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Two-winding procedure for the measurement of the 

anhysteretic curve points and small-signal magnetic 

permeability of ferromagnetic materials 
Emir Pošković, Member, IEEE, Fausto Franchini, Luca Ferraris Member, IEEE 

 

 Abstract— At a first approximation and sufficiently low 

frequencies, two macroscopic phenomena influence the hysteresis 

cycle shape in ferromagnetic materials: magnetic hysteresis and 

magnetic saturation. Different magnetic models use the 

anhysteretic curve as a fundamental locus in the magnetic material 

representation. In the literature, many authors proposed easier 

measurement methods to obtain the anhysteretic curve, or 

methods, which envisage the use of standard equipment already 

available on the market. In the present work, a measurement 

procedure is outlined, involving only two windings, being partly or 

fully compliant with the sample preparation described in the 

60404 standards. Additionally, the proposed method is suitable to 

measure the small-signal permeability in each point of the 

anhysteretic curve right after the determination of the point itself. 

Also, the local magnetic permeability is obtained directly from the 

measurement. The method is executed on three toroidal samples 

made of different materials: a laminated sheet, a Soft Magnetic 

Composite and an amorphous ferrite core. The results are then 

compared with those of a very low frequency, large cycle 

conventional measurement, showing a good matching with the 

expected anhysteretic behavior of the three materials. 

 
Index Terms — Magnetism, magnetic modeling, hysteresis, 

anhysteretic, magnetic measurements, local magnetic 

permeability, laminated steel, Soft Magnetic Composite, Ferrites  

I. INTRODUCTION 

The magnetic behavior of the materials characterizes many 

applications in several industrial sectors, primarily those related 

to electrical and electronic devices. From this point of view, 

modelling and predicting magnetic phenomena [1-7] play an 

important role in the design of various components, such as 

electrical machines, sensors, inductances etc. [8-13]. For this 

reason, knowing the magnetic parameters is essential, and it is 

possible to identify and investigate ferromagnetic materials 

through magnetic measurement [14-17]. Different methods and 

equipment are implemented to investigate magnetic properties; 

the more popular are the Epstein frame, toroid test and single 

sheet tester (SST) [18-26]. Therefore, the hysteresis cycle 

represents the starting point for obtaining more information 

about various ferromagnetic magnetic materials [27-30]. 

Furthermore, through careful analysis, it is possible to extract 

from the hysteresis cycle valuable data to model the magnetic 

behavior [31-34]. 
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At a first approximation and sufficiently low frequencies, 

two macroscopic phenomena influence the hysteresis cycle 

shape in ferromagnetic materials: magnetic hysteresis and 

magnetic saturation. 

The representation of the material’s magnetic behavior can 

be split into the same two components. First, the so-called 

anhysteretic curve depicts the virtual absence of magnetic 

hysteresis [35]. The anhysteretic curve, in its entirety, has a 

weak physical meaning: the induction value of a material 

possibly subjected to magnetic stresses does not follow the 

anhysteretic curve in any case. Conversely, each one of its 

points precisely represents an equilibrium state between the 

internal magnetization and the external magnetic field [36]. 

Furthermore, each point in the curve shows the same local 

differential permeability for a variation of the external magnetic 

field in either direction. 

The anhysteretic locus existence is well-known, and its 

implications are used in many applications and devices, such as 

magnetic recording. The Jiles-Atherton model of hysteresis and 

other models use the anhysteretic approach [37],[38]. The 

anhysteretic curve contains all the information on the saturation 

phenomenon. Moreover, being a quasi-DC measurement, it is 

not affected by eddy currents contributions and from the 

hysteresis itself. Several F.E.M. simulation tools may benefit 

from an accurate recording of the anhysteretic curve. Despite 

this, the relative measurement procedures are not optimized and 

require more time to be performed than the other magnetic 

characterizations typically regulated by standards. 

In the literature, many authors proposed methods for 

simplification or methods which envisage the use of standard 

equipment already available on the market [39]. The 

measurements generally involve closed magnetic circuits, such 

as toroids or Epstein frames, to reach the highest field 

uniformity, avoiding any unwanted measurement uncertainty. 

The newest methods allow using a standard hysteresigraph 

by adding to the sample a third winding, through which an 

additional DC magnetic field can be applied [40]. 

