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Abstract — The sensorless determination of the dynamic On the contrary, the measurement of the magnetic flux
hysteresis loop of the magnetic materials, and in particulaunder symmetric cyclic conditions can be obtained in a much
those of magnetic plates, can be obtained under asimpler way, by integrating the signal coming from a search
symmetric conditions in a relatively simple way. This papecoil, both when test cores are used [1, 2], or when
proposes a new digital method and instrument for theneasurements are performed directly on the material in its
sensorless determination of the dynamic hysteresis looporking conditions [3]. The basic structure of the
under ac asymmetric conditions, in the presence of a dc flureasurement device, based on a digital structure, that has
polarization. The method is based on the determination gfroved to be very effective to characterize the material in a
the parameters of a simplified linear circuital model of thetest core [2] is reported in Fig. 1.

magnetic circuit, which shows an energy equivalence. The

results of some experimental work are provided in order ti Plug-in Data

validate the proposed method. Acquisition
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1. INTRODUCTION

The identification of the dynamic hysteresis loops drawr

by a ferromagnetic material under cyclic magnetizatior A Amplifier

represents an important challenging problem of thiPower Supply T

measurement science. It is well known that many importar Yy = | = — |

properties of the ferromagnetic materials, such as the normr b Shuﬁrh i Excitati 41

magnetization characteristic, the total losses, the saturati | V;‘.Cl(tf.‘tlon Secondary

level as to list the most important ones, can be directl { pncme [ Winding

obtained by the analysis of the loop. All above listec - [ "

properties are of utmost importance in designing and sizing

all equipment that make use of magnetic materials. Fig. 1. Architecture of a digital measurement system for the determination
The main problem in the experimental determination of of the hysteresis loop.

the dynamic hysteresis loops is the measurement of the _ _ ] )
magnetic flux inside the core, that can be a suitable test core This method, however, fails when the dynamic hysteresis
or the magnetic core in the actual working conditions. Th&0Pp is no longer symmetric. Since the electromotive force
determination of the magnetic flux under whatever workingnduced in the search coil represents the derivative of the
condition requires the use of proper sensors. Presently, Hallagnetic flux inside the test core, the |_nformat|on related
effect sensors are available at a reasonable cost, and featiyéh the dc component of the magnetic flux cannot be
after calibration, an accuracy of 0.2%, which is quitd€trieved from the integration of the electromotive force any
appropriate for most applications. However, sensors must Hnger. . S

inserted in the magnetic path of the core under test: this An alternate approach is based on the identification of the
requires the use of materials with built-in sensors (which iarameters of the dynamic hysteresis loop by means of
an expensive solution and does not allow for using norm&neasurements performed under symmetric conditions [4, 5].
materials in the fabrication of the magnetic cores) or thdhese parameters are then used to model the behavior of the
insertion of an air-gap in the core under test (which magnaterial under asymmetric cyclic magnetization. However,
m0d|fy the material Working conditions into'erab'y)_ this solution prOVed tO be not effectlve, due to the S-Carce
Moreover, Hall-effect sensors subtend a very small crodgiowledge of the physical phenomenon of the hysteresis and
section and a great number of sensors must be usedthf consequent inadequacy of the mathematical tools used to

information is needed on the flux distribution across the cordnodel the hysteresis itself. _
or the average flux. This paper proposes a method that overcomes this
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problem by means of the identification of the parameters of D(Z)Z\/EMCOS(M)

an equivalent elliptic hysteresis loop. The theoretical [ 1A L 5
background is reported, and finally the results of the (f):\/EE'—ZCOS(W‘taﬂ (wLG)) )
experimental work are reported that prove the validity of the Vi+ (wLG)

proposed method.

The area of this elliptic loop is given by:
2. THEORETICAL BACKGROUND

It is possible to prove that [6] the hysteresis behavior of a Q=27 LA’
magnetic material can be represented, from the point of view 1+ (wLG)
of the energy balance, by an elliptic loop with the same area

ai theino»[;,%g_ﬂ hlysr:eresflsthloo?l.i H::“ de B r?i;(ai t?ﬁ rlnaln Since the area of the elliptic loop is the same as the area
axes,  piane, of tn€ elliplic 1oop, and 1S € 10SS ot 1he getyal hysteresis loop, and can be obtained by the
angle, the equivalence between the two loops is represem\%%asurement of the total core loss, the above equations,
by: together with the assumption that the rms vafuef the
fHdB =78 H sna 1) sinusoidal equivalent magnetizing current and the rms value

The above assumption leads to identifying the lineaF of the sinusoidal equivalent electromotive force on the

equivalent circuit of the magnetic structure under test showfcitation winding are the same as the actual rms values, the
in Fig. 2. If the magnetizing curreit) is sinusoidal, it can above equations lead to the straightforward determination of

be written as: theL andG parameters of the equivalent circuit in Fig. 2.
)=+ { /w} If a dc polarization is present in the magnetizing current,
Z(’)‘ 2R Ae ©) the superposition principle can be applied to the linear
equivalent circuit in Fig. 2 and the parametric equations (5)
of the elliptic equivalent loop become:

sin (wLG) (6)

%(f) =A + \/E D/lcos(at)

()=L04,+y20—2_ coffr—tan” (@) @)
Fig. 2. Linear equivalent circuit modelling an elliptic ,/1+(aLG)Z
hysteresis loop

