Fundamentals of Inrush Current

According to Faraday’s law of Electromagnetic Induction, the voltage induced across the transformer winding is given by:

v(t) = d/dt α(t) ------------------------------(1)

where, v(t) is the instantaneous voltage applied to the transformer primary and α(t) is the instantaneous flux linkage of the winding.

Because the voltage is the driving force, the flux builds up as per following equation:-

α(t) = [image: image2.png][Sv(e)dt



 -----------------------------(2)

where, flux linkages i.e. α(t) is given as –

α(t) = N* φ(t) -----------------------------------------(3)

where, [image: image4.png]


(t) is the total instantaneous flux in the core and N is the number of turns of the winding. 

Combining equation 2 & equation 3 we get,

φ(t) = (1/N)* [image: image6.png][Sv(e)dt



 ------------------------------------ (4)

Voltage being sinusoidal in nature is given as:-

v(t) = Vm sin( ωt + ϴ)-------------------------------------(5)

Combining equation 4 and 5 , it can be written that:-

 φ(t) =  Vm /( N*w) [ cos(ϴ) –cos(ωt+ϴ)] + φ(0)------------------------(6)
Assuming that the residual flux at t = 0 is φ(0) = φr, the maximum flux that can be built in the core is when the switch on  angle of voltage  is ϴ = 0 and ωt = π. Under these conditions the maximum flux will be following:-

φmax = (2*Vm/N*w) + φr ---------------------------------(7)

i.e.  φmax = 2*φm + φr -------------------------------------------------(8)

Equation (8) shows that under above condition large amount of flux will get developed which is even more than double the maximum flux. This will draw the core into saturation. As the core becomes saturated, the current required to produce rest of the flux will be very high. So the excited winding of the transformer will draw very high current termed as Inrush Current. 

Harmonic Analysis

Fig.2 clearly shows that inrush current is non-sinusoidal in nature. Therefore, it contains DC component, fundamental frequency component and harmonics of various order. Harmonics are currents or voltages with frequencies that are integer multiples of the fundamental power frequency. For example, if the fundamental power frequency is 50 Hz, then the 2nd harmonic is 100 Hz, the 3rd is 150 Hz, etc.  In order to investigate the harmonic content of the inrush current waveform, Fourier analysis is to be carried out. The corresponding terms of the Fourier series are numerically evaluated as follows:

Fourier  series  representation of inrush current is given by following expression :-

I(t) = [image: image8.png]a, +2o-,(a, cosnwt+ b, sinnwt)



--------------------(9)

where,

a0 = ([image: image10.png]1/2m) [7™ I(wt)d(wt)



--------------------(10) {DC component}

an = ([image: image12.png]1/70) [ 1(wt) * cos (nwt)d(wt)



--------------------(11)

bn = ([image: image14.png]1/m0) [ I(wt) * sin (nwt)d(wt)



--------------------(12)

Using equation 10 to 12, each harmonic level of the inrush current  waveform is quantitatively evaluated in order to estimate their contribution to the spectrum relative to fundamental. Value of n=1 calculates Fourier series coefficients  for fundamental frequency.

The amplitude of harmonic component of nth  order of inrush current is calculated as follows:- 

cn = √ an2 + bn2----------------------------(13)

and percentage contribution of nth order  harmonic  with respect to fundamental component is known  as individual distortion (ID) and is given as :-

 IDn= [cn/c1]*100-------------------------(14)

A common term that is used in relation to harmonics is THD or Total Harmonic Distortion. THD that can be used to describe  distortion  is calculated as follows:

THD(%) = √ ( ID12 + ID22 +........... IDn2 )-----------------------------(15)

Since, inrush current is maximum in the first cycle, therefore, Fourier analysis is performed only for first cycle thus calculating the  maximum value of various harmonic componenets and maximum THD produced due to inrush current.
