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Abstract—The main work of this paper is to propose a dynamic
hysteresis model to predict magnetic hysteresis characteristics for
ultra-thin grain-oriented (GO) silicon steel under multi-harmonic
excitation. First, the non-linear magnetization property of silicon
steel is taken into consideration. Based on segmentation linear
approximation, a new expression of eddy current field is obtained
regarding unsaturated and saturated magnetization state, and the
expression of excess field is improved by segmented statistical pa-
rameter V0. Furthermore, a dynamic model for predicting hystere-
sis characteristics under multi-harmonic excitation is proposed.
Simulated and predicted results are compared with the measured
one, and the accuracy of the proposed model is verified.

Index Terms—Magnetic hysteresis, magnetic losses, power
system harmonics, soft magnetic materials.

I. INTRODUCTION

U LTRA-THIN GO silicon steel is always employed as the
core in medium-frequency power transformers due to its

exceptional soft magnetic properties [1]. Accurate prediction
of the loss and hysteresis characteristics of the core is vital
for the overall design of the unit [2]. Due to the increasingly
high operating frequency and the wide application of power
electronics, the dynamic loss and hysteresis characteristics of
ultra-thin GO silicon steel will be influenced by skin effect and
harmonics. Minor loops and asymmetrical loops will be formed

Manuscript received 25 January 2024; revised 25 March 2024 and 19 April
2024; accepted 5 May 2024. Date of publication 12 August 2024; date of
current version 27 September 2024. This work was supported in part by the
National Natural Science Foundation of China under Grant 52177006 and Grant
52307011, in part by Beijing Natural Science Foundation under Grant 3212036,
in part by the Science and Technology Project of Guizhou Power Grid under
Grant GZKJXM20222149, in part by the Fundamental Research Funds for
the Central Universities under Grant 2023MS108, and in part by the Central
Government Guides Local Science and Technology Development Foundation
under Grant 236Z4508G. (Corresponding author: Haoming Wang.)

Haoming Wang, Xuanyuan Zhang, Xiaojun Zhao, Shengze Gao, and Xinyi
Wu are with the Department of Electrical Engineering, North China Electric
Power University, Baoding 071003, China (e-mail: hmwang@ncepu.edu.cn;
zxyncepu@ncepu.edu.cn; zxjncepu@ncepu.edu.cn; 120222101012@ncepu.
edu.cn; wxy990913@163.com).

Yan Zhang is with the Ningbo Institute of Materials Technology and Engi-
neering, Chinese Academy of Science, Ningbo 315201, China (e-mail: yzhang@
nimte.ac.cn).

Yu Miao is with the Electric Power Research Institute of Guizhou Power Grid
Company, Ltd., Guiyang 550002, China (e-mail: 574122104@qq.com).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TASC.2024.3441939.

Digital Object Identifier 10.1109/TASC.2024.3441939

under the influence of harmonics. Hence, it is important to
propose a dynamic hysteresis model that can accurately predict
dynamic hysteresis characteristics under high-frequency and
multi-harmonic excitations.

Steinmetz’s equation is a widely used empirical equation
for loss calculation. But its accuracy under multi-harmonic
excitation requires complex parameter identification, and it fails
to simulate the hysteresis characteristics. The loss separation
method divides the whole loss into hysteresis loss, eddy cur-
rent loss, and excess loss, providing field expressions for each
component of the loss [3]. But the original method can only
be applied to sinusoidal excitation. To broaden applicability
of the loss separation method, a model is proposed to predict
inner symmetrical minor loops by introducing loss coefficient
in the original energetic model [4]. However, this model cannot
consider the asymmetrical minor loops and requires extraction
of numerous parameters. A method considering DC-bias is
proposed in [5]. But the expression of eddy-current field and the
statistical parameter of excess is lack of consideration of skin
effect, limiting its applicability to low-frequency excitations.
Subsequently, a method considering skin effect is proposed in
[6]. However, it lacks a clear physical meaning in the derivation
of the eddy current field and the accuracy of the modeled
loops depends on shape factors and it may not work well with
multi-harmonic excitations. In summary, the previous methods
lack clear physically meaningful derivation of the expression of
eddy current field that takes skin effect into consideration, and
cannot accurately predict the dynamic hysteresis loops under
complex harmonic excitations.

In this paper, the eddy current field corresponding to various
magnetization states is obtained by establishing a linear seg-
mental approximation to the non-linear B-H relationship. And
the segmented statistical parameter V0 is utilized to establish
a relationship between excess field and different magnetization
states. A new parameter identification approach is introduced for
the eddy current field. A dynamic hysteresis model for multi-
harmonic excitation is derived, and its accuracy is confirmed
through a comparison with measured hysteresis loops.

II. MEASUREMENT OF MAGNETIC PROPERTIES

A magnetic property testing platform is configured [5]. The
type of ultra-thin GO silicon steel is 15SQF1300, and the dimen-
sion for the tested sample is 600 mm 100 mm × 0.1458 mm.
Note that, the quasi-static hysteresis loops are approximated by
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Fig. 1. Segmented B-H relationship in unsaturated state.

