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INRUSH CURRENT INVESTIGATION FOR SINGLE PHASE 
POWER TRANSFORMERS BY MEANS OF MAGNETIC 

MATERIAL CORE CHARACTERISTICS 

Emil CAZACU1, Lucian PETRESCU2  

The paper proposes a quantitatively study of the inrush current that occurs 
when a no loaded single phase power transformers is energized. An analytical 
approach is suggested, in which, the main magnetic core material characteristics 
are considered. Thus, a comparison between the parameters of the inrush current 
for different core magnetic materials of a 6 kVA single phase transformer (general 
purpose low voltage) is carried out. The paper predetermined the peak value of 
inrush current and evaluates the harmonic content for its first cycle. Consequently, 
important features of the energizing current are revealed, which can be very useful 
in a proper design of the transformer protecting device or for the evaluation of these 
transient process consequences to the electric network.  
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1. Introduction 

The commutation of a non loaded power transformer to the supply voltage 
is essentially a transient phenomenon characterized by extreme values of the two 
main electromagnetic quantities of transformer: the core magnetic flux and the 
electric current through the winding. Consequently, an extreme high value of the 
current is initially surged at the switching instant. The amplitude of these inrush 
currents can reach up to 50 times the rated current of a transformer [1-4]. The 
current is also indicated as inrush current or magnetization inrush current. During 
the energizing process, due to this inrush current (IC) effects, both the transformer 
and the electric network where the device works, experience important 
electrodynamical and thermal stress that could affect their functionality. 
Additionally, these extreme values of the energizing current could be interpreted 
by the transformer protection equipment as a malfunction current (e.g. short 
circuit) and determine their abnormal operation generating numerous undesirable 
consequences. In order to avoid that, various method of discrimination the IC 
from other fault currents have been developed. They mainly rely on the particular 
features of the IC waveform – i. e. a reach second harmonic content of the first IC 
waveform cycle [5-7]. 
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Important power quality problems are initiated by IC (especially harmonic 
and unbalances problems) that propagate to the electric installation in the nearby 
of the switched transformer. Consequently, taking into account even only the 
above mentioned issues, the necessity of the IC accurate prediction becomes very 
clear. Thus, numerous both analytical and numerical methods of IC computation 
have been reported, along with procedures of IC suppression or limitation [8-11]. 
All these techniques try to consider as many parameters as possible on which the 
IC depends in order to provide an accurate evaluation for its main parameters: 
waveform, peak value and duration. 

Synthesizing, the main factors that determine the inrush current 
characteristics could be divided in at least three categories: 
• the electric power source parameters: the effective voltage values, frequency 

and, very important, the supply voltage initial phase at the instant of 
energizing;  

• the nearby network parameters where the transformer operates (the 
corresponding connecting inductance and resistance of electric network along 
with its short circuit power at the common coupling point); 

• the magnetic core characteristics of the transformer (magnetization curve or 
hysteresis loop of the core material and, accordingly, the core remnant 
magnetization and its polarity at the connection instant); 

Recently, due to the important development in the magnetic materials 
field, new and performing magnetic materials (highly grain oriented or domain 
refined silicon steel) are used in nowadays transformer manufacturing 
technologies. These new materials significantly affect the transformer IC feature 
and should be properly considered [12, 13]. 

This paper is going to investigate the influences of the magnetic materials 
properties, as the magnetic core of a single phase power transformer over the IC 
characteristics. The analysis focuses on both the IC amplitude evaluation and the 
harmonic content of the IC first cycle. These determinations are achieved using an 
analytical computation procedure that is based on the solution of the transient 
state equation of the transformer and the core magnetic characterization. Thus, the 
aggregated equation system is solved by a very fast and convergent classical 
method. In spite of this simplicity the adopted method turns to be very flexible 
and able to give accurate solutions for a large class of low-voltage single phase 
power transformer with rated power up to 25 kVA. Although the proposed 
procedure is illustrated on the transformers with particular core geometry (UI 
shape), it could be easily adapted to any other core shape geometry. In order to 
validate the results, the peak values of IC for some transformers were compared to 
those indicated by some major transformer manufacturers. 
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2. The influence of the magnetic core characteristic on the 
transformer inrush current 

