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Abstract: In electrical engineering theory and practice, 
three magnetization curves are defined and applied. 
Determination of all three magnetization curves is 
described in this paper. Initial magnetization curve was 
measured applying ballistic galvanometer, while normal 
static and normal dynamic magnetization curves were 
determined through the family of hysteresis loops 
measurements. In those two cases, the measurement 
results had to be additionally improved. All the problems 
encountered during the measurements, together with the 
appropriate solutions, are also described in this paper. 
Final results, all three magnetization curves, are 
presented graphically at the end of the paper. 
Key Words: Magnetization Curves/ 
Measurements/Hysteresis Loops/Permeability 

1. INTRODUCTION 
Ferromagnetic materials are frequently present in 

electrical engineering and practice. For this reason, their 
magnetic characteristics, like hysteresis loops families, 
magnetization curves and permeability values, must be 
reachable and well known. 

For the special magnetic materials manufacturers list 
their characteristics in their catalogues, but frequently 
those characteristics are not available. When a 
ferromagnetic material is not for the special electrical 
purpose, even their producers do not provide these 
parameters. In all those cases magnetic parameters must 
be determine by measurements and calculations. 

In electrical engineering and practice, three 
magnetization curves are defined and applied. The first 
magnetization curve is initial magnetization curve, 
obtained during the first magnetization of a previously 
demagnetized or non-magnetized material. The second 
and third magnetization curves are the static normal and 
dynamic normal magnetization curve, respectively. 
Together they are known as normal magnetization 
curves. The normal magnetization curves are defined as 
the curves obtained by connecting the hysteresis loop 
tops in the H-B diagrams. Static normal magnetization 
curves are defined at very slow, harmonic, time varying 
magnetic field, with the extremely low frequencies 
(usually beyond 1 Hz). Dynamic normal magnetization 
curves are defined at the frequencies applied in practice, 
like 16 ⅔ Hz, industrial frequency, 50 Hz (60Hz) and 

higher. Dynamic normal magnetization curves are 
always frequency dependent. 

Measuring procedures for different magnetization 
curves differ significantly. There are several methods for 
initial magnetization curve measurements and in this 
paper the method with toroidal transformer and ballistic 
galvanometer [1] was chosen and performed. Hysteresis 
loop families were measured at the same toroidal 
transformer, applying electronic integrator at the secon-
dary winding and a digital storage oscilloscope. After the 
measurements, measured data were additionally proc-
essed and normal magnetization curves are calculated. 

The measuring procedures were performed on the 
toroidal transformer with the core made of laminated 
HIPERSIL 5M, cold rolled, oriented, anisotropic, ferro-
magnetic materials. 

The results of the measurements and the additional 
calculations are compared and presented in the paper. 

2. MEASURING PROCEDURES 
For the initial magnetization curve measurement, the 

method with the ring sample and ballistic galvanometer 
was applied [1]. The measuring circuit is shown in Fig. 1 
and for this purpose the switch box with twelve switches 
was constructed. 

 
Fig. 1. Initial magnetization curve measuring circuit. 

 
The measurements were carried out in the Calibration 

Laboratory at the Faculty of Technical Sciences, 
applying light beam galvanometer in critical apperiodic 
mode, as ballistic galvanometer. 

In order to provide accurate reading of the galva-
nometer's light beam position, the galvanometer's ruler 
was recorded with digital video camera during 
measurement process and the light beam deflections are 
determined from the recorded videos, in the »frame by 
frame« mode. 
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All problems appearing during the measurements 
were successfully resolved and described in the paper. 

Normal magnetization curves are determined by 
measuring hysteresis loops families at chosen 
frequencies, for different primary current values [2]–[4]. 
The measurements are performed applying measuring 
circuit presented in Fig. 2 (Static) and Fig. 3 (Dynamic). 
Both circuits are directly scanned from [1]. 

 
Fig. 2. Static normal magnetization curve measuring circuit. 

 
Fig. 3. Dynamic normal magnetization curve measuring 

circuit. 
 
