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Eddy Current Loss in Grain-Oriented Steel Laminations due to
Normal Leakage Flux
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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.

[. INTRODUCTION

VARIABLE 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
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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,
4, and the electrical conductivity tensor, o, definitions for the lamination of a
grain-oriented material.

The effect of the iron-air structure on the permeability in the
normal direction, u,, is considered by means of a stacking

factor y [4].
1 _r 1=y (1)
M, M H

where ur and u, are the permeability of the iron and the air.
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The average stacking factor is calculated by:

m

= 2

v v 2

where m is the weight of the lamination, V is the volume of the

lamination; p is the mass density of the steel, 7.65 kg/dm®. 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 u, 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-Hy
curve for B,=0 and B,-H, curve for B,=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.

3 x104
o Rolling direction (RD)
25 ~© -0 e < Ky Orthogonal to RD
£ i-g Ss
% 2 , Q
[} 7’ \
£ ,° \
215 7 v
g 4 \
Z 16 )
° 1
x 1 \
0.5 N
! 6-% 0 N
0 9_0_0-04?‘9'9' \6“) Y.._g
0 0.5 1 1.5 2

Flux density [T]
Fig. 2. The components of the permeability tensor versus flux density
measured using the single sheet tester (SST). (u.: rolling direction; u,:
orthogonal to rolling direction)

A geometry dependent equivalent electrical conductivity [5]
is used in the normal direction.

o, :(gj o, A3)

where oris the isotropic conductivity [7] of the GO steels, and
o0 and b are the thickness and the width of the sheet.

TABLE 1
THE PERMEABILITY TENSOR AND THE ELECTRICAL CONDUCTIVITY TENSOR

Relative permeability Electrical conductivity [S/m]

L 1y (B) ref. to Fig. 2 oy 2.08x10°
My Uy (B) ref. to Fig. 2 oy 2.08x10°
- 30 A 2.08x10?

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 P, in the test specimen
is calculated by:

P ,=P +P' —P )

net m pow

where P, and Py, 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 Py 1s calibrated [9] under specified flux densities and
frequency prior to fabrication.

e AC Power

Supply 2

Supply 1

Lamination sample

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.
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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 B; and frequency f can
be formulated in form of Steinmetz’s equation:

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 B, is set to 1.0 and 1.6 T, whereas the flux density in the
C-shaped core B; 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.
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Fig. 5. Incremental power loss versus phase angle measured at different main
flux densities B,, combined with different normal leakage flux densities B;.

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 I1IB 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 (E,
¢-E formulation).
0A

[u]’lei]Jr[a] 92 i Vel=0 (6)
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Vi-lo]| S5+ Ve

By =0 (7

where [u] and [o] are the tensor of the magnetic permeability
and the conductivity, which are defined in Table I.

w0

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).
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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, u. and u, are set to
10000 and 1000, respectively.
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TABLE II
POWER LOSS IN THE STEEL LAMINATION DUE TO NORMAL FLUX

Calculated power loss in the lamination [W]

4
30 0.39 8.84 923 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

Normal
flux Classical Classical Hysteresis+ Total power Measured
density eddy loss eddy loss excess eddy loss total losses
[T] Pein !)67 loss P+ P (W]
(nonlinear) (linear) Phex e ex
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.
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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

Calculated power loss in the lamination [W]

Phase Measured total
angle Classical ~ Hysteresis+ex- Total losses
[°] edd;;loss cess e;()idy loss Pt Py [W]
e hex
0 0.43 8.90 9.33 9.39
15 0.42 8.87 9.29 9.37

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 casily, 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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