The equivalent circuit parameters are the same as in the
where the rms valu& must be the same as the rms value ofase of pure ac conditions [6], and can be therefore evaluated
the actual magnetizing current in order to ensure thetarting from the ac component of the voltage and current
equivalence from the energy point of view [6]. Under thesgignals.
assumptions, the electrical quantities in Fig. 2 can be The parametric equations (7) represent the same elliptic

obtained as: loop as in pure ac conditions, but the loop center is shifted
from the axes origin to the point with\{ LA;) coordinates.
1 4 o _ The magnetic flux valukA, can be therefore taken as the dc
= = = PEA =I,‘(a$e‘~/5(“’) component of the flux and added to the ac component
I+ julG 1+(aL() obtained by integration of the search coil electromotive force
_ Jd G in order to obtain the actual hysteresis loop.
reac 3)
[IP=FEL = EAsind 3. THE METHOD
%Q: EAcosd According to the theoretical considerations shortly

recalled in the above section, the method being proposed in
h E is th | ¢ th ) idal val this paper develops according to the following steps.
where E Is the rms value of the sinusoidal equivalent, o magnetizing current of a test core is acquired

electromotive force across the excitation winding and is together with the electromotive force induced on a search
supposed to be the same as the rms value of the actual coil

electromotive force [6]. . :
From these equations, the parametric equations of the The core total loss are evaluated from these signals. Since
| the total loss depends only on the cyclic magnetization,

elliptic loop in the current-flux plane can be written as: ; ; )
P P P the determined loss is the actual core loss, even if the dc
component of the flux is not taken into account.
(4) ® The ac component of the magnetizing current is extracted

@(l) = \/5 [Re{/le/w}

(l‘):\/a[]{L{Lij(m_ﬁ)} from the acquired current and its rms value is determined.
®* The rms value of the electromotive force is determined
and, taking into account (3), as: starting from the voltage signal acquired at the terminals
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Fig. 3. Schematic of circuit implemented for measurement.

of the search coil. the proposed method, an Hall-effect flux probe has been
* The parameters of the linear equivalent circuit ardénserted in the air gap. The employed probe is a solid-state
determined, according to (3) and (6). Hall effect magnetic field sensing device, whose magnetic
* Having determined the equivalent inductaricehe dc ~ Sensitivity may vary in a 0.5 1.4 VT* range, according to
component of the magnetic flux is determineapgsLA,.  the specifications of the manufacturer.

e This dc component is added to the ac component Due to this wide variation range, in order to have a

obtained by integrating the electromotive force acquired'dnificant comparison between the measurement results
by the search coil and finally the actual hysteresis loo/Ven by the proposed method and those given by the probe,

under asymmetric cyclic magnetization is obtained. € probe must be calibrated.
y 4 g The implemented VI was already proved to feature a

relative accuracy, in the evaluation of the magnetic flux
4. EXPERIMENTAL RESULTS under pure ac conditions, in th2 % range [2]. Therefore
théhis same VI was used to calibrate the probe. The maximum
induction values measured by the VI have been plotted
gainst the maximum output values of the probe, as shown in

In order to validate the proposed method,
experimental set-up shown in Fig. 3 has been employed.
A toroidal core with rectangular cross section, obtaine@

with a wound ferrosilicon sheet, has been employed as a tégg- 4- The probe behavior is fairly linear, as expected, and

core. A 1 mm air gap was created in order to insert 1€ Probe gain has been evaluated to be 2.433. \hie
reference magnetic probe. The length of the obtainetPMe measurements have been repeated adding a constant dc

magnetic path was 408.5 mm and its cross section was 60"
mn. A magnetizing winding of 180 turns has been wound 35

around the whole magnetic path, and a probe winding of 51 _ 5 ]

turns has been also wound around a small portion of the cor % 25 ]
The signals have been acquired by an Analog-to-Digita 2 '2 ]

conversion board featuring 12-bit resolution, 8 input 3 1 5;

channels with simultaneous sampling and a maximun g

sampling rate of 500 kHz on a single channel. Since all test © 13

have been performed under 50 Hz cyclic magnetization, i % 057

sampling rate of 25.6 kHz has been set, and an observatic 04 T

interval of 4 periods of the input signals has been considere: 0 0.5 1 15

The algorithm developed to apply the proposed methoq ha Magnetic Induction [T]

been implemented in a VI structure, under LabView

environment. Fig. 4. Measured maximum induction values by the implemented VI
In order to have a reference value of the magnetic flux versus the probe maximum output values under ac condit®ns (

. | . iti ith larizatioh ).
inside the test core to compare with the values provided by and ac conditions with & dc polarizatioh X
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Fig. 5. Front Panel of the Virtual Instrument under symmetric AC magnetization.

polarization to the ac magnetizing current and the obtainesvaluation of the pure ac component of the magnetic flux,
diagram is shown in Fig. 4 as well. The plot is still linearand the determination of a suitable linear equivalent circuit,
and a gain coefficient of 2.398 VThas been evaluated in for the evaluation of the dc polarization component of the
this condition, with a relative deviation of 1.44 % with flux itself.
respect to the calibration value. The linear behavior of the The method proved itself quite accurate and the
two plots in Fig. 4 and the good agreements between the gamperimental results of measurements performed under pure
coefficient values show that the proposed method is capalde conditions and dc polarized cyclic conditions are in
of evaluating also the dc component of the magnetic fluperfect agreement with the results of measurements coming
with an estimated relative uncertainty lower than 5 %. from an Hall-effect flux probe.
The method accuracy is good enough for using this

Fig. 5 end 6 show the front panel of the implemented Vinethod in many industrial applications, especially in
in the actual working conditions. The plots on these panetsansformer and rotating machine manufactures, where the
show the input signals, the determined equivalent elliptiactual behavior of the magnetic plates under polarized cyclic
loop and the actual hysteresis loop. The measured valuesrofgnetization must be investigated in order to better evaluate
the dc flux component, the minimum and maximumthe machine performance.
induction values and the total losses are also reported.
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Fig. 6. Front Panel of the Virtual Instrument under polarized AC magnetization.
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