permeability Si steel (ZDKH), conventional grain-oriented Si steel (CGO). Data from [6],[7]. 

(a) (b) (c) 

length tj instead of the lamination width b. 3-D modelling 
was applied for numerical analysis of losses in the 
transformer joint area [14],[15]. However, the influence of 
the lamination width b was not taken into account in these 
studies. 

II.  Analysis of Power Loss Produced by Normal Flux 

In terms of performance of the normal flux Фn in the 
joint area, all laminations of the core are practically in the 
same conditions. Equal normal fluxes Фn are concentrated 
in the overlapping areas of adjacent sheets at the ends of 
each lamination. Fig. 2 shows the normal flux distribution in 
the lamination joints assembled using “butt-lap” and “step-
lap” methods [18]. The arrows indicate the direction of the 
flux in the laminations at some arbitrary moment in time; in 
this illustration, the flux through the air-gaps are considered 
negligible. The thickness of the step in the laminated core is 
determined as md, where m is the number of laminations in 
the step, d is the thickness of lamination. The circles in 
Fig. 2 highlight the areas where the normal flux passes 
through the adjacent layers (from lamination to lamination) 
of the magnetic core. It shows that the distribution of the 
normal flux in the overlapping area is significantly different 
for “butt-lap” and “step-lap” assemblies. 

When the laminations are “butt-lapped” (Fig. 2a), the 
tangential magnetic flux Фτ in the joint area is compressed 
and divided onto two equal (assuming the symmetry in the 
joint area) normal fluxes 1/2Фn. Each half of the normal 
flux passes into adjacent layers (up and down) at the ends of 
the laminations. The upper half fluxes (as well as the lower 
half fluxes) at both ends of the lamination have opposite 
directions. 

When the laminations are “step-lapped” (Fig. 2b), the 
tangential magnetic flux Фτ in the joint area is not 
compressed and turns in one direction passing into adjacent 
layers at the full value of Фn [9]. Under equal operational 
circumstances, the normal flux in the “step-lapped” core is 
in two times bigger in comparison to the “butt-lap” design 
and has the same direction at both ends of the lamination. 

Magnetic flux Ф of an individual transformer limb (or 
yoke) consisting of laminations can be determined (at any 
moment of time) as follows  

      (1) 

where Фτ, Фn, Фδ are the components of the flux in a 
lamination (Фτ is the tangential flux; Фn is the normal flux; 
Фδ is the flux through the air-gap of the joint). Thus, the 
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Fig. 2. Normal flux Фn components at the ends of the laminations in  
(a) “butt-lap” and (b) “step-lap” magnetic core assemblies. 
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total value of the magnetic flux Фn creating eddy current 
losses in the joint area РEn is comparable to the magnitude 
of the flux Ф (Фn ≤ Ф). In this case, the magnitude of the 
cross-section average field density produced by the normal 
flux ВMn is tens times less than the field density ВM in the 
core. The smaller value of the field density is due to a 
significantly larger cross-section of the joint overlapping 
area Sn in comparison to the cross-section of the lamination 
step Sτ. The ratio Sn/Sτ = tj/(md) >> 10 as shown in Fig. 3. 

The losses in the joint area ∆РHEτ and РEn occur in the 
orthogonal planes of the electric steel core. The steel 
medium has linear electrical conductivity (it is assumed that 
the specific electrical conductivity of the steel γ = const) at 
low values of magnetic field density ВMn and, therefore, 
these processes can be studied using a superposition 
method. Hence, the analysis of losses in joints PEn is 
considered as an independent problem. This approach is 
relevant due to the high level of power losses PEn in the 
joints of the laminated core made of textured steel [6]. 