Actually, the difference between two measuring cir-

cuits is only in applied frequency. Both circuits applied 
the electronic time integrator, shown in Fig. 4 [3]. 

 
Fig. 4. Both normal magnetization curve measuring circuit. 

 
In Fig. 4 only principal electronic integrator circuit is 

shown, whiles its detailed circuit, together with an 
additional amplifier, is shown in Fig. 5 [5]. 

 
Fig. 5. Detailed circuit of electronic integrator and 

additional amplifier. 
 
Both integrator output signals were connected to the 

digital storage oscilloscope, with the possibility to record 
all measured data to the external USB memory storage. 

In order to determine frequency dependent normal 
magnetization curves, the hysteresis loops measuring had 

to be performed at different frequencies for different 
primary current values at each frequency. 

The principle of normal magnetization curves 
determination is shown in Fig. 6. Measured family of 
hysteresis loops for different primary currents, defines 
the normal magnetization curve, connecting the tops of 
each loop. The magnetization curve is denoted in Fig. 6 
by the dashed line. 

 

 
Fig. 6. Measured hysteresis loop with normal 

magnetization curve (dashed line). 
 
Hysteresis loops measurements were very sensitive to 

the external, time varying magnetic field of wide 
frequency spectrum and the measured data needed to be 
additionally treated with developed mathematical 
procedure, described in details in [6]. Normal 
magnetization curve had also to be improved, applying a 
mathematical fitting process, explained in [6] as well. 
After all these procedures, the normal magnetization 
curves, determined at different frequencies, could be 
compared with the measured initial magnetization curve 
and the initial magnetization curve retrieved in the 
manufacturer’s catalog. 

3. MODEL 
All measurements were performed on a 150 W 

toroidal transformer, with double primary windings, each 
with 501 turns and secondary windings with five times 5 
turns. The middle core’s line was 212.0575 mm and the 
core’s cross-section was 4.385.10-4 m2. 

In the initial magnetization curve measurements the 
lights beam Russian galvanometer, Model M17/1, Ser. 
No. 0175 was applied. In series with the galvanometer a 
resistor Rp = 50 Ω is added, in order to lead the galva-
nometer in the critical aperiodical mode. Doing so, the 
galvanometer acted as a ballistic galvanometer, arranged 
that its deflection is proportional to the total charge sent 
through the galvanometer’s coil. Galvanometer’s current 
and voltage constants are determined by appropriate 
measurements, performed on the same transformer. 

In all measurements, as the primary A-meter was 
applied FLUKE 8846A Multimeter. In all normal 
magnetization curves determinations, the output voltage 
of electronic time integrator was measured with 
VOLCRAFT VC 150 multimeter and the digital storage 
oscciloscope was TEKTRONIX TDS 5032 Digital 
Phosphor Oscilloscope. All measured data were recorded 
and memorized at an external USB memory storage. For 
mentioned additional mathematical procedure the 
appropriate programs were developed. 



3 

4. MEASURING RESULTS 
For the initial magnetization curve measurements, 

following the measuring circuit shown in Fig. 1, the 
switch box, shown in Fig. 7 was constructed and applied. 

    

Fig. 7. The twelve switches and twelve resistors switch box. 
 
In order to keep the lights beam inside the ruler’s 

range, the secondary transformer’s measuring circuit was 
also slightely modified, as shown in Fig. 8. 

 

Fig. 8. – Slightly modified measuring circuit. 
 
Following the procedure described in [1], first of all 

the toroidal transformer had to be demagnetized. In order 
to do it, the previously constructed equipment for 
hysteresis loops recording on digital oscilloscope was 
applied, to determine at which primary current level the 
ferromagnetic core reaches the saturation. After that, the 
one toroidal transformer’s primary winding was 
connected to the autotransformer the current was 
increased up to 1 A value and then decreased to zero. 
The voltage from the stabilized supply source was set to 
the value that all ballistic galvanometer light beams’ 
deflections should stay inside the ruler range, which is 
from -250 mm to +250 mm. 

