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Power Loss Calculation Using the Parametric Magneto-Dynamic
Model of Soft Magnetic Steel Sheets
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This paper deals with the fundamental theoretical background of a 1-D parametric magneto-dynamic (PMD) model, which
analytically solves the interdependence of the magnetic field and macroscopic eddy currents inside a thin soft magnetic steel sheet
(SMSS). Furthermore, the loss calculation using the discussed model is presented, where instantaneous powers due to static hysteresis
and induced eddy currents, as well as their power loss distributions across the SMSS thickness are calculated. The calculated results
are validated by measurements on a non-oriented SMSS using sinusoidal excitations within wide frequency and magnetic flux density
ranges.

Index Terms— Dynamic modeling, eddy currents, loss separation, magnetic hysteresis, power loss, skin effect, soft magnetic
materials.

I. INTRODUCTION

THE widespread usage of non-oriented (NO) soft mag-
netic steel sheets (SMSSs) in different electromagnetic

(EM) devices requires adequate descriptions of EM phe-
nomena inside used SMSSs. Over recent decades, various
models have been developed for this purpose, which can
predict transient behavior and power losses inside SMSSs.
The more established models are based on the numeri-
cal solution of the Maxwell diffusion equation, whereas
attempts to solve the problem have been done with 1-D
[1]–[4], 2-D [5], or even coupled with 3-D [6] approx-
imations. The latter approaches are, however, generally
complicated and computationally expensive. Consequently,
the main approaches for use in engineering often repre-
sent various simplified descriptions for the loss calculation
(see [7]) and 1-D problem descriptions. When using the
1-D problem description, some alternative approaches have
also been developed, e.g., using magnetic equivalent circuits
[8], and most recently, the analytical parametric description of
SMSSs [9].

The objective of this paper is twofold. First, to provide
a detailed presentation of the fundamental theoretical back-
ground, which complements the description of the paramet-
ric magneto-dynamic (PMD) model presented in [9]. The
detailed presentation for filling the gap in the description
of the model is essential for understanding the proposed
concepts and is also indispensable for the implementation
and further development of the discussed model. Second, to
extend the discussed model using the calculations of power
losses, as well as power loss distributions inside SMSSs,
which are of great importance for enhancing the usability
of the discussed model throughout engineering. The calcu-
lation of power losses is validated by measurements of a
NO SMSS within wide frequency and magnetic flux density
ranges.
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Fig. 1. Left-half side of a thin and long straight SMSS divided into
Ns slices.

II. PARAMETRIC MAGNETO-DYNAMIC MODEL

The magnetization dynamics inside a thin and long SMSS
is described by the PMD model presented in [9], where the
1-D approximation of the EM phenomena is assumed inside
the SMSS.

A. Theoretical Background of the 1-D Description

A SMSS, which is excited by an external (surface) magneto-
motive force (mmf) Θ , e.g., generated by the current i flowing
through an excitation winding with N turns (Θ = i · N), is
shown in Fig. 1. Although not explicitly indicated, all the
used EM variables in this paper represent arbitrary functions
of time t . For the purpose of the present analysis, a reference
coordinate system in the center of the cross section of the
SMSS is defined, as shown in Fig. 1. The area of interest
for the analysis of the EM field is restricted to the thickness
b (x ∈ [−b/2, b/2]), width a (y ∈ [−a/2, a/2]), and length
lm (z ∈ [0, lm]) of the observed SMSS.

The observed SMSS can be treated as infinitely long, when
the length lm of the SMSS is far greater than its thickness b
and width a(lm � a, b). In such cases, the magnetic field
on the edges has a negligible effect on the magnetic field
inside the SMSS. Furthermore, it is assumed that the generated
magnetic field inside the SMSS can be represented only

0018-9464 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



6301304 IEEE TRANSACTIONS ON MAGNETICS, VOL. 50, NO. 11, NOVEMBER 2014

by its component in the direction of the z-axis, whereas
other components are neglected. Consequently, the EM
phenomena inside the SMSS can be considered indepen-
dent of the z coordinate. The distributions of magnetic field
strength Hz(x, y) and magnetic flux density Bz(x, y) across
the cross section (xy plane) of the observed SMSS depend,
however, on the excitation dynamics and material proper-
ties. Such a magnetic field induces, according to Faraday’s
Law (1), electric field strength E = (Ex(x, y), Ey(x, y), 0)
in the xy plane. The induced electric field strength is fully
described by its components Ex and Ey in the x-direction and
y-direction, respectively,