Another approach involves the sample heating above the 

Curie temperature in presence of a DC field, which leads to 

slightly different results [41]. 

In the present work, a measurement procedure is outlined, 

involving only two windings, being partly or fully compliant 
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with the sample preparation described in the IEC 60404 

standards. 

Additionally, the proposed method can be used to measure 

the small-signal permeability in each point of the anhysteretic 

curve right after the determination of the point itself. The 

peculiarity consists of local magnetic permeability 

measurement. 

Finally, the method is executed on three toroidal samples 

made of different materials: a laminated sheet [42], a Soft 

Magnetic Composite (SMC) [43],[44] and an amorphous ferrite 

core [45],[46]. The results are then compared with those of a 

very low frequency, large cycle conventional measurement, 

showing a good matching with the expected anhysteretic 

behavior of the three materials. 

II. METHODS DEFINITION 

The measurement procedure of the proposed method consists 

of different steps are described in detail. Afterwards, the 

procedure is validated through the tests on the three different 

magnetic materials, chosen for their hysteresis cycle 

peculiarities. 

A. Two-windings, point-by-point measurement procedure 

Several ways are available for measuring the single points of 

the anhysteretic curve. The proposed method involves a 

particular magnetization stimulus having a specific shape. This 

particular stimulus allows the integration of functions in a 

single primary winding, while in other methods they were 

implemented with two windings. The total number of windings 

is then reduced from 3 to 2. In Fig. 1 an example of the common 

three-windings configuration is showed. 

 

Fig. 1. Three windings approach, as found in the literature 

For the aim of this work, the sample’s primary winding is 

connected to a low noise, high current, DC-coupled power 

supply (Fig. 2). The proposed method involves a power supply 

capable of regulating the current waveform, but similar results 

could be obtained with voltage-controlling power supplies. The 

main drawback of the current regulation is its intrinsic low 

speed, which limits the maximum allowable slope due to 

possible unwanted oscillation. On the other hand, the current 

regulation allows direct and easy control of the magnetic field 

waveform. 

 

Fig. 2. The measurement system: real-time flux waveform control 

As stated before, a software generator (Labview + NI USB-

6211 DAQ board) drives a power supply in current mode 

(Kikusui PBZ20-20), so the controlled parameter is the current. 

The applied waveform is composed of five different parts, as 

shown in Fig. 3: 

a. slow current raise until a specified DC value (i1); 

b. damped oscillating (of amplitude i2) phase centered on that 

value, corresponding to the measured point; 

c. repeated, small-signal oscillation around the measurement 

point, also named holding time; 

d. slow current fall until zero; 

e. damped oscillating phase (of amplitude i2) with zero final 

value. 

 

Fig. 3. The measurement system: current waveform 

The damped oscillations act as demagnetization phases. The 

first demagnetization settles on a non-zero current value (a), so 

the following curve (b) moves around the point to be measured. 

The second one (e) is always centered on a zero-final value, thus 

bringing the material at zero remanence. In fact, the concept of 

demagnetization also applies to non-zero final current values, 

with the same general meaning of nulling the remanence 

relative to the specific current point. All the oscillating 

envelopes (b, e) are quadratic, instead of linear, thus reaching 

better demagnetization precision in less time. 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

Time [s]

C
u

rr
e

n
t

W
a

v
e

sh
a

p
e

a b c d e

i1

i2

i2

Measurement system – Current sample waveform

This article has been accepted for publication in IEEE Transactions on Industry Applications. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TIA.2025.3571333

© 2025 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Politecnico di Torino. Downloaded on July 29,2025 at 16:51:53 UTC from IEEE Xplore.  Restrictions apply. 



3 

 

 

Fig. 4. B-H loci evolution during a single anhysteretic point measurement 

Fig. 4 shows the BH trend during the (a – slow current raise) 

and (b) phases, which correspond to slow current raise and 

demagnetization. Three main BH points are visible: the initial 

demagnetized state in the origin, the end of the first 

magnetization phase, the final anhysteretic point at the same 

magnetic field of the previous point. 

The anhysteretic curve in then made by many anhysteretic 

points obtained with the aforementioned method at different 

final magnetic field levels. 