The magnetic materials used for the transformer cores are usually 
described by the magnetization curves that exhibit a linear and saturation areas. 
Under the normal operation, the transformer works near the saturation knee of the 
characteristic in order to benefit of both great flux density value and large 
magnetic permeability. A half period after the device is switched on, the core 
magnetic flux Φ(t) could reach almost twice its rated value (if the device is 
energized when the voltage crosses zero line). Additionally, the remnant flux Φr 
could also add to this double rated value (when remnant flux density Br has its 
positive maxima). This process can be mathematically described using the 
fundamental transformer equations: 
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where u(t) is the supply voltage of effective value U, angular frequency ω (period 
T = 2π/ω) and initial phase φ, Ac is the effective cross section of the core, and N1 
is the primary turns number.  

For simplicity reasons and aiming to better explain inrush current 
generation phenomena, in (1) the winding electrical resistance is not taking into 
account. In the following sections this will be also considered, being evaluated 
according to the transformer main rated data. 

Hence, at the first instance of the energizing process, due to the extreme 
value of the core magnetic flux, the operating point of the transformer is pushed in 
the “deep” saturation area where the device behave as a air core inductance (due 
to the very low magnetic permeability in that region). As a consequence, a high 
current is initially surged by the connected transformer. The magnetic core 
repeatedly gets in and out the saturation area, generating different peak values for 
each waveform cycle, so that the specific IC signature arises. The IC decays after 
a few cycles and its steady state value, also called the transformer magnetization 
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current, is rapidly achieved. This latter is commonly just one percent of the 
transformer rated current.   

Figure 1 qualitatively explains the inrush current generation and the major 
influence of the magnetic core characteristic on the IC first cycle peak value and 
waveform. One can notice that an accurate description of the transformer 
magnetic core may lead to a precise IC predetermination. Hence, due to the flat 
nature of the magnetization curve in the saturation area, a small increase to the 
residual flux can significantly affect the IC first amplitude. 

 
Fig.1 Inrush current generation phenomena and the major influence of the core magnetic 

characteristic. 

3. The transformer modeling and the analytic inrush current solution 

In order to obtain a deterministic characterization of the single phase 
transformer at the instant of switching, a simple circuit model was adopted. This 
one considers the winding resistance R1 and the core nonlinear inductivity mainly 
described by the magnetic core H-B characteristic. Thus, one can analytically 
describe the inrush current i(t) and magnetic flux Ф(t) time dependency: 
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where H(t) and B(t) are the core magnetic field strength and flux density, 
respectively while lm represent the mean magnetic path length of the transformer 
magnetic core.  

Since the most common power class range for single phase power 
transformer (1.2 ÷25 kVA) exhibit similar geometrical core data with those 
presented in Appendix, our further computations will mainly refer to this UI core 
shape geometry. The transient state equations (2) require the magnetic core 
characteristic in terms of its H-B representation along with the detailed core 
geometrical description. That can be accomplished using different approaches. 
Some common adopted analytical relations are Ollendorff’ [14] or Brauer’ [15] 
functions: 
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where a, b, c, u, v, w constants could be determined for any type of silicon steel 
core by a simple fitting procedure (constraining the expression to pass through at 
least three of the steel given data points). 

Regarding the selection of the analytical function it is useful to mention 
that also the H-B linear interpolation could be successfully chosen, since the first 
IC peak value derives from the heavy saturation aria of the magnetic core 
characterization. 