Fig. 2. Schematic diagram of soft magnetic materials.

the hysteresis loops measured at 5 Hz since the DC excitation is
difficult to be achieved due to the limitation of equipment.

III. DYNAMIC HYSTERESIS MODEL UNDER SINGLE

FREQUENCY SINUSOIDAL EXCITATION

Based on the loss separation model proposed by Bertotti, the
dynamic field Ht can be expressed as (1).

Ht = Hhy +Hcl +Hex (1)

where Hhy, Hcl and Hex are the magnetic field corresponding to
hysteresis filed, eddy current field and excess field respectively.

A. Dynamic Part of Field

As depicted in Fig. 1(a), the magnetization curve exhibits
two distinct parts, namely the unsaturated magnetization state
and the saturated magnetization state. To facilitate analysis, the
unsaturated magnetization part will be approximated by seg-
mented linearity, as illustrated in Fig. 1(b). The Hs is saturated
magnetic field strength, and Bm is the corresponding magnetic
induction. For each division point i, the Hi and Bi are the
corresponding magnetic field strength and magnetic induction.
For each segment, the B-H relationship is approximated by B
= µiH+B0,i. The µi and B0,i refer to magnetic permeability
corresponding to point i, respectively.

Fig. 2 illustrates a schematic diagram of soft magnetic mate-
rials. When the applied field Ha is oriented parallel to the z-axis,
the internal magnetic induction distribution only varies along
the y-axis direction. Based on these assumptions, the Maxwell’s
equations of each segment are shown in (2).

∂2Hi(y, t)

∂y2
= σμi

∂Hi(y, t)

∂t
(2)

where ω = 2πf, f represents frequency.
Note that, all field strength mentioned in the following text,

refers to the average field strength. Applying a sinusoidal excita-
tion, Ha,i = Hm,iexp(-jωt), by solving (2), the internal magnetic
induction distribution can be obtained as (3).

Hi(t) = ςHm,i

√
2δd,i
d

e−j(ωt−τi) (3)

ς =

√
ch(d/δd,i)− cos(d/δd,i)

ch(d/δd,i)+cos(d/δd,i)
(4)

tan(τi) =
sh(d/δd,i)− sin(d/δd,i)

sh(d/δd,i) + sin(d/δd,i)
(5)

where δd,i represents skin depth, taking 1/(fπσμi)0.5, σ desig-
nates the conductivity.

While the peak induction Bm,i is given, the relationship be-
tween Hm,i and Bm,i can be expressed as (6).

Hm,i = ς
dBm,i√
2μiδd,i

(6)

Then by subtracting the internal field strength from the applied
field strength, the eddy current field strength can be derived as
shown in (7).

Hcl,i(t) = Re[Ha,i(t)−Hi(t)]

= Hm,i

√
(g(δd,i)− cos(ψi))

2+sin2(ψi) cos(ωt+θi−τi)
(7)⎧⎨

⎩
g(δd,i) =

δd,i
d

√
2 · ch(d/δd,i)−cos(d/δd,i)

ch(d/δd,i)+cos(d/δd,i)

tan(θi) =
g(δd,i) sin(τi)

g(δd,i) cos(τi)−1

(8)

Given the high value of Bm, the saturation magnetization state
shown in Fig. 1(a) should be taken into consideration. Therefore,
it is necessary to segment it into saturated magnetization regions
and unsaturated magnetization regions, and utilize parameter yF
to ascertain the boundary between the two regions, as shown
in Fig. 2.

yF(t) =

⎧⎨
⎩

d
4

(
B(t)
Bm

− 1
)
, dB

dt > 0

−d
4

(
B(t)
Bm

+ 1
)
, dB

dt < 0
(9)

By solving Maxwell’s equations, the internal magnetic field
distribution while dB/dt>0 can be obtained as

H(y, t) =⎧⎨
⎩

πfσdBm

4 · e−jω(t+π
2 ) · (e−jωt−1− 4y

d

)
, d

2 ≤ y < yF(t)

Hm,i
cos[(1+j)y/δd,i]
cos[(1+j)d/2δd,i]

e−jωt, yF(t) < y ≤ 0

(10)

The magnetic field distribution while dB/dt<0 can be obtained
similarly. The applied filed strength Ha(t) can be obtained by
taking y = d/2 in (10). Then the eddy-current field for saturated
magnetization state can be derived as (11).

Hcl(t) = Re[Ha(t)−H(t)]

ωσd2Bm

32
sin(ωt)[−δ · 4cos(ωt)− 3+e−(ωt)2 ]

− Hm,i

4
(δ · cos(ωt)− 1)·

Hm,i

√
(g(δd,i)− cos(ψi))

2 + sin2(ψi) cos(ωt+ θi − τi)

(11)
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Fig. 3. Basic magnetization curves.

Fig. 4. Flow chart of parameters identification.

where δ = ±1 and depends on if the magnetic induction is
increasing or decreasing.

