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Rotational magnetization has been widely observed in the T-joints of three-phase transformers and in motor

stators. The resulting rotational losses are significantly higher than those measured under alternating magneti-

zation conditions. To enable more accurate electromagnetic design and hotspot detection in electrical appara-

tus, an improved round rotational single sheet tester (RSST) with a large sensing area and large size samples is

developed, providing a more representative characterization of the material’s global magnetic anisotropy. In

this paper, non-oriented (NO) silicon steel B25AV1300 and grain-oriented (GO) silicon steel B30P100 are mea-

sured under both alternating and rotating magnetic fields. Their magnetic field trajectories and loss character-

istics under circular and elliptical excitations are analyzed and compared. Two core loss models are then

proposed. The first model addresses one-dimensional alternating magnetization by predicting losses across flux

densities and magnetization angles, whereas the second model characterizes two-dimensional rotational magne-

tization by predicting losses for flux densities over a defined ellipticity range. The accuracy of both models is

validated experimentally.
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1. Introduction

Silicon steel sheets are used extensively in energy-

conversion devices, including transformers and rotating

electrical machines, where they serve as the core

magnetic material [1, 2]. Understanding their magneti-

zation characteristics and loss behavior is therefore

essential for developing reliable models for predicting

magnetic performance and ensuring accurate electro-

magnetic and thermal design. Under practical operating

conditions, the magnetization state of silicon steel is not

restricted to purely one-dimensional alternating excitation.

Alternating and rotating magnetizations coexist in various

regions of electrical apparatus, particularly in the air-gap

magnetic fields of alternating-current (AC) machines,

transformer core T-joints, and leakage flux paths among

three-phase windings. In these regions, the magnetic flux

density vector continuously varies in both magnitude and

direction, producing rotational magnetic field trajectories

that may be circular or elliptical. Such multidirectional

magnetization significantly increases the complexity of

core-loss evaluation because the conventional alternating-

loss assumption is no longer valid. Experimental investi-

gations have shown that the core loss under rotational

magnetization is substantially higher than that under

conventional alternating magnetization, particularly in the

linear region of the B–H curve, where rotational effects

are often underestimated [3-5]. Consequently, loss evaluation

based solely on alternating magnetic properties can lead

to systematic underestimation of losses in practical devices.

A thorough investigation of rotating magnetic properties

is therefore essential for accurate material selection,

reliable loss estimation, and optimal electromagnetic

design of modern electrical systems.

The magnetic properties under rotating magnetization

have been studied extensively. In [6], a rotating magnetic

measurement system employing a U-shaped magnetic

yoke was designed. In [7], a rotating magnetic measure-

ment system with a C-shaped magnetic yoke and an

asymmetric structure was developed. In [8] and [9], the
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authors developed a rotating magnetic measurement

systems using a symmetric C-shaped magnetic yoke and

ultra-thin silicon steel material. However, most existing

rotational magnetic measurements employ cross-shaped

samples, which have limitations such as small sample size

and small sensing areas. As a result, the measurements

are highly sensitive to local magnetic field non-unifor-

mities and edge effects. Furthermore, the excitation

conditions in many existing test systems are restricted to

specific rotational trajectories or limited magnetization

states, reducing their ability to characterize the overall

magnetic anisotropy of the material. Consequently, the

resulting loss data are often difficult to incorporate

directly into practical core-loss prediction models for

electrical devices. Therefore, improved rotating magnetic

characterization methods that can provide representative

loss data under a wide range of excitation conditions are

urgently needed; these methods will enable more accurate

loss evaluation and electromagnetic design. In [10] and

[11], the authors proposed complex-valued rotational

magnetic property model and an analytical core-loss

model based on vector magnetic circuit theory, respec-

tively. Although these approaches provide valuable insights,

they involve high computational costs and are not well

suited to rapid engineering calculations. In [12], a

rotational loss model considering ellipticity was proposed;

however, its prediction accuracy remains limited.