∂ Ey (x, y)

∂x
− ∂ Ex (x, y)

∂y
= −∂ Bz (x, y)

∂ t
. (1)

Due to the induced electric field strength E and electri-
cally conductive nature of the SMSSs, circular eddy currents
ie = (iex(x, y), iey(x, y), 0) are generated in the xy plane of
the SMSS. The distribution of induced eddy currents depends
on the distribution of the varying magnetic field. At the same
time, the induced eddy currents influence back the magnetic
field. The strong interdependence of the said phenomena can
result in non-homogeneously distributed magnetic field and
eddy currents inside an SMSS.

Since the thickness b of the SMSS is considerably smaller
than its width a (b � a), the eddy currents iex(x, y) are
considerably smaller than the eddy currents iey(x, y) and
do not substantially influence the magnetic field distribu-
tion inside the discussed SMSS. The eddy currents are thus
described only by the eddy currents iey(x, y) directed along
the y-axis, whereas the x-component iex(x, y) is neglected
(iex(x, y) = 0).

Based on aforementioned assumptions, the EM phenomena
in the 1-D description are independent of the coordinates
y and z, and are thus fully represented by magnetic field
strength H = Hz(x), magnetic flux density B = Bz(x), and
eddy currents ie = iey(x). Furthermore, the distribution of the
magnetic field and eddy currents along the x-axis is symmetric
with respect to the y-axis (Fig. 1). Due to this symmetry, the
diffusion problem can be simplified and solved only for half
the thickness of the SMSS [1]–[3].

B. Interdependence of Magnetic Field and Eddy Currents

The main idea of the PMD model proposed in [9] is
that the SMSS is divided into several equally thick slices,
as shown in Fig. 1. The first slice (s = 1) is assumed to
be in the center and the last slice (s = Ns) close to the
surface of the SMSS. The adequate number of slices Ns
(Ns ∈ N) is chosen according to the excitation dynamics in
such a way that the otherwise non-uniform distribution of the
magnetic field across the SMSS thickness can be described
as uniform inside the slices [9]. The magnetic field inside
the arbitrary slice s ∈[1, Ns] is best described by its average
values of magnetic field strength H̄s and magnetic flux density
B̄s (2), where the thickness bs, the lower border coordi-
nate xsl, and the upper border coordinate xsu of the slice s are
defined by

H̄s = 1

bs

xsu∫

xsl

Hs (x) dx, B̄s = 1

bs

xsu∫

xsl

Bs (x) dx (2)

bs = b

2Ns
xsl = (s − 1) b

2Ns
xsu = sb

2Ns
(3)

B̄s = μs(H̄s)H̄s. (4)

The average magnetic field strength and magnetic flux
density (2) in slice s are linked by the constitutive law (4)
describing the material properties of the SMSS. The relation
between H̄s and B̄s is hysteretic and highly non-linear, which
can be taken into account using an adequate hysteresis model.
For this purpose, various static hysteresis models can be imple-
mented within the discussed model. In this paper, the static
hysteresis model proposed in [10] was implemented for several
practical reasons [9]. However, for the analysis of complex
magnetizations, the use of history-dependent hysteresis models
would be more adequate, e.g., the model proposed in [1].

Using an adequate number of slices Ns, virtually any
arbitrary continuous distribution functions H (x) and B(x) of
the magnetic field across the SMSS thickness are adequately
approximated with piecewise constant functions Hpwc(x) and
Bpwc(x), which are composed of average values (2) inside
individual slices along the x-axis. This property of the
discussed approximation is essential, as the magnetic field
distribution inside the SMSS is changing non-linearly over
time, with possible abrupt and significant changes. The eddy
current density distribution je(x) across the SMSS thickness is
calculated by (5) using the piecewise constant approximation
Bpwc(x) combined with the constitutive Ohm’s law and the
Faraday’s induction law (1)

je (x) = −σ

x∫

0

∂ Bpwc (ξ)

∂ t
dξ. (5)