The linear dimension affecting the eddy-current 
producing due to the normal flux Фn is the width of the core 
plates b [6], but not the length of the lamination overlap tj as 
suggested in [1], [9]-[13]. In fact, tj determines only the 
width of the area where the magnetic flux Фn flows into the 
adjacent layers but does not limit the eddy currents 
produced by the flux Фn (Fig. 3). Dynamic magnetisation 
reversal processes occur at low values of ВMn corresponding 
to an insignificant nonlinearity of magnetic permeability μ. 

The parameter called dumping factor ξ is introduced in 
[17] to analyse the skin effect produced by a plane 
electromagnetic wave freely penetrating into an infinite long 
conducting sheet having μ = const. 

        (2) 

where l is the smallest transverse dimension of lamination; f 
is the frequency; μ is the magnetic permeability of material 
μ = μrμ0 (μr is relative permeability; μ0 is the magnetic 
constant 410−7 H/m); γ is the specific electrical 
conductivity γ ≈ 2106 S/m for 3% Si steels. 

For the tangential magnetic flux Фτ in the laminated 
magnetic core, the smaller transverse dimension l shown in 
(2) is the thickness of the lamination d. The process of 
magnetization reversal of electrical steels along the rolling 
direction at an industrial frequency of 50Hz is characterised 
by the dumping factor ξ < 2. Specific eddy current losses PEτ 
produced by the tangential flux Фτ are determined by the 
classical formula [2],[5],[6],[16],[17]: 

     (3) 

where σ is the material mass density; d is the lamination 
thickness (the smallest transverse dimension for the 
tangential magnetic flux). 

For the normal flux Фn flowing in perpendicular 
direction to the lamination plane, the smallest transverse 
dimension is the width of the lamination b. It is quite 
difficult to determine experimentally the magnetic 
permeability μ⊥ = μ⊥rμ0 of the electrical steel in the 
direction of the normal flux Фn. According to the results 
reported in [19]-[21], the relative permeability μ⊥r has a 
value in the range between 30 to 170. The dynamics process 
of magnetisation reversal occurs under the condition of a 
severe skin effect at the damping factor ξ > 4. If the 
lamination geometry is assumed as “infinite plate” [17], 
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then the specific losses due to eddy currents PEn produced 
by the flux Фn under the severe skin effect condition is 
expressed as follows: 

    (4) 

Thus, a significant part of losses in the joint area is 
produced under severe skin effect conditions. In the 
laminations overlap area, the value of the dumping factor is 
quite high ξ >> 4. It was experimentally found [6] that the 
power loss РEn is proportional to the width of the lamination 
as b0.5 (РEn  b0.5) which is contradicting to (4). The 
performance of the normal flux Фn in the joint area (Fig. 3) 
is fundamentally different to the flux obtained from the skin 
effect problem for a conventional conducting plate [17]: 

• the flux is concentrated in the narrow overlap area at the 
ends of the lamination; 

• the transition of the flux from lamination to lamination 
Фτ → Фn → Фτ occurs under a sharp change in the 
dumping factor: (ξ < 2) → (ξ >> 4) → (ξ < 2) as shown 
in Fig. 3. 

III. Experimental Setups  

In order to verify the proposed analytical approach, the 
power loss development PEn was experimentally 
investigated to understand its relation to the lamination 
dimensions and overlap area. Two experimental setups were 
designed and built to provide testing of the lamination 
samples under application of the normal flux through two 
opposite sides of a rectangular electrical steel sheet as 
shown in Fig. 4 and Fig 5. Both setups produce the ac fluxes 
through each side of the sample directed perpendicular to 
the lamination plane, equal in magnitude and performed 
under the severe skin effect condition. The advantage of the 
experimental setups is the possibility to analyse power loss 
PEn in the joint area produced by the normal flux Фn solely 
and to exclude the influence of other factors. A similar 
experimental approach was used in [22] to study eddy 
current losses PEn generated by the normal leakage flux in 
the magnetic core of a power transformer.  