Eddy current loss is characterized by the superposition of eddy
current effects generated at different magnetic domain walls,
and excess loss is directly proportional to average loss [3]. It is
necessary to segment excess losses based on varying magnetic
permeability values [6], as shown in (12).

Hex,i =
√
σSV0,iG · δ ·

∣∣∣∣dB(t)

dt

∣∣∣∣
0.5

(12)

where S is the cross-sectional area of specimen. G is the dimen-
sionless parameter, taking 0.1356. Vo,i is the statical parameter
that needs to be identified for segment i.

Then the eddy current field Hcl,i and excess field Hex,i cor-
responding to each segment can be determined. Therefore, the
dynamic part of field expression Hdy,i can be obtained as,

Hdy,i = Hcl,i +Hex,i (13)

By concatenating the dynamic part of fields of each segment
Hdy,i, the total dynamic field Hdy can be obtained. Then the total
loss Wt can be obtained as (14).

Wt =

∮
C

(Hhy +Hdy)dB (14)

B. Identification of Parameters

The skin depth δd,i of each segment and associated parameters
are determined by the permeability μi. As depicted in Fig. 3, the
basic magnetization curves, varying with frequency, are obtained
from concentric hysteresis loops, respectively. Then the µi can
be determined. The number of segments is determined by the
required simulation accuracy.

Utilizing the Preisach model and the previously mentioned
parameter identification, it becomes feasible to determine the
quasi-static field Hhy and eddy-current field Hcl,i of each seg-
ment. Then the statistical parameter V0,i in Hex,i for each seg-
ment can be determined. Fig. 4 presents a comprehensive flow
chart depicting the identification process of all parameters.

Fig. 5. Comparison between the simulated and measured results under single
frequency excitations.

TABLE I
SIMULATION DEVIATION BY DIFFERENT MODELS

C. Results Under Single-Frequency Excitations

Fig. 5 depicts the comparative analysis between the simulated
dynamic hysteresis loops and measured one.

To assess the fitting accuracy of hysteresis loops, the Mean
Absolute Deviation (MAD) is introduced as (15). The results of
loss deviation and MAD are shown in Table I.

MAD =
1

M

M∑
i=1

∣∣∣∣Hi,cal −Hi,mea

Hi,mea

∣∣∣∣ (15)

where M is the total number of data points.
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TABLE II
PREDICTION DEVIATION

As shown in Table I, the MAD of the proposed method is
significantly lower than that of the classical method mentioned in
[3], which indicates the high accuracy of the proposed method in
fitting hysteresis loops. Additionally, it is evident that incorporat-
ing the segmented statistical parameter V0, as opposed to relying
solely on segmented permeability, can effectively enhance the
fitting accuracy of hysteresis loops.

IV. DYNAMIC HYSTERESIS MODEL UNDER

MULTI-HARMONIC EXCITATION

The magnetic induction Barb(t) under multi-harmonic excita-
tions can be expressed as,{

Barb(t) = Bm,1 cos(ωt)+
∑p

k=2Bm,k cos(kωt+ ϕk)

ηk = Bm,k/Bm,1

(16)

where Bm,1, Bm,k designate the amplitude of magnetic induc-
tion corresponding to fundamental harmonic and kth harmonic,
respectively. p is the total number of harmonics.

The regarding field strength Harb(Barb,t) can be expressed as,

Harb(Barb, t) = Hhy,arb +Hcl,arb +Hex,arb (17)

where Hhy,arb, Hcl,arb, Hex,arb represents quasi-static hysteresis
field, eddy-current field and excess field respectively.

The expression of excess field is shown in (18).

Hex,arb(t)=
√
σSGδ ·

[
n∑

k=1

V0,k(Bm,k, fk, μi)·
∣∣∣∣dBarb,k(t)

dt

∣∣∣∣
]0.5

(18)

where Barb,k denote the kth harmonics.μi is the segmented
magnetic permeability corresponding to kth harmonic.

Since harmonic distortion in power systems is restricted to
a small range, the formula for eddy currents under harmonic
excitation can be derived as (19) by using (7),

Hcl,arb(t) =

p∑
k=1

Hcl,k(t) (19)

where Hcl,k is the eddy current field regarding to kth harmonics.
Four harmonic excitations with a fundamental frequency of

400 Hz are used to validate the accuracy. As shown in Fig. 6 and
Table II, the maximum predicted loss error is 4.69%, validating
the accuracy of the proposed model in terms of loss prediction
under multi-harmonic excitations.

Fig. 6. Predicted and measured hysteresis loops under harmonic excitations.

V. CONCLUSION

This study presents a dynamic hysteresis model for accu-
rate hysteresis simulation under single-frequency excitation.
However, as Bm approaches saturation, the improvement in
hysteresis loop fitting accuracy does not show significant en-
hancement with an increase in the number of segments or the
segmentation extraction of V0. With the identification of pa-
rameters under single-frequency excitation, accurate prediction
of hysteresis characteristics under multi-harmonic excitation
becomes feasible.
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