Using (5) and (2), the eddy current density distribution
jes(x) in the arbitrary slice s is calculated by (6). The eddy
current density jes(x) at arbitrary position x inside the slice s
is generated by the varying magnetic fields within all the
embraced inner slices [first term on the right-hand side of (6)]
and by that part of the varying magnetic field in slice s that
is enclosed inside the observed eddy current density loop at
position x (second term on the right-hand side of the following
equation):

jes (x) = −σbs

s−1∑
i=1

d B̄i

dt
− σ

d B̄s

dt
(x − xsl). (6)

In contrast to piecewise constant approximation of the
magnetic field distribution Bpwc(x), the corresponding approx-
imation of eddy current distribution je(x) is according to (6)
piecewise linear across the SMSS thickness. By integrating
jes(x) (6), the eddy current distribution ies(x) is obtained
inside the slice s

ies (x) = lm

x∫

xsl

jes (ξ) dξ

= −σ lm

(
bs

s−1∑
i=1

d B̄i

dt
(x −xsl)+ 1

2

d B̄s

dt
(x −xsl)

2

)
. (7)

The total eddy current ies in the observed slice s is calcu-
lated by considering x = xsu in (7)

ies = −σ lmb2
s

(
s−1∑
i=1

d B̄i

dt
+ 1

2

d B̄s

dt

)
. (8)
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Using (7) and considering the total eddy currents in all the
inner slices by (8), the average eddy current īes in slice s is
expressed as a linear combination of total eddy current ies in
slice s and all total eddy currents in the inner slices by

īes = 1

bs

xsu∫

xsl

ies (x) dx = 1

3
ies − 1

3

s−1∑
i=1

(−1)s+i iei . (9)

Up to this point, only the influence of magnetic field
distribution on the eddy currents inside the SMSS is analyzed.
However, the generated eddy currents create a feedback influ-
ence on the magnetic field. This feedback influence is taken
into account using Ampere’s Law, where the mmf balance
within the arbitrary slice s is expressed by (10). The magnetic
field at the position x inside the observed slice s is excited
by the externally applied mmf Θ , the eddy currents in those
slices that enclose slice s [second term on the right-hand side
of (10)], and the part of the eddy current in slice s enclosing
the observed magnetic field (last two terms on the right-hand
side of the following equation):

Hs (x) lm = Θ +
Ns∑

i=s+1

iei + (ies − ies (x)) . (10)

Integrating (10) over the thickness bs of the observed slice,
(10) is expressed in terms of average magnetic field by

1

bs

xsu∫

xsl

Hs (x) lmdx = 1

bs

xsu∫

xsl

(
Θ+

Ns∑
i=s+1

iei + (ies− ies (x))

)
dx .

(11)
When analyzing (11), it is easy to identify that the left-

hand side of the equation can be replaced by the average
magnetic field strength (2) (which is dependent on the average
flux density), whereas the right-hand side of (11) can be
expressed as the sum of externally applied mmf Θ and
a linear combination of eddy currents within all slices by
using (9). The modified formulation of (11) is finally expressed
by

H̄s(B̄s)lm = Θ +
Ns∑

i=s+1

iei + 2

3
ies + 1

3

s−1∑
i=1

(−1)s+i iei . (12)

Despite the relatively complicated derivation process, it is
interesting that the interdependence of the eddy currents and
the magnetic field within the whole SMSS (by considering
all the slices) is expressed by a relative simple non-linear
differential equation in matrix form (13), as shown in [9].
In (13), H̄

(
�̄

)
represents a vector of the magnetic field

strengths as non-linear (hysteretic) functions of the mag-
netic fluxes inside individual slices, � is the vector of the
mmfs generated by the externally applied current i , N =
N [1]Ns×1 is a vector with number of turns N of the excitation
winding, and Lm is the magnetic inductance matrix of the
SMSS

� = Ni = H̄(�̄)lm + Lm
d�̄

dt
. (13)

The description of the discussed model is completed by the
influence of EM phenomena inside the SMSS on the excitation
winding. The induced voltage ui in the excitation winding is

Fig. 2. Power loss inside the M400-50A SMSS. (a) Calculated versus
measured total power loss. (b) Calculated eddy current power loss Pe.
(c) Calculated hysteresis power loss Ph.

generated by time varying magnetic flux densities in all slices
and is calculated by

ui = −NT d�̄

dt
. (14)

C. Power Loss Calculation

Using the discussed model not only the arbitrary transient
states (as presented in [9]), but also the power loss dis-
tributions inside the SMSSs are calculated, where the time
behavior of the powers due to static hysteresis effects and
eddy currents are calculated within individual slices of the
SMSS.

