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Abstract— the article deals with the cause of the inrush current in 
single-phase power transformers and provides a detailed analysis of 
one method for eliminating the inrush current – connecting the 

transformer to the network at the optimal phase of the supply voltage. 
Attention is given to the theoretical foundations utilized by the method. 
Possibilities for practical implementation are indicated, with a 
warning about potential pitfalls in the accuracy of the measured 

quantity and the speed of the actuator. 
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I. INTRODUCTION 

Inrush current occurs when a transformer is connected to the 
power network because of the saturation of its magnetic circuit. 
The magnitude of this overcurrent depends on the design of the 
transformer, the characteristics of the power network at the 
point of connection, and the conditions now the transformer is 

connected to the network. In some cases, the inrush current can 
exceed fifty times the rated current of the transformer. An 
overcurrent of this magnitude causes operational difficulties for 
the transformer. Securing such a device is particularly 
problematic. The interference produced by current impulses is 
also significant. There are many ways to deal with inrush 

current. By changing the transformer design, it is possible to 
only reduce the magnitude of the inrush current. If greater 
limitation of the overcurrent or its complete elimination is 
necessary, a suitable limiting circuit must be used  
 

Figure 1: Illustration of the inrush current formation 

In the primary circuit of the transformer. In principle, three 
methods can be employed to limit inrush current: reducing the 
operating induction, reducing the residual induction, and 
connecting the transformer at an appropriate angle of the 

voltage in the network. The methods used are, for example, 
described in [1]. 

II. TRANSFORMER INRUSH CURRENT 

The inrush current of a transformer arises because of a 
transient phenomenon, during which, after switching on the 
transformer, the initial remanent magnetic flux of the 

transformer core  ∅𝑟 gradually transitions into the alternating 
magnetic flux in the steady operating state of the 

transformer∅𝑚. During this transient phenomenon, the 
magnetic flux density ∅𝑚𝑎𝑥can theoretically reach nearly three 
times the amplitude of the magnetic flux density under normal 
operating conditions. After core saturation, the transformer 

loses its impedance and draws a much higher magnetizing 
current from the network, known as inrush current. After core 
saturation, the leakage magnetic field of the transformer 
increases.  

                                 ∅𝑚𝑎𝑥 = 2∅𝑚 + ∅𝑟                                   (1) 
The real properties of the transformer core material limit the 

maximum value of magnetic induction of the core. The 
magnitude of the inrush current depends on the initial remanent 
flux and the moment of connecting the transformer to the 

network relative to the voltage waveform. While the magnetic 
flux during the transient phenomenon upon switch-on can, 
when neglecting winding parameters, be expressed by the 
formula derived in the contribution. 

                      ∅(𝑡) =
√2𝑈

𝑁1𝑤
[COS(𝑤𝑡 + 𝛾) − COS(𝛾) + ∅𝑟,         (2) 

Where U is the effective value of the network voltage, N1 is the 
number of turns of the primary winding, ω is the angular 
frequency of the network, and ψ is the moment of switching the 
transformer to the network expressed as the switching angle. 

The magnitude of the inrush current is not easy to determine 
due to the nonlinearity caused by the hysteresis of the magnetic 
circuit. Simple methods for estimating the magnitude of the 
inrush current, as mentioned for example in [3], are not 
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sufficiently accurate. When calculating the inrush current, it is 

necessary to consider the nonlinearity of the magnetic circuit. 

Fig. 2: Dependence of the peak switch-on current on the remanent flux 

density Br and the network connection angle ψ, with the area of possible 

values for the transformer RJV 1.6 (230/230V; In=7 A; 1.6 kVA) indicated. 

 
A typical dependence of the peak inrush current on the 

initial conditions when switching on a transformer is shown in 
Figure 2. The waveform was obtained from a mathematical 
model of the transformer with a description of the magnetic 
circuit hysteresis and the nonlinearities of the leakage flux. The 

accuracy of the waveform was confirmed by experimental 
measurements. 