Setup 1 consists of a circle magnetic core cut into two  
C-shape yokes (Fig. 4). The cross-sectional area of the core 
is 10016 mm. The magnetising windings have 660 turns 
each. The magnetic circuit of setup 1 is symmetrical that 
provides equal normal fluxes Фn through the lamination 
sample and eliminates tangential flux component Фτ. The 
fluxes through each end of the sample are arranged in the 
opposite directions. The length of the sample applicable for 
this setup is L = 165 mm, the width of the setup yoke is 
LY = 16 mm. 

Setup 2 consists of two identical U-shaped magnetic 
cores (Fig. 5). The cross-section area of the yoke producing 
the normal flux through the sample is 10026 mm. The 
exciting windings (240 turns each) are connected in parallel 
to a 50Hz ac voltage source to generate two equal ac 
magnetic fluxes in each magnetic core. Fig. 6 shows the 
electrical circuit diagram of the experimental setup. The 
direction of the fluxes in the magnetic cores depends on the 
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Fig. 3. Transition of the tangential flux Фτ into the normal flux Фn. 
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position of the switch (DPDT switch in Fig. 6) and it can be 
arranged in the same or opposite directions. Although 
setup 2 was designed to investigate the samples under two 
different arrangements of the flux direction, in the present 
study it has been used to test the laminations at the same 
direction of the fluxes only. The length of the sample 
applicable for this setup can be varied, the width of the 
setup yoke is LY = 26 mm. 

Experimental setup 1 is equipped with a measuring 
winding (3 turns) installed on one setup yoke to monitor the 
flux amplitude. A low power factor wattmeter D522 was 
used to acquire the test readings. The sample material is a 
conventional transformer steel grade 3406. It is a 3% Si 
electrical steel having the specific electrical conductivity 
γ ≈ 2106 S/m and the relative permeability μ⊥r = 150. The 
size of the sample is 165100 mm; the sample thickness is 
d = 0.35 mm. The properties of the sample ensure the setup 
operation under the dumping factor ξ >> 4 (ξ = 24).  

In order to conduct the tests, the ends of the lamination 
sample were fixed between the yokes of C-shaped (Fig. 4) 
or U-shaped cores (Fig. 5). The lower yokes of the setups 
are attached to the base, the upper yokes are movable and 
fixed using the clamps. To avoid the influence of the 
temperature variation on sample electrical conductivity, all 
measurements were conducted under the condition  
T°C = const. Fig. 7 shows a photo of the experimental 
setups and the steel rectangular lamination samples. 

The power balance for the experimental setups is 
expressed as follows: 

        (5) 

where Р is measured active power [W]; РC = I2
(RM + RW) is 

loss in copper; I is rms value of the current in the 
magnetising windings [A]; RM is resistance of the 
magnetising windings [Ω]; RW is resistance of the current 
coil of the low power factor wattmeter [Ω]; РS is loss in 
steel (magnetic core) [W]; PEn is eddy current loss in the 
lamination sample due to the normal flux [W]. 

The power loss in magnetic core PS is determined from 
(5) under no load condition (the sample is not installed) for 
various values of magnetic field density magnitude BM, 
where BM is calculated using the following formula: 

         (6) 

where ES is average value of e.m.f. of the measuring 
winding [V]; WS is number of turns of the measuring 
winding; S is cross-sectional area of the yoke [m2]; f is 
industrial frequency of 50Hz.  

Hence, under no load condition, the power loss in the 
magnetic core PS is 

          (7) 

Under the testing condition, the eddy current loss in the 
lamination sample produced by the normal flux PEn for 
various values of ES are calculated by: 

       (8) 

At the initial stage, the lamination samples were tested 
by both experimental setups to obtain the reference values 
of the power loss PEn. Setup 1 was used to test the samples 
under the opposite flux direction arrangement, whereas 
setup 2 was employed to conduct the tests under the same 
flux direction arrangement. 