In our further investigations, we select Brauer analytical function and we 
used Rosenbrock numerical method [16] for solving the non linear differential 
equations system (2). The initial parameter value is imposed by the remnant 
magnetization of the magnetic core Bro before the energizing process initiation 
and it is being expressed in terms of initial magnetic flux Ф0 = BroAc. In order to 
consider the worst case scenario for our computation method, we will always 
assume that at the connection moment the voltage crosses zero line and the core 
remnant magnetization has its positive maxima Br0 = Br. Along with the IC 
waveform and amplitude prediction, the harmonic content of its first cycle should 
be also investigated.  

That is mainly required by an accurate study over the effects of the 
transformer connection over the nearby network where the device operates 
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(expressed in terms of power quality indicators) [17, 18]. Additionally, many 
power transformers protection devices should be able to distinguish the IC from 
any fault current and, consequently, to avoid their false tripping. Thus, in order to 
accomplish this task, the second harmonic restraint procedure [19, 20] is 
commonly applied. This protection method bases on the evaluation of the 
transient current harmonic spectrum of the first cycle (during a period time T of 
the fundamental voltage supply waveform) and computes the current second 
harmonic level in respect to the fundamental. Typically, for IC, this level has a 
significant contribution to the waveform harmonic spectrum (more than 50 %).  

Accordingly, a numerical harmonic analysis over the first cycle of IC 
waveform is also carried out. This quantitatively investigation relies on the 
Fourier series applied to the IC first cycle waveform. Thus, the spectrum of IC 
first cycle is evaluated, by means of each harmonic percentage level (hk) with 
respect to the fundamental: 
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4. Simulation results –case studies 

In order to validate the IC computation method presented in the previous 
section, a general purpose UI core shape single phase power transformer with a 
rated power of 6 kVA, was selected for our investigation (see Appendix).   

Table 1 
The magnetic materials used in our investigations 

 Materials Remnant Flux Density [T] 
M1 Silicon Steel M27 1.150 
M2 Silicon Steel M43 1.150 
M3 Silicon Steel M45 1.150 
M4 Carpenter SiFe 1066C Anneal 0.868 
M5 Hiperco-50 1.170
M6 Vanadium Permandur 1.195
M7 Low Carbon Steel 1020 1.289 
M1 Silicon Steel M27 1.150 
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Aiming to evaluate the effect of core magnetic material on IC feature, 
different magnetic materials were used for the transformer magnetic circuit. Since 
the magnetic materials characterization (extracted from [21]) are indicated by a 
finite number of pair points, the Brauer analytical approximation was applied for 
the necessary H-B dependency. Table I indicates all the investigated materials 
along with the corresponding remnant flux density, while Fig. 2 qualitatively 
represents the magnetization curve for some of these materials. 

 
Fig.2 Magnetization curve for some of the materials used for the transformer magnetic circuit. 

 
We will present the simulation results only for two materials used in the 

transformer core construction: Carpenter SiFe 1066C Anneal (M4) and Low 
Carbon Steel 1020 (M7). Consequently, the inrush current and the transformer 
core magnetic flux time variation are presented in Fig. 3 (for M4) and in Fig. 4 
(for M7), respectively.  

Fig.3 Inrush current (solid curve) and magnetic 
flux (dashed curve) for a 6 kVA transformer 

with core magnetic material M4.

Fig.4 Inrush current (solid curve) and magnetic 
flux (dashed curve) for a 6 kVA transformer 

with core magnetic material M7. 
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It is useful to stress out that the computed IC amplitude are 1371 A and 
1199 A respectively, while the transformer rated current is around 15 A and its 
steady-state magnetization current is only 0.22 A.  These IC peak values results 
are in good agreement with those reported by some major transformer 
manufacturers [22].    

The spectrum histograms for the transformer IC first cycle, for the above 
mentioned core materials, are shown in Fig. 5 and Fig. 6 respectively. 

 

 
Fig.5 Histogram spectrum of the IC first cycle for core material M4. 

 

 
Fig.6 Histogram spectrum of the IC first cycle for core material M7. 

