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Abstract— Nowadays solar power is one of the most suitable 

energy source for power generation. In practice, due to 

routine starting of solar power plant at every day, as a result 

of switching effects inrush current produces in grid connected 

transformer(s). Inrush current affects winding of transformer, 

causes of generation of harmonics and related power quality 

issues. Here, the calculation of inrush current and its effect on 

power system network is elaborated. Possible solution for 

reduction of inrush current by suitable techniques is 

discussed. Comparative analysis has been also obtained for 

effects of harmonics of with sequential switching technique 

and without inrush current reduction technique. 
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I. INTRODUCTION 

A demand of power is increase rapidly. Therefore to fulfill 

the requirement of Electric power, renewable energy one of 

the suitable way by means of solar energy. Total installed 

capacity of solar power in Gujarat state is 1257.5 MW [12]. 

Nowadays solar power plants are switched off at night due to 

some problems such as reverse power and reactive power 

compensation problem. Next day, at early morning, when 

solar plant is switched on, due to switching effect, high value 

of inrush current is draw by transformer. Transformer draws 

high amount of current when it converts it’s state from de-

energized to energized state is known as “inrush current”. 

Amount of inrush current is 8 to 10 times higher than rated 

current [1]. In transformer inrush current is initially high for 

several cycles but it slowly decreases and finally reach at 

normal rated current which is shown in Fig. 1 

 

Fig. 1: Inrush current [2] 

A. Effects of inrush current 

1) Voltage distortion: 

In that case transformer is energized, when its impedance 

is smaller than the source impedance, voltage drop will 

occurs due to inrush current event. Voltage distortion 

will affect the some sensitive load, industrial costumer, 

medical equipment etc. [3]. 

2) Harmonics: 

Due to inrush current, second order harmonics are 

dominant. The main reason is that when inrush current 

start it offsets in either positive or negative direction and 

instead of full wave it will be become half wave which 

frequency is considered 100 Hz. [i.e. For supply of 50Hz 

frequency, freq. of second harmonics will be 50 x 2 = 

100Hz.][4]. 

3) Stress on transformer winding: 

During inrush current in transformer, two main forces 

acts on winding. First is Radial force and second is axial 

force. Radial force occurs during inrush current, it tries 

to increase the diameter of winding. It also forces during 

short circuit occurrence which is more harmful than 

inrush current. The axial force pushes the winding 

towards ground which changes the dimensions and able 

to damage the transformer winding [5]. 

4) Malfunctioning of protective relay:  

At the transformer energization time, its draw inrush 

current at the amount of 8 to 10 times of rated current, 

due to malfunctioning of relays, , circuit breakers 

operates for tripping which is undesirable. 

B. Factors affecting of inrush current 

1) Switching angle 

One of the most important factor for inrush current is 

switching angle, if applied voltage is zero value at that instant 

inrush current is maximum. Because if voltage is zero value 

at that time flux is maximum. Hence inrush current is 

maximum. Flux in transformer is given by following 

equation. 

( ) cos( ) cos( )t
r m m

         
   (1) 

From equation. (1) Flux value at different instant of 

switching is shown in table no, 1 

Switching Angle Value of flux 

α = 0° ∅=3∅m 

α = 45° ∅=2.12∅m 

α = 90° ∅=∅m 

Table 1: Value of the flux at different switching instant 

2) Residual flux density 

Transformer is made from ferromagnetic material, hence, 

always residual flux will be present in it due to hysteresis 

effect which is the main cause of Inrush current in windings, 

which depends upon core material characteristics. Its 

maximum value is considered usually 80% for cold rolled and 

60% for hot rolled material of the core saturation value [6]. 

3) Series resistance 

The resistance of line between the sources and transformer 

has predominant effects of inrush current. Due to damping 

effect series resistance between transformer and sources not 

only reduces maximum initial inrush current but also 
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accelerate its decay rate. Transformer near to generator 

usually have high inrush current because of the low line 

resistance [6]. 

4) Inrush under no load 

If transformer is switched on with connected load, the inrush 

current peaks are affected to some extent by load power 

factor. If transformer is switched on under heavy load with 

power factor close to unity, the peak value of inrush current 

is smaller. If power factor is reduces the inrush current peak 

is higher [6].  

Above factors are responsible for causes the inrush 

current. Main factors for reduce the inrush current are 

switching angle and residual flux after designing of 

transformer. Inrush current value is high as compare to 

normal rated current, therefore harmonics at that instant is 

also high [7]. Harmonics contents in inrush current waveform 

shown in table No. 2.         

Frequency Magnitude 

Fundamental 100% 

DC 40 to 60% 

1st 30 to 70% 

2nd 10 to 30% 

3rd < 5% 

4th < 5% 

5th < 5% 

6th < 5% 

Table 2: Harmonics content of inrush current 

II. TYPES OF INRUSH CURRENT AND SIMULATION 

A. Energization Inrush: 

When transformer energized from de energized state inrush 

current drawn by transformer is known as energization inrush 

current. 

B. Recovery Inrush: 

Recovery inrush current flow still continues even when 

voltage is recovered after system fault. 

C. Sympathetic Inrush: 

Sympathetic inrush current flows when multiple transformer 

are connected in common line and one of them is energized. 

This inrush current affects the other transformer connected in 

same line [8]. 