IV. Influence of Lengthwise Cuts in  
the Lamination Samples  

After the initial investigation of the lamination samples, 
the ends of the other samples having the same dimensions 
(165100 mm) were cut by a laser cutter in a lengthwise 
fashion (width of the cuts ≤ 0.2 mm) into equal sections (2, 
4, 8, and 12 sections). The central part of the samples was 
not cut for a practical reason (Fig. 7). Fig. 8 illustrates the 
difference between an uncut lamination sample and a cut 
sample. The purpose of this experiment is to investigate 
how the eddy current loss depends on the width of the 
lamination. The tests were conducted at magnetic field 
density BM = (0.1-0.3) T. 

It can be seen in Fig. 8 that the total width of the 
samples is b, whereas the width of each section (called 
equivalent width) is bq. The ratio of the total sample width 
to the width of a cut section N is 

         (9) 

In terms of this test, the ratio N is actually the number of 
the sections cut in the lamination sample. 
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Fig. 5. Experimental setup 2 (the same flux direction arrangement). 
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At the next stage, the cut samples were tested under the 
same condition that has been applied for the uncut samples. 
Power loss produced by the normal flux expressed in p.u. 
for various ratio N can be found as follows: 

       (10) 

where PEn,pu(N) is power loss in p.u. produced by the normal 
flux for a particular ratio N; PEn(N) is power loss produced 
by the normal flux for a particular ratio N [W]; PEn is power 
loss produced by the normal flux for the uncut sample [W]. 

The test results are summarised in Table I. The curves 
PEn,pu vs. N for two arrangements of the flux direction 
(opposite and the same) are shown in Fig. 9a. The curves 
were approximated using the following expression: 

       (11) 

where s(ξ) is an exponent depending on the damping factor 
ξ. The value of the exponent s(ξ) can be found from the 
logarithm expression of (11) 

         (12) 
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For ratio N = 1, there is an uncertainty in the form: 0/0; 
however, it can be overcome using L’Hospital’s rule (s is 
found as the limit of the ratio of the function increment to 
the argument increment at N → 1). 

The analysis of the curves in Fig. 9a has led to the 
following conclusions: 

• the loss PEn,pu is asymptotically decreased with an 
increase in N and following the same pattern for both 
arrangements of the flux direction (opposite and the 
same); 

• the extent of loss reduction is higher for the opposite 
arrangement where the experimental setup 1 has a 
smaller yoke width LY; 

• the loss PEn,pu is decreased by more than an order of 
magnitude at the ratio N > 10 (bq ≤ 10 mm) 
corresponding to the damping factor ξ ˂ 4. 

Data in Table I show that the damping factor ξ is 
decreased with an increase in the ratio N. The damping 
factor reduction is calculated using (2): 

         (13) 

Fig. 9b shows the curves s(ξ) vs. ξ for two arrangements 
of the flux direction (opposite and the same). The curves are 
actually boundaries of the area of variation of s(ξ). It can be 
seen that s ≤ 0.5 is corresponding to the severe skin effect 
conditions (ξ >> 4) whereas s ≥ (0.8-1.0) is associated with 
the reduced skin effect (ξ ˂ 4). 

Fig. 9a demonstrates two dashed curves obtained using 
the analytical expressions (11) and (12). These curves 
illustrate approximate boundaries of the area where the 
asymptotically decreasing power losses PEn,pu vs. the ratio N 
are located. The upper boundary is the analytical curve (11) 
obtained for the fixed exponent s = 0.5, the lower boundary 
is a similar analytical curve for s = 1. It can be seen that the 
upper curve is the approximate boundary at the ratio  
N = (1-2) whereas the lower curve is the boundary at the 
ratio N = (8-12). 

Therefore, the influence of lengthwise cuts in the 
laminations on the power loss in the joint area of a magnetic 
core can be expressed using the following proportional 
relationship: 

        (14) 

where ФMn is magnitude of the normal ac flux; s = s(ξ). 

