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Abstract. The inrush current is a highly asymmetric transient magnetizing current resulting
from saturation of the core of the transformer caused by excessive growth of magnetic flux in
one direction only. The suggested strategy to damp the inrush current is adding an inductor in
parallel with the circuit breaker (C.B., which has a very low resistance when it is closed) at
different values of the adding inductor to determine the suitable values of the inductor to damp
the probable inrush current. This strategy differs from other strategies because the damping
inductor is connected in parallel with the C.B. only at closing the C.B. for a few cycles, The
damping inductor prevents the excessive growth for the flux in the core of the CT which lead
to saturating the core of CT and then, prevents the excessive growth for the inrush current for
specific situations of switching. Finally, the MATLAB program is used to simulate the
suggesting strategy.
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1 Introduction

Magnetizing inrush current in the CT transformer results from any abrupt changes of the
magnetizing voltage [1]. The voltage applied to the primary of the CT transformer according to the
instant of the applied voltage may drive the flux to build up to a maximum theoretical value of twice
the steady-state flux plus any residual flux [2].

The inrush currents So, there is a necessity to override the consequences of the inrush current.

A significant electrodynamic and thermal stresses on the CT transformer windings as a result
of inrush current could impair the CT transformer life time, produce mechanical stress to the
transformer and may cause protection system malfunction [3].

Generally, the magnitude and duration of the inrush current depend on:

» The energizing point of the applied voltage wave.

* The residual flux in the CT transformer core and its sign with respect to the first half-cycle of
the steady-state alternating flux.

* The saturation or maximum flux density of the ferromagnetic material of the CT transformer
core.

« The total impedance of the protection circuit through which the inrush current flows [4,5].
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1.  Analysis of Inrush Current

An analysis of the transient phenomena of the magnetizing inrush current under various
conditions is necessary to understand the high amplitude of the inrush current and explain why the
inrush current is generated when connecting the CT transformer to the mains, leading to overloads
[1,6].

The voltage induced across the winding according to Faraday's law is given as:
e = do/dt
@
Where,

¢: is the flux in the core [7].

v(t) = E.sinwt = —N d(Z)/dt
)
Where,
E: peak of the applied voltage (volt),
®: angular frequency (rad/sec),
t: time(sec),

N: number of turns (T).

A graphical description of the voltage induced across the winding is illustrated in Figure
1[1].



_~E.sincwt

)

Fig. 1. The voltage induced across the winding and the initiated flux through the core of the CT
transformer.

As shown from Figure 1 [1], the flux wave is initiated from the same origin as voltage
waveform when the transformer is switched on at the instant of voltage equal to zero.

According to the above conditions, the value of flux at the end of the first half cycle of the
voltage waveform will be twice, as shown in equation (3):

() = E/Na) fot sinwt. d(wt) = 2¢pm
3)
Where,

om : is the maximum value of steady-state flux.

The transformer core is generally saturated just above the maximum steady-state value of
flux.

The remanence flux in the core at the moment of switch on increases inrush current is
illustrated in Figure 2 [2].
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Fig. 2. Waveform showing the resulting inrush current from the saturated core of the CT
transformer.

From the above figures and equations, the driving force of the inrush currents is the voltage
applied to the primary of the transformer. This voltage forces the flux to build up to a maximum
theoretical value of double the steady-state flux plus remanence [8,9].

2. The Suggested Strategy

The suggested strategy interests of damping the inrush current. To investigate this
suggestion, a suitable value of an inductor is connected in parallel with C.B. to damp the inrush
current and saturation of CT.

For to investigate the assumed strategy. It is needed to find the relation between the adding
inductor and the change in the flux.

As it is known, the self-induced emf may be determined from eq(4):

e=-L%
dt
(4)
However, the induced emf is basically due to the rate of change of flux linkage. Thus, the
emf may also be calculated by using equation (4), namely:

d
e=-N2
dt

®)



Since both equations[4] and [5] represent the same induced emf, then [4] must be equal to

[5].

Thus

Ldai _ Nag

dt ~ dt

(6)

The minus signs cancel out.[10]
So,

] = Nao

di
)

Where, from the eq.(7) the change in flux decreased when the value of the inductor is
decreased and then, there is a chance to damp the inrush current and switching the transformer be in
a safe situation[9].