In this paper, the design of the measurement system,

experimental investigations, and development of the

proposed loss prediction models are presented. A one-

dimensional loss model is developed by considering both

magnetic flux density and magnetic anisotropy, achieving

prediction errors generally below 3%. By optimizing the

existing model for flux density and varying ellipticity, the

two-dimensional model improves the prediction accuracy

from 2.11% to 0.73%.

2. Rotational Measurement System

In this study, an improved RSST measurement system

incorporating circular excitation, large-size circular samples,

an enlarged sensing area, and an amorphous alloy laminated

sheet yoke are employed to measure the alternating and

rotational magnetic properties of silicon steels. Circular

excitation provides a larger uniform magnetic field region;

large-size circular samples facilitate alternating-field mea-

surements at different angles, reduce material consumption,

and enable spatial averaging of magnetic properties,

resulting in a more representative characterization of

overall material behavior. The enlarged sensing area

improves sensor sensitivity and reduces measurement

errors. In addition, the amorphous alloy yoke exhibits

excellent high-frequency performance, enabling the mea-

surement system to operate at a higher upper frequency

limit [13-15].

Fig. 1. shows a schematic diagram of the rotating

measurement system. In this system, a circular magnetic

yoke is used. Dual-channel excitation signals with

independently controllable amplitudes and phase angles

are generated using LabVIEW. Using the effective

feedback control strategy developed in this work, a highly

uniform magnetic flux density distribution B can be

achieved within the measurement region. The excitation

signals generated by LabVIEW are transmitted through

the analog output channels of a data acquisition card

(DAQ, NI PXIe-6368) and subsequently amplified by a

power amplifier. To improve excitation capability, parti-

cularly at high frequencies, the excitation winding is

connected in series with an adjustable matching capacitor.

This arrangement compensates for the phase angle

between the excitation voltage and current, thereby

achieving a larger excitation current. Six signals are

obtained from the B-H composite magnetic sensor struc-

ture, namely UBX, UBY, UHX1, UHX2, UHY1 and UHY2,

corresponding to the magnetic flux density B and

magnetic field strength H components in the x and y

directions. The spacing between the B-probes b is 40 mm,

and the size of the H-coils is 35 × 17 mm. The compo-0

nents of the magnetic flux density B along each axis are

calculated using Eq. (1) as follows:

 (1)

where, b is the distance between each pair of needles, t is

the sample thickness, and UBi is the instantaneous induced

voltage measured across each pair of needles. The H
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Fig. 1. (Color online) Rotational measurement system using

circular magnetic yoke.



Journal of Magnetics, Vol. 31, No. 2, June 2026  189 

components are determined using Eq. (2) as follows:

 (2)

where, μ0 is the magnetic constant, KHi is the coefficient

of H-coil and UHij is the instantaneous induced voltage

across each coil. The sensor configuration is illustrated in

Fig. 2. The sensor coil terminals are twisted to reduce the

influence of stray fields. To more accurately characterize

the magnetic field strength on the sample surface, we

adopted a double-layer H-coil configuration in the sensor

design. The magnetic field strength H is calculated using

Eq. (3) as follows: 

(3)

where h1 and h2 are the distances from the two H-coils to

the sample respectively, and Hi1 and Hi2 represent the

corresponding magnetic field strengths. A differential

amplifier is used to amplify the output signal of the

sensor before sending it to the analog input ports of the

DAQ card. The two-dimensional rotational core loss is

calculated based on the magnetic flux density B within

the sample and the magnetic field strength H on the

sample surface. Based on Poynting's theorem [16], the

total core loss (W/kg) is expressed by Eq. (4)

(4)

where ρ is the mass density of the sample (kg/m3), f is the

magnetization frequency (Hz), T is the time period (s), Bx

and By are the orthogonal components of B and Hx and Hy

are the orthogonal components of H.