V.  Influence of Lamination Overlap 

At the last stage, the influence of the lamination overlap 
length in the joints tj was investigated using the 
experimental setup 2. The sample applied for the overlap 
tests was a rectangular steel sheet (grade 3406) having the 
size of 165100 mm. The overlap area of the test sample 
depends on installing arrangement of the sample ends into 
the gaps between the yokes (Fig. 5). The tests were 
conducted for the overlap length of 26, 18, 12, and 6 mm 
symmetrically arranged at each end of the sample. The 
magnetising windings of the setup were connected to an ac 
voltage source via variac to adjust the fluxes in the cores. 
The measuring windings were glued at the ends of the 
sample following the perimeter of the core cross-sectional 
areas (Fig. 8) to monitor the fluxes through the sample ends. 
Table II demonstrates the results of experiment: the power 
losses PEn,pu obtained for various lamination overlaps. 
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Ratio N 1 2 4 8 12 

Damping factor ξ 24 12 6.0 3.0 2.0 

Setup 1 (opposite flux 
direction arraignment) 

PEn,pu(N) 1 0.695 0.343 0.135 0.061 

s ≈0.48 0.52 0.77 0.98 1.12 

Setup 2 (the same flux 
direction arrangement) 

PEn,pu(N) 1 0.715 0.41 0.2 0.13 

s ≈0.44 0.49 0.64 0.77 0.79 

TABLE I. Lengthwise Cut Test Results  

Fig. 8. Uncut and cut lamination samples (N = 4). 

Fig. 9. Curves (a) PEn,pu vs. ratio N and (b) exponent s(ξ) vs. damping factor ξ 
for two arrangements of the flux direction (opposite and the same). 
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Power loss produced by the normal flux in p.u. is 
calculates using the formula PEn,pu = PEn/PEn(aver), where  
PEn(aver) is average value of power loss developed using four 
readings for the lamination overlaps tj = 6; 12; 18; 26 mm 
measured at three different constant fluxes. Fig. 10 shows 
the power loss in p.u. vs. lamination overlap in mm for the 
different constant fluxes. It can be seen that the lamination 
overlap does not affect significantly on the power loss in the 
joint area at any value of magnetic flux.  

VI.  Conclusion 

The tests conducted to verify analytical approach have 
demonstrated that the eddy current power loss produced by 
the normal flux is independent on the lamination overlap 
length tj. It has been shown that the eddy current loss in the 
joint area is proportional to the normal magnetic flux 
 (ΦMn)

2 but not to magnetic field density (BM)2 as in (3) 
and (4). Eddy currents are not limited by the joint area of 
the laminated core but acting within the entire lamination 
sheet. The loss is generated under the severe skin effect 
condition and related to the magnitude of the normal 
magnetic flux and width of the lamination: 

 where s ≈ 0.5     (15) 

Hence, the loss produced by the normal flux in “step-
lap” joints is in four times higher than the power loss the 
joint area of the similar core assembles using “butt-lap” 
techniques.  

The lengthwise cuts at the ends of the lamination reduce 
the effective lamination width bq available for the eddy 
current development. The cuts and reduced skin effect 
conduction decrease the power loss in the joint area as 
shown in (16).  

 where s ≈ 1.0     (16) 

The results of practical experiments discussed in this 
paper underpin the analytical approach and provide a better 
understanding of power loss development in the joint area 
of the laminated core of power transformers. 
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PEn(aver) 
PEn,pu at condition ΦMn(tj) = const. 

tj = 26mm tj = 18mm tj = 12mm tj = 6mm 

0.68 W 1.02 p.u. 0.96 p.u. 0.98 p.u. 1.04 p.u. 

1,11 W 1.03 p.u. 0.99 p.u. 0.96 p.u. 1.01 p.u. 

1.64 W 1.03 p.u. 0.98 p.u. 1.02 p.u. 0.96 p.u. 

TABLE II. Lamination Overlap Test Results  

Fig. 10. Power loss in p.u. vs. lamination overlap in mm. 
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