3. Simulation and Results

The simulation of studying the strategy of damping the inrush current is divided into two
cases.

The first case dealt with the switching of CT at different times to discriminate against the
instants at which the CT is saturated and prove the above analysis in the previous paragraphs.

The second case dealt with the treatment of saturation of CT with different values of
inductor which is connected in parallel with C.B. to determine the suitable range of values of
inductor which is necessary to damp the inrush current and saturation of CT.

3.1 The first case
For the tested model shown in Figure 3. [3], the switching of CT at different times of the

applied voltage to discriminate the instants of the applied voltage at which the CT is saturated before
adding an inductor to damp the inrush current.
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Fig. 3 The tested model.

The power frequency of the tested model is 50 Hz and then the period of each cycle is 0.02
sec, and the studied states are:

a. CT unsaturation: Start the simulation by closing the C.B. at t=0.005 sec, and
observe the magnetising current and flux.

As expected according to Figure 4. [4], the magnetising current and flux are sinusoidal.
Each of flux and magnetising current contains a DC component which stays ineffective value. This
switching produces no current asymmetry and the CT doesn’t saturated.
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Fig. 4 Flux and Magnetising Current for CT Transformer when C.B. is closed at t=0.005 sec.

b. b. CT saturation: Start the simulation by closing the C.B. at t=0.0 sec, and observe
the magnetising current and flux.

As expected and according to Figure 5. [5], the magnetising current and flux are sinusoidal.
Each of flux and magnetising current contains a DC component which is an effective value. This
switching produces current asymmetry and the CT is saturated because each of flux and magnetising
current becomes twice the previous value.
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Fig. 5 Flux and Magnetising Current for CT Transformer when C.B. is closed at t=0.00 sec.

Here, the flux changes from zero to twice of a maximum flux then this value will causes
a huge magnetizing inrush in the primary current.

3.2 The second case
Adding different values of an inductor to damp the inrush current and CT saturation

To avoid the consequences of the inrush current and saturation of current transformer, an
inductor is connected in parallel with the breaker resistance.

a. First state at different values of L(0.0001, 0.001, 0.01H)

According to Figure [6],[7],[8] the CT doesn’t saturated.
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Fig. 6 Flux and Magnetising Current for CT Transformer when C.B. is closed at t=0.00 sec and
L=0.0001H.
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Fig. 7 Flux and Magnetising Current for CT Transformer when C.B. is closed at t=0.00 sec and
L=0.001H.
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Fig. 8 Flux and Magnetising Current for CT Transformer when C.B. is closed at t=0.00 sec and
L=0.01H.

b. Second state at different values of L(0.1, 1.2H)

According to figures (9 and 10), the CT is saturated when (L>= 0.1 H) and the strategy is
failed when the value of the inductor >= 0.1 H.
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Fig. 9 Flux and Magnetising Current for CT Transformer when C.B. is closed at t=0.00 sec and
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Fig. 10 Flux and Magnetising Current for CT Transformer when C.B. is closed at t=0.00 sec and
L=0.1H.

From Figure 9. [9], the flux began in increase and the flux approach to twice of its value
when the adding inductor equal to 1.2 H as shown in Figure 10. [10]

These results approved the equation (7), so it is needed to small values of the adding
inductor to damp the inrush current.

4, CONCLUSIONS

There are different strategies to reduce the inrush currents have been developed. These
strategies like inserting current limiting elements such as resistors or reactors in series to the
transformer windings, or, by inserting a voltage source inverter (VSI) controlled as a dynamic
resistor in series or in shunt or by core flux manipulation.

But in this paper, a new strategy is used to damp not to reduce the inrush current by
connecting an inductor in parallel with the breaker resistance. This strategy enhances the damping
of the inrush current problem.

Also, according to the equation (7), the small value of the inductance prevent the rapid
growth of the flux, and then avoiding the saturation of current transformer by damping the inrush
current .

It is concluded that the main features of the used strategy in this current paper that it is
simple and effective strategy to damp not to reduce the inrush current, unlike the previous methods.
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