3. Measurement Results and Discussion

Using the rotating magnetic measurement system shown

in Fig. 1, the following experiments are carried out:

alternating magnetic property tests and rotating magnetic

property tests on NO steel B25AV1300 and GO steel

B30P100. The rotational magnetization tests are performed

under two excitation modes: circular and elliptical excitation

conditions. The NO and GO samples are circular, with

diameters of 150 mm and thicknesses of 0.25 mm and

0.30 mm, respectively.

3.1. Alternating magnetic properties analysis 

The results of measurements obtained under one-

dimensional alternating magnetization are shown in Fig.

3. The hysteresis loops and core loss curves of the NO

steel along the RD and TD are shown in Fig. 3(a), and the

corresponding results for the GO steel are shown in Fig.

3(b); both measurements are conducted at 400 Hz. For the

NO steel, although the hysteresis loops along the rolling

direction (RD) and transverse direction (TD) directions

are similar at low magnetic flux densities, noticeable

differences arise at higher flux densities, with the perme-

ability along RD being slightly higher than that along TD.

For the GO steel, the strong Goss texture produces a

substantially higher permeability along the RD than along

the TD, resulting in pronounced differences between the

hysteresis loops in the two directions.

At a flux density B of 1.5 T, the core loss of the NO

steel measured along TD is 35.07 W/kg, which is 34.7%

higher than that along RD (26.04 W/kg). For the GO

steel, at a flux density B of 1.4 T, the loss in the TD

reaches 47.92 W/kg, which is several times greater than

RD loss of 19.95 W/kg. These findings are consistent

with previously reported results [17]. In modeling practice,

NO steel is usually assumed to be isotropic; however, its

actual magnetic anisotropy increases the discrepancy

between simulation results and experimental measurements.

3.2. Rotational magnetic properties analysis

Fig. 4 shows the averaged B and H waveforms

measured at 400 Hz under both clockwise (CW) and

anticlockwise (ACW) rotation, in order to eliminate errors

arising from sensor misalignment. In the 2-D rotational

magnetization measurements, the x-axis of the measure-

ment system is aligned with the TD of the sample, while

H
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Fig. 2. (Color online) Sensor display (a) PCB board with B

probes; (b) PCB board with H coils; (c) sensor structure; and

(d) photograph of the sensor.
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Fig. 3. (Color online) Measurement results along RD and TD at 400 Hz: (a) NO steel (left) and (b) GO steel (right).

Fig. 4. (Color online) Loci of vector B (left) and corresponding H (right) in NO and GO steels under circular rotational

magnetizations at 400 Hz: (a) NO steel and (b) GO steel.
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the y-axis is aligned with RD. The system maintains

nearly circular trajectories for the magnetic flux density

B. In contrast, the H trajectories vary significantly with

the magnetic flux density level. For NO steel B25AV1300,

the H locus gradually evolves from an elliptical shape to

a saddle shape as B increases. In contrast, for the GO

steel B30P100, the H trajectory transitions more rapidly

into a saddle- shaped pattern with increasing B. These

behaviors originate from the anisotropy of the materials.

The rotational core-loss characteristics of the two

materials under different frequencies and orientations are

shown in Fig. 5. The curves can be interpreted in two

regions. In the low-flux-density region, the reversible

motion of domain walls is sufficient to support magneti-

Fig. 5. (Color online) Measured ACW, CW and average core loss: (a) NO steel and (b) GO steel.

Fig. 6. (Color online) Loci of B (left) and corresponding H (right) under elliptical magnetizations at 800 Hz: (a) NO steel and (b)

GO steel.
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zation in all directions, and the rotational loss exhibits

behavior similar to that observed under alternating

magnetization. In the high-flux-density region, domain

magnetization begins to rotate in order to further increase

the magnetization. As the number of active domains

decreases, the corresponding hysteresis loss and anomalous

loss gradually reduce, resulting in a decrease in total loss

[18-20]. Comparison of the core loss curves, as shown in

Fig. 5. and Fig. 3, indicates that the rotational core loss

approximates the superposition of alternating core losses

along two orthogonal directions in the low flux density

region, whereas it becomes significantly lower than their

sum in the high flux density region.