III. CONNECTING THE TRANSFORMER IN THE OPTIMAL 

PHASE OF THE SUPPLY VOLTAGE 

According to [1], the inrush current can be eliminated by 
choosing an appropriate moment to connect the transformer ψ 

to the network. 
                                         ∅𝑚𝑐𝑜𝑠𝛾 − ∅𝑟 = 0                               (3) 
For clarity, it is appropriate to rewrite equation (3) in the form 

                                                    𝑐𝑜𝑠𝛾 =
𝐵𝑟

𝐵
                         (4) 

Where B is the amplitude of the working induction of the 
transformer. For each initial remanent induction, it is possible 
to determine the moment of appropriate energizing so that the 
course of the magnetic flux after energizing corresponds to the 
flux in the steady operating state of the transformer.   

The condition for optimal energizing (4) is met twice during 

one period, as illustrated in Figure 3. 
 
 
 
 
 

 
 
 
 
 
 

Fig. 3: Appropriate moments for energizing the transformer at a  given 

remanent induction 

 

Practically, the switching can be realized using a 
semiconductor-switching component, for example, a trial with 

the appropriate control circuit. In the case of a mechanical 

switch, it is necessary for the control circuit to account for the 
delay in the closure of its contacts. The pull-in time of a 
contactor should be considered as a statistical quantity with a 
mean value and variance determined by external conditions 
such as temperature, mechanical vibrations, aging, etc. The 
switching defined by equation (4) will therefore be carried out 

with some error. It follows from Figure 2 that with a contactor 
switching error of up to 0.5 ms, the peak of the inrush current 
will not exceed the transformer's rated current . 

To calculate the moment of optimal clamping, it is 
necessary to know the operating induction B and the initial 
remanent induction Br. The operating induction is determined 

by the design of the transformer and the supply voltage. The 
remanent induction of the transformer core must be measured 
the initial remanent induction can be measured in several ways. 
The induction can be calculated from the circuit quantities of 
the primary and secondary windings. Evaluating the remanent 
induction is complicated by the unknown load connected to the 

transformer and by surrounding electromagnetic interference, 
and therefore cannot be recommended. 

Direct measurement of induction, for example with a Hall 
probe, requires intervention in the magnetic circuit of the 
transformer. Modern magnetic field sensors are very small, so 
the disruption of the magnetic circuit's properties is negligible. 

The limiting factor is the technical complexity associated with 
interfering with the magnetic circuit. The required accuracy of 
measuring remanent induction does not need to be high. From 
the graph in Figure 4, it follows that the switching current of 
the examined RJV 1.6 transformer will be effectively 
suppressed even with a remanent induction measured with a 

relatively large error of 0.2 T. 
 
 
 

 
 

 
 
 
 
 
 

 
 

 

Fig. 4: Dependence of the peak inrush current on the error in measuring 

remanent flux when using the transformer switching method at the optimal 

phase angle of the supply voltage for the RJV 1.6 transformer. 

IV. CONCLUSION 

Eliminating the inrush current of a transformer by switching 

it on at the optimal phase of the supply voltage is among the 
promising methods of limiting inrush current. Compared to 
other methods, it allows for the complete elimination of inrush 
current. An undeniable advantage is the speed of  

Connecting the transformer within one period of the supply 
voltage. The method is also suitable for transformers operating 
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in intermittent mode with frequent switching. The only active 

component of the circuit is the primary current switch. 
The disadvantage of the method of switching at the optimal 

phase of the supply voltage is primarily the interference with 
the transformer's magnetic circuit and the relatively high cost 
caused by it. When using a semiconductor switching element, 
the increased short-circuit impedance caused by the switch's 

resistance can be considered a drawback. The advantages of the 
mentioned method of inrush current limitation outweigh the 
disadvantages as the transformer power increases, where core 
disruption by the sensor will be negligible due to the 
transformer cross-section. 
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