The subsequent small signal oscillation (c) around the last 

current point (holding time) can be used to extract a 

measurement of the reversible, small-signal permeability – 

extending the initial permeability concept also to points other 

than the origin, as other authors already stated [28].  

The reason to fully demagnetize the sample after every point 

is twofold. Firstly, the final induction value after 

demagnetization is considered to be null. This can be used to 

compensate for the measurement drift due to small voltage 

offsets. A hypothesis, successfully verified during the early 

tests hereafter presented, is that the integrator drift rate was 

constant over the whole measurement window. Furthermore, a 

final zero current has the advantage of limiting the sample 

temperature. Many current raise and demagnetization phases 

without returning to the null value could be concatenated to 

shorten the total measurement time; on the other hand, it could 

also lead to excessive sample heating. 

B. Differences with the field-averaging numerical technique 

Contrary to the time-consuming method of real 

measurement, some numerical systems are available that, 

although much less precise, can partly estimate the 

characteristics of the anhysteretic curve. 

The field-averaging line method is the most straightforward 

technique, starting from a single full-cycle measurement. For 

each induction value, the anhysteretic points are obtained by 

averaging the magnetic field values of the cycle’s ascending 

and descending portions. As a result, the calculated curve shows 

a less steep path than the correct anhysteretic curve. 

Given the difficulty of establishing reliable and adaptable 

formulas to effectively represent the behavior of many 

materials, a possible way to simplify the treatment could consist 

in analyzing the differences between the measured anhysteretic 

curve and the mean-field curve. This type of analysis will be the 

subject of one of the following research paths. 

The main purpose of this method is not a correct estimation 

of the anhysteretic points. Instead, the former can be used as a 

reference to the analysis of the latter. At different parts of the 

cycle, the anhysteretic points lie closer to or further away from 

the B axis than the average curve. 

C. Quasi-DC hysteresigraph 

The point-by-point anhysteretic curve must be compared 

with the classical hysteresigraph measurement, here performed 

with a self-implemented instrument capable of the quasi-DC 

first magnetization and full hysteresis cycle detection. The 

previously demagnetized materials undergo a magnetic 

stimulus with the following structure, as shown in Fig. 5: 

- two full cycles at very low frequency (0.25 Hz in the tests 

of this work); 

- a damped oscillation phase for the final demagnetization. 

In Fig. 5 the following points are highlighted: 

- A: origin of the magnetizing current 

- B: first positive peak of the sinusoidal current 

waveform, from which the hysteresis cycle was 

recorded 

- C: second positive peak of the sinusoidal current 

waveform, closing the hysteresis loop. 
 

The first quarter of the first full cycle is a direct measurement 

of the first magnetization curve (from point A to point B), which 

was not reported in Fig. 6 on purpose to maintain clarity of the 

zoomed zone. The true full cycle is obtained starting from the 

first current peak (point B) and ending on the second current 

peak (point C). The final demagnetization phase has the same 

resetting effect as in the anhysteretic measurements. 

 

Fig. 5. Sample waveform used for the quasi-DC measurements 

For a better removal of all the measurement offsets, after 

having subtracted the DC contributions from the current and 

voltage waveforms, and after the calculation of the flux density 

waveform, the full-cycle representation was used to a more 

precise offset cancellation. Since the full-cycle should be 

centered on the origin, the coercivity and remanence values can 

be easily stated by averaging the modulus of +Hc and -Hc points 

and of +Br and -Br points, respectively. The so obtained offsets 
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in Hc and Br can be effectively used for the offset correction of 

the entire waveform (Fig. 6). 

 

Fig. 6. Full hysteresis cycle close-up (laminated sheet): Br and Hc values 

D. Curve comparison – anhysteretic permeability 

The comparison between the anhysteretic curve and the first 

magnetization curve shows that, in the former, the Rayleigh 

zone is absent: the relative permeability near the origin is 

similar to or even greater than the maximum relative 

permeability classically calculated. The concept of anhysteretic 

permeability can be defined similarly to conventional 

permeability, but built on the anhysteretic curve instead of the 

first magnetization curve. For every magnetization state, the 

anhysteretic permeability is assumed to be equal or greater than 

the conventional one. 

This behavior can be observed in detail in the figures of 

Section IV.  