In addition to circular rotational magnetization, elliptical

magnetization with different axis ratios was applied to

both materials, as shown in Fig. 6. To approximate the

practical operating conditions of silicon steel sheets, the

flux density along RD is maintained at 1.0 T, while the

flux density along the TD is stepped from 0.2 T to 1.0 T,

producing a series of curves with ellipticities ranging

from 0.2 to 1.0.

4. Core Loss Modeling

4.1. Alternating core loss modeling

An alternating loss model for NO steel is established

based on the conventional Bertotti loss separation model

combined with an analytical approach. Because the

influence of frequency on core loss is well established, in

the proposed model, only the effects of magnetization

angle and flux density on the loss are considered. The

alternating loss can be expressed as (5):

(5)

where θ denotes the angle between the excitation direction

and RD, ranging from 0° to 90°. PRD(B) and PTD(B)

represent the losses corresponding to RD and TD, respec-

tively, at a given flux density B, and they are obtained

using the conventional Bertotti loss model. The function

g(θ) is fitted using a trigonometric polynomial.

A three-dimensional visualization of the loss prediction

results based on the model in (5) is shown in Fig. 7. The

core loss increases approximately exponentially with

increasing B and increases moderately with increasing θ.

The influence of θ becomes more pronounced in the high-

flux-density region. For applications that require high

accuracy, anisotropic modeling or 2-D magnetic property

modeling of the material is therefore necessary.

The experimental validation of the proposed model is

shown in Fig. 8. The experimental results are obtained byalt RD TD RD
( , ) ( ) [ ( ) ( )] ( )P B P B P B P B g = + - i

Fig. 7. (Color online) Predicted alternating core loss results.

Fig. 8. (Color online) Experimental verification of the model at (a) 40° and (b) 80°.
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averaging multiple measurements to reduce the influence

of random variations. The proposed model demonstrates

high prediction accuracy, with the relative error generally

not exceeding 3%.

4.2. Elliptical core loss modeling

An elliptical rotational loss model is developed by

optimizing the analytical method proposed in [12]. In this

model, the ellipticity is defined by Equation (6):

(6)

where Bx denotes the magnetic flux density along the x-

axis, corresponding to TD, and By denotes the magnetic

flux density along the y-axis, corresponding to RD. The

ellipticity D ranges from 0 to 1. When D = 0, the excita-

tion corresponds to 1-D magnetization along the RD,

whereas when D = 1, the excitation represents circular

magnetization. The equivalent flux density Beq is defined

by Eq. (7).

(7)

The elliptical rotational loss can then be expressed by

Eq. (8)

(8)

where Pr denotes the circular rotational core loss at the

corresponding flux density level and Palt represents the

weighted average of the alternating losses along the RD

and TD at the equivalent flux density Beq. Palt can be

calculated using Equation (9):

(9)

The correctness and accuracy of the proposed model is

verified by defining the error using Equation (10) as

follows:

(10)

where N denotes the number of data points used for

validation, Ptest represents the test data obtained by

averaging multiple measurements, and Pcal denotes the

model-predicted data. While the model reported in [10]

yields an error of 2.11%, the optimized model reduces

this error to 0.73%.

5. Conclusion

In this paper, a customized RSST with an amorphous-

material yoke is employed to measure the 1-D magnetic

properties of NO and GO steels along different angles and

2-D magnetic properties under varying ellipticities. It is

found that even NO steel exhibits a certain degree of

magnetic anisotropy, whereas the GO steel demonstrates

pronounced anisotropy. Owing to the influence of mag-

netic domains, the core loss under circular magnetization

initially increases but then decreases. Based on the

measurements, a 1-D loss model accounting for aniso-

tropy and an elliptical loss model considering the axial

ratio are proposed. Both models show good agreement

with the experimental results. The measured data and

proposed models can be used for core loss modeling and

design optimization in rotating machines and transformers.
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