 
As the histograms reveal, the IC first cycle spectrum is dominated by the 

zero (DC) and second harmonic components. Their percentage level relative to the 
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fundamental can be easily derived according to (4). Hence, for the Carpenter SiFe 
1066C Anneal (M4) core magnetic material: 
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Similarly, for the Low Carbon Steel 1020 (M7), the zero and second 
harmonic percentage level in respect to the fundamental are: 
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Equations (5) and (6) quantitatively underline one of the major features of 
the IC first cycle waveform: a rich even harmonic attendance into its harmonic 
spectrum. Most of the power transformer protecting equipment identifies the IC 
according to these very particular characteristics.           

  Similar simulations were carried out for all the magnetic core materials 
from Table I. The results are presented in Fig.7 and Fig 8 respectively: Fig. 7 
illustrates the amplitude of transformer IC when different core magnetic materials 
are used while Fig. 8 shows the zero and second harmonic percentage level from 
the IC first cycle. 

 

Fig.7 Inrush current amplitude for different 
transformer core materials 

Fig. 8 The zero (light bars) and second (dark 
bars) harmonic percentage level of the IC first 

cycle for different core magnetic materials 

6. Conclusions 

Using a simple circuit model for the energizing process of a single phase 
transformer, a quantitative study over the inrush current was accomplished. Thus, 
solving the nonlinear equations system, which derived from the proposed model, a 
quite accurate predetermination of the inrush current amplitude and waveform 



202                                                     Emil Cazacu, Lucian Petrescu 

 

characteristics was predicted. The influence of the magnetic core characteristic 
was systematically analyzed for a large class of materials used as magnetic core of 
the single phase transformer of powers class around 6 kVA. Appling an analytical 
model of the H-B magnetic material description, our computation method 
manages to simulate both the linear and the heavy saturation region of the 
magnetization curve. The study reveals the importance of material characteristics 
for the accuracy of inrush current amplitude computation. Hence, more advanced 
is the magnetic material description, more precise are the predetermined IC 
features.  

The necessity of this study is required by the new trends in power 
transformer construction technologies too. Hence, the modern transformers took 
advantage of the important progress in magnetic material development. The new 
core materials (with more consistent grain orientation) exhibit a higher operating 
induction and have a higher value of saturation flux density along with a lower 
remnant magnetization. Additionally, they also provide a larger linear region on 
the H-B magnetization curve. Furthermore, in order to provide a continuous path 
for the magnetic flux and to decrease the core reluctance, these new laminations 
are also overlapped. The transformer core cross-sectional area is also increased for 
achieving a limited operating flux density. All these new core characteristics 
notably influence the main transformer IC parameters (amplitude, first cycle 
harmonic spectrum and duration) and should be accordingly considered for a 
precise quantitatively evaluation of this important transient phenomena. 
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A p p e n d i x  

The geometry of the investigated power class transformers (UI core shape) 
is presented in Fig. 9 and the main technical data of a unit of 6 kVA rated power 
with Silicon Steel M43 laminations are shown in Table II. 
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Fig.9 Magnetic core shape of the transformers and their geometrical dimensions 

Table 2 
Data sheet of the investigated single phase power transformer 

Sn = 6 kVA Rated power 

U1n = 0.40 kV Primary rated voltage 

U2n = 0.23 kV Secondary rated voltage 

P0 = 78 W No load power losses 
Psc = 180 W Short circuit power losses 
i0 = 1.5 % Magnetization current 
usc = 3 % Short circuit voltage 
Δun = 3 % Rated voltage regulation 
N1 = 279 Number of turns in primary 
N2 = 160 Number of turns in secondary 
R1 = 0.400 Ω Primary copper loss resistance 
R2 = 0.1323 Ω Secondary copper loss resistance 
Bn = 1.25 T Operating magnetic core induction 
Br = 1.15 T Core remnant magnetization 
Ac = ab = 0.005152 m2 Magnetic core area 
lm = 12a= 0.672 m Magnetic path mean length 
a = 0.056 m UI  Core main reference dimension 
b = 0.092 m Core thickness 
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