The first results of initial magnetization curves 
measurements are presented graphicaly in Fig. 9. 

 
Fig. 9. The first results of the measurements. 

 
As it can be noticed in Fig. 9, the results are much 

dispersed, meaning that some problems still exist.
First of all, the demagnetization process had to be 

improved in order to guarantee that no residual magnetic 
flux density vector exists inside the transformer’s core. 

Small primary currents, with practically short circuit 
on the secondary transformer’s winding (R1 = 22 μΩ), 
produces some instabilities and measurement’s 
uncertainties. Obviously, the resistance on the secondary 
transformer’s winding needed to be significantly 
increased. For this reason, the measurement circuit, 
shown in Fig. 8 had to be modified and the final 
measuring circuit is presented in Fig. 10. 

 

Fig. 8. Final version of the measuring circuit. 
 
The values of the resistors are: R1 = 1 Ω, R2 = 49 Ω 

(the equivalent resistance of those two resistors is,        
Re = 50 Ω, which is the determined value of galvanome-
ter’s critical aperiodical resistance. The R3 resistance was 
determined under the condition to keep the galvanome-
ter’s light beam inside the ruler’s range. In concrete 
measuring circuit this value was determined by experi-
ments, R3 = 46 Ω.

After measuring procedure’s improvements, the ini-
tial magnetization curves are shown in Fig. 11. 

 
Fig. 11. The second results of the measurements. 

 
After the all constants determinations, following 

again the procedure defined in [1], the initial magneti-
zation curve can be determined, as shown in Fig. 12. 

Fig. 12. The third results of the measurements. 
 

Finally, from the Fig. 12, we concluded that there is a 
lack of data for the first part of magnetization curve. In 
order to improve this, the new set of measurements, with 
approximately four times smaller current increment was 
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performed, giving the final initial magnetization curve, 
presented in Fig 13. 

 
Fig. 13. The final initial magnetization curve. 

This also means that, instead of a switch box with the 
same resistor’s values, a better solution should be an 
appropriate choice of different resistors. This means that, 
instead of twelve equal resistors (in this case the switch 
box contained twelve resistors with equal resistance,     
R1 = R2 = … = R12 = 3.3 kΩ) it would be better the 
choice of twelve different resistors, R1 > R2 > … > R12. 

Dynamic normal magnetization curves, at different 
frequencies, are shown in Fig. 14. 

 
Fig. 14. Dynamic normal magnetization curve. 

 
As expected, looking at Fig. 14, it can be concluded 

that the initial slope of the normal magnetization curves, 
which defines initial static or initial dynamic 
permeability, decreases with increasing frequency. 

Comparing two above diagrams and comparing them 
also with the data given by the HIPERSIL manufacturer, 
“AK Steel”, the graphical comparison is given in Fig. 15. 
Unfortunately, only five points of the “AK Steel” initial 
magnetization curve could be retrieved at the “AK Steel” 
internet site. 

 
Fig. 15. Graphical comparison of magnetization curves. 

 

As it can be seen from the diagram in Fig. 15, the 
determined initial magnetization curve and the “AK 
Steel” initial magnetization curve kept the tendency to 
increase curve’s slopes with decreasing frequency. 
Moreover, the determined initial magnetization curve 
and the initial part of the “AK Steel” curve match very 
well, verifying the initial magnetization curve 
measurements. Only the last two known point of “AK 
Steel” curve define higher magnetic flux density values, 
which means that it might be the initial magnetization 
curve of another, similar, ferromagnetic material. 

5. CONCLUSION 
It has been shown in this paper that even the very 

complex measurements could be performed in the 
Calibration Laboratory, at the Faculty of Technical 
Sciences, considering available equipment and the 
measuring expiriences of the laboratory staff. All 
encourted problems were succesfully solved, meaning 
that all magnetic parameters of any ferromagnetic 
material could be precisely and accuratelly determined. 
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