E. Small-signal permeability measurements 

The small-signal permeability represents the extension of the 

Rayleigh zone concept to the whole BH space. The small-signal 

permeability is thus defined only for small field changes around 

a specified point, and similarly to the initial permeability is 

lower than the maximum in the same point. 

The small-signal permeability measurements were taken 

thanks to the test phase named holding time. During that phase 

the measuring system holds the current DC value constant. This 

constant value is summed to a very low-level sinusoidal current 

waveform; the oscillation amplitude, frequency and duration 

can be set in the setup panel. 

A high number of small, local hysteresis cycles was recorded 

during this phase. Due to the very low amplitude of the 

oscillating component, the signal-to-noise ratio was rather poor 

and had to be enhanced through a synchronous filtering routine 

to correctly measure the average induction level and the small-

signal permeability. 

The average induction level is recorded as the induction of 

the anhysteretic curve [47], and it is paired with the magnetic 

field value obtained from the average current level. The small-

signal permeability is then computed with a further linear 

interpolation of the filtered small-signal cycle, so that only the 

conventional relative permeability is measured, without 

splitting it in the real and imaginary parts. The induction 

measurement drift in the holding phase is low enough to 

guarantee an adequate precision of the average inductance 

level, but it is too wide to allow a precise complex permeability 

computation. 

III. SELECTED MATERIALS 

For the purposes of the present work, the proposed method is 

applied to three different materials in toroidal form (Fig. 7): 

- a non-grain-oriented commercial laminated sheet 

- a self-prepared SMC core with an organic layer (epoxy resin 

content 0.2 wt.%) 

- a commercial amorphous ferrite core for EMI filtering. 

They were chosen because of the strong differences that exist 

between them in terms of composition and microstructure, and, 

consequently, also in terms of magnetic properties. The 

laminated sheet toroid is composed by several insulated sheets 

piled in a stack, while the other two samples are homogeneous 

and isotropic through the entire volume. Being commercial 

items, the amorphous sample and the laminated stack slightly 

differ in size from the standard 60404 specifications. The 

dimensions data of the proposed specimen are reported in 

TABLE I.  

 

Fig. 7. The three measured toroidal samples (laminated, SMC, 

amorphous) 

The laminated stack owns all the properties of a common 

laminated core: high maximum permeability, far saturation, and 

good energetic behaviors until 1 kHz. As expected, the SMC 

ring shows a lower permeability value, which is supposed to be 

more stable over frequency, and a reduced but still high 

saturation induction. The amorphous core has the earlies 

saturation, a very stable permeability over frequency, and a very 

low coercive field. 

TABLE I.  SAMPLE DIMENSIONS AND COIL TURN NUMBERS 

 Laminated stack SMC Amorphous 

Thickness [mm] 4.7 5.22 7.45 

Outer Diameter [mm] 30 40.09 28.98 

Inner Diameter [mm] 20 30.12 19.32 

Weight [g] 13.7 20.98 13.1 

Primary winding turns 100 73 40 

Secondary winding turns 20 25 23 
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IV. RESULTS 

A graphical full-cycle comparison of the three materials is 

first introduced to highlight the difference between them in 

terms of cycle area, remanence, and saturation induction (Fig. 

8). The data are related to the quasi-DC tests. As expected, the 

results comply with the results in the literature, which are 

obtained through other methods. The advantages of the 

proposed technique are mainly in the simpler circuit and in the 

single excitation winding topology. 

The complete data set of each material is then presented, 

consisting of the anhysteretic curve points, the first 

magnetization and the ascending and descending parts of the 

cycle. The anhysteretic curve of the three sample materials is 

expected to be closer to the vertical axis than the curve 

calculated by averaging the field values. The results confirm 

this behavior for all the analyzed materials. Furthermore, the 

scale of the vertical axis is maintained constant for all proposed 

materials. Considerations are made about the comparison 

between the anhysteretic measurement and the average field 

line, represented with the green line in the following graphs of 

Fig. 9, Fig. 12 and Fig. 15. 