The total instantaneous conduction power loss pes due to
eddy currents within each slice is calculated by integrating the
product of the eddy current density jes(x) and induced electric
field strength Es(x) over the volume Vs of the slice s. Using
the constitutive Ohm’s law and (7), the total instantaneous
conduction power loss pes is expressed by

pes =
∫

Vs

jes (x) Es (x) dV

= 2alm

σ

xsu∫

xsl

j2
es (x)dx

= 2σalmb3
s

⎡
⎣
(

s−1∑
i=1

d B̄i

dt

)2

+
(

s−1∑
i=1

d B̄i

dt

)
d B̄s

dt

+ 1

3

(
d B̄s

dt

)2]
. (15)

The total instantaneous power phs due to static hysteresis
in the individual slice s can be calculated irrespective of the
used static hysteresis model with

phs = abslm H̄s
d B̄s

dt
. (16)

Using (15) and (16), energies Wes and Whs and average
powers Pes and Phs within the time period �t = (t2 − t1)
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Fig. 3. Power loss distribution inside individual slices s due to eddy
currents Pes and static hysteresis Phs at f = 1000 Hz. (a) Bmax = 0.6 T.
(b) Bmax = 1.5 T.

Fig. 4. Calculated instantaneous powers in different slices s for
Bmax = 1.5 T and f = 1000 Hz. (a) pes due to eddy currents. (b) phs due
to hysteresis.

inside individual slice s can be calculated by

Pes = Wes

�t
= 1

�t

t2∫

t1

pes (t) dt Phs = Whs

�t
= 1

�t

t2∫

t1

phs (t) dt .

(17)
The total instantaneous powers pe and ph, energies

We and Wh, and average powers Pe and Ph for the entire SMSS
are obtained by summing the components of the individual
slices.

III. RESULTS

In order to overcome the spatial limitation of this paper and
provide a comparable, coherent, and complete analysis of the
presented PMD model, the loss calculation is validated and
presented for the same sample of a M400-50A NO steel and
under equal conditions as used in [9].

The presented results are calculated using the same static
hysteresis description, Ns = 10 slices and a specific electrical
conductivity of σ = 2.16 · 106 S/m [9]. The calculated total
power losses Ploss show a good agreement with the measure-
ments within the frequency range up to f = 1000 Hz by
considering the maximum average magnetic flux densities up
to Bmax = 1.5 T [Fig. 2(a)]. The corresponding calculated
power losses due to eddy currents and static hysteresis are
shown in Fig. 2(b) and (c), respectively. The power loss

distribution inside individual slices is shown in Fig. 3, where
it is apparent that at lower maximum magnetic flux densities
the hysteresis losses are bigger in the outer slices of the SMSS
due to the skin effect [Fig. 3(a)]. However, when the SMSS
is saturated the hysteresis losses are almost independent of
the SMSS depth [Fig. 3(b)]. The dynamics of the calculated
instantaneous powers pes and phs in different slices s inside
the observed SMSS corresponding to Fig. 3(b) are shown in
Fig. 4.

IV. CONCLUSION

This paper provides detailed insight into the fundamental
theoretical background of the PMD model presented in [9]
and expands the discussed model with power loss calculation.
The presented analysis complements the analysis presented
in [9] and leaves the discussed model open for modifying or
including possible additional concepts to account for different
phenomena. Besides, the relative simplicity, good computa-
tional performance and other advantages [9], with the dis-
cussed model the dynamics of power loss components inside
the SMSS, as well as power loss distribution across the SMSS
thickness can also be calculated. The latter could be used in
an advanced model, i.e., using a coupled thermal model of the
SMSS, which would influence back the material properties
of the SMSS. Future work will focus on implementation
and analysis of various static hysteresis models for accurate
modeling under arbitrary excitation conditions of the SMSSs.
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