In solar power plant, switching manner of 

transformer energization is not sequential in practice. The 

result of such unorganized manner, circuit breaker operates 

which causes the inrush current in transformer. Above 

considerations are counted in proposed research work by 

modeling in Matlab environment. Here, Fig. 2, 3 and 4 are 

shown for energization inrush, recovery inrush and 

sympathetic inrush respectively. Suitable specifications for 

transformer connection and ratings are shown in Table No.3. 

Transfor

mer 

Prima

ry 

windi

ng 

voltag

e 

Second

ary 

winding 

Rating 

of 

transfor

mer 

Primar

y  

windin

g 

resistan

ce 

Frequen

cy 

Star-star 11 kV 66 kV 20 MVA 
150 

ohm 
50 Hz 

Table 3: Transformer parameters 

Transformers are normally energized by closing at 

asynchronous switching of the circuit breakers. At the instant 

of energization the transformer draws inrush current from the 

supply. Inrush currents are characterized as unidirectional 

and increase rapidly to its maximum value in the first half 

cycle after the energization and decays slowly until the 

transformer reaches its normal steady conditions. In a three 

phase circuit, the peak magnitude of this current can be more 

than 10 to 100 times the rated value of line current for the 

winding being energized. 

 
Fig. 2: MATLAB simulation of energization inrush current 

 
Fig 3.      MATLAB simulation of recovery inrush current 

 
Fig. 4. MATLAB simulation of sympathetic inrush current 

III. SIMULATION RESULT AND ANALYSIS 

A. Energization Inrush Current 

When transformer is energized inrush current is creates in 

transformer which is known as energization inrush current. In 

Fig 5 is shown that the inrush current peak value is nearby 

5000 A and other two phase is near to 2500 A. In table 3 result 

content of 2nd and 3rd harmonics in transformer inrush 

current and THD measurement.  Second order harmonics are 

dominant in inrush current. 
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Fig. 5: Energization inrush current 

Phase THD 2nd harmonics 3rd harmonics 

Phase R 90.92% 63.93% 31.32% 

Phase Y 111.69% 72.98% 52.85% 

Phase B 110.75% 73.49% 53.53% 

Table 4: THD and FFT of inrush current 

B. Recovery Inrush Current 

 In recovery inrush current is create when voltage is recover 

after voltage disturbance due to the fault in system. Fig. 3 

show the MATLAB model of recover inrush current. Rating 

of transformer is same as given in table 1. Three phase Fault 

will be occurs during 0.7 to 0.9 sec. duration, after 0.9 sec. 

instant transformer achieved to its steady condition at this 

time its draw high inrush current which is known as recovery 

inrush current because transformer try to recover its normal 

condition. Simulation waveform is shown in fig.6.  

C. Sympathetic inrush current 

 One transformer is energized from two parallel connected 

transformer is affect the transformer which is already 

energized in system which is sympathetic inrush current. 

MATLAB simulation of sympathetic inrush is shown in Fig. 

4 and its waveform shown in Fig. 7. In Fig. 4 transformer T1 

energized at first and after 1 sec. transformer T2 is energized 

due to transformer T2 energized its draw the inrush current 

but it’s also creates sympathetic effect the transformer T1 

which shown in Fig.7. 

 
Fig. 6: Waveform of Recover Inrush Current 

 
Fig 7: Waveform of sympathetic inrush current 

IV. INRUSH MITIGATION METHOD 

In this method each phase is energized in sequential manner. 

Every phase is energized when voltage is its maximum value. 

If voltage is maximum value at that instant current at zero 

value. At that time inrush is minimum. Therefore each phase 

is energized at peak instant of voltage waveform. 

 For 50 Hz power supply voltage we can write  

1sec. = 50cycles 

20 msec. = 1 cycle 

Therefore, 10 msec. time is required for half cycle 

(180° degree). 5 msec. is for 90° degree. For circuit breaker 

of phase RYB closing instant is, firstly assume that we supply 

breaker of phase R at zero instant, phase R voltage at 90° in 

5 msec. Next breaker of phase Y is connected at 120° apart 

from phase B that means 90° + 120° =210°.time required for 

0° to 210° is 11.666666 msec. After energization of phase Y 

next phase B is energized at 120° from phase Y. time required 

for 210°+120°=330°. Time duration for 0° to 330° is 

18.3333333 msec. [9] [10]. 

 
Fig. 8: Sequential switching method for reduce transformer 

inrush current 

Simulation in MATLAB environment of sequential 

switching method for reduce the transformer inrush current 

shown in Fig. 8.   

Simulation result of switching method applied to 

transformer energization is shown in Fig.9.  From Fig.9 seen 

that if transformer all phase energized at zero crossing instant 

of current waveform inrush current can be reduced. A 

disadvantage of this method is that it’s required to flux 

calculation at energization of transformer and in this method 

required three single phase circuit breaker. 
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Fig. 9: sequential switching of circuit breaker for 

transformer energization 

V. CONCLUSION 

This paper present inrush current effect and factors which 

responsible for inrush current event in transformer. Simulated 

result of three types of inrush current event in transformer and 

its results are discussed. A switching method is present for 

reduce the inrush current of transformer. From simulated 

result we conclude that the inrush current is reduce by 

sequential switching of circuit breaker to energize the 

transformer. A best switching instant of circuit breaker for 

transformer energization is peak value of voltage of each 

phase.  

Due to solar power plant switching daily inrush 

current is impact on power quality and transformer efficiency. 

Hence it is necessary to reduce the inrush current in 

transformer due to solar power plant switching. Sequential 

switching method is recently used method for inrush current 

reduction for transformer. 
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