 

Fig. 8. The hysteresis cycles from the quasi-DC tests 

The anhysteretic measurements were stopped at lower levels 

with respect to the full-cycle recordings, to avoid sample 

overheating. To reach a specified anhysteretic point, the 

maximum current would go at a much higher peak value due to 

the presence of the demagnetizing phase. Furthermore, the most 

relevant range for an adequate comparison between the 

different curves is the central part of the cycle, since, during 

saturation, the anhysteretic curve and the full cycle become 

very close to each other. 

The anhysteretic curve doesn’t represent the real magnetization 

characteristics of the material, especially at low magnetic field 

conditions. Conversely, the first magnetization does represent 

exactly such behavior.  

A. Laminated stack 

The laminated stack has the highest permeability and 

saturation induction, together with a low remanence. The 

anhysteretic curve shows a pronounced deviation from the 

average field line (Fig. 9), with an even steeper anhysteretic 

permeability near the origin (Fig. 10). This behavior is typical 

of the bulk (not made of powders) materials with high 

permeability. The small-signal permeability is shown in Fig. 

11; the initial value is high and remains around 100 at 1000 

A/m. The small-signal magnetic permeability reached almost 

constant values between 20-30 for higher magnetic fields. 

 

Fig. 9. Full cycle and anhysteretic data – laminated sample 

 

Fig. 10. Anhysteretic and conventional permeability – laminated 

sample 

 

Fig. 11. Small-signal permeability - laminated sample 

B. SMC 

The SMC ring shows a reduced permeability, a smoother 

cycle and an earlier saturation. Compared to the laminated 

material, the SMC sample shows a much higher coercivity, 
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while retaining a similar remanence value. The anhysteretic 

points are placed near the average field line (Fig. 12), which is 

a common behavior of SMC materials. Consequently, the an-

hysteretic permeability divergence is less pronounced (Fig. 13). 

In Fig. 14, the small-signal permeability of the SMC specimen 

is shown. The initial magnetic permeability, a value of 106, is 

lower than the laminated steel one. On the other hand, the 

values at high magnetic fields are slightly higher compared to 

electrical sheets. The saturation is slower and has not reached 

the level of completion like for other tested materials. 

Therefore, the small-signal magnetic permeability reduction is 

lowly emphasized with the increment of the magnetic field and 

can be attractive for DC bias current properties. 

 

Fig. 12. Full cycle and anhysteretic data – SMC sample 

 

Fig. 13. Anhysteretic and conventional permeability – SMC sample 

 

Fig. 14. Small-signal permeability - SMC sample 

C. Amorphous core 

The amorphous ring shows a high maximum permeability, 

comparable with the laminated sheet, and the earliest saturation. 

Compared to the laminated material, the amorphous material 

shows reduced remanence and a very low coercivity value. Due 

to the small cycle area, the ascending and descending parts of 

the cycle are very close to each other (Fig. 15). Despite this, the 

anhysteretic measurements show a low noise content and a 

behavior compliant with the expected material properties: an 

average between the last two cases (Fig. 16). The small-signal 

magnetic permeability for the amorphous sample is shown in 

Fig. 17. The initial magnetic permeability shows a high value, 

which is typical for ferrite materials. Also, the small-signal 

permeability values at high magnetic fields are almost zero. 

This result confirms the early saturation of the ferrite materials. 

 

Fig. 15. Full cycle and anhysteretic data – amorphous sample 
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Fig. 16. Anhysteretic and conventional permeability – amorphous sample 

 

Fig. 17. Small-signal permeability - amorphous sample 

V. CONCLUSIONS 

The present work demonstrates the availability of a simple 

method to perform anhysteretic measurements with a two-

winding configuration, which is compliant with the 60404 

standard specifications for the sample preparation. Also, the 

small-signal magnetic permeability has been measured. 

The proposed method was applied to three toroidal samples 

made of different materials. The results highlight the 

peculiarities and the difference between the three measured 

materials, supporting the method’s validity. 

Many future research paths emerge from the present work, 

including: the full data analysis and small-signal permeability 

varying the frequency; the analysis and the modeling of the 

conventional/anhysteretic relative permeability ratio; the 

application of the anhysteretic measurements obtained with the 

proposed method to the Jiles-Atherton model. Moreover, other 

materials will be investigated [48],[49]. The correct assessment 

of the small-signal permeability can be helpful for a detailed 

analysis of the DC bias behavior of several magnetic materials. 
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