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Abstract: Transformers are the most important pieces of equipment in the electricity transmission and distribution system.
Their importance derives both from their high cost and from the fact that they ensure a proper operation of the national power
system. The transitory regimes generated during the operation of transformers, such as the overvoltage caused by the lightning
impulse and the transient currents when wiring the transformers result in mechanical stress, thermal stress and electrical stress
in transformers. These stresses lead to the aging of the insulation system, to avoid possible damage or even the
decommissioning of transformers, this paper presents analytical methods for determining the overvoltage transmitted
between the windings of transformers due to the lightning impulse and the transient currents that occur when connecting the
transformers. The studies were performed on two high power transformers: TTOS-OFAF of 40 MVA, 123 6.3 kV was used
to determine the overvoltages that propagate at the windings of the transformer subjected to lightning impulse, and on
TTOS-OFAF of 15 MVA, 10.5 / 6.3 kV was performed the study on the effects of the appearance of the connection current
on the transformer insulation. The studied phenomena can have a negative impact on the transformer operation.. The results
obtained have been validated by laboratory tests, and they can be used to determine the measures to be taken in order to avoid
possible damages as of the time of the transformer implementation in the system.
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To benefit from an optimal maintenance program, the
active part of the transformer (magnetic core and windings)
must be assessed as follows [1, 8-15]:

1. the thermal assessment is aimed at the
faster-than-anticipated aging due to the excess
temperatures caused by the hot spot of the winding, the
hot spot in the core and the defects of paper-insulated
hot metals;

2. dielectric evaluation follows the process of degradation
of solid / liquid insulation due to high thermal or
electrical voltage, moisture in the paper / dielectric
liquid, manufacturing defects and contamination with
conductive particles;

3. the mechanical assessment is aimed at the disintegration
of the structure in the core, the windings and the solid
insulation, due to one of the many reasons, such as the
strong electromagnetic forces resulting from the flow of

1. Introduction

The impact of transient phenomena on the operation of
high-power transformers is a current concern starting with
their design stage to ensure proper insulation.

This paper deals with two of the transitory regimes
encountered during the operation of transformers: the
overvoltage propagating in the windings of transformers
when subjected to the lightning impulse, and the transient
current that occurs when wiring the transformers [1-8].

The paper includes analytical methods for determining the
overvoltage transmitted between the windings of
transformers due to the lightning impulse and the transient
currents that occur when connecting the transformers.

Both transitory regimes presented in this paper generate
mechanical stress, thermal stress and electrical stress in
transformers.
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short-circuit current through the windings; the
mechanical deformation of the windings due to the
shocks during transportation, installation or during
system failures, etc.; and the degradation of solid
insulating materials [16-25].

Some of the operations concerning the maintenance of
power transformers can be established following the
modeling of the transient phenomena, starting with the
design stage. For these reasons, this paper assists the users of
transformers in using proper protections for their
implementation in the system and in avoiding possible
failures, e.g. the controlled connection of transformer phases,
to avoid high currents when wiring the transformer.

2. Overvoltages Transmitted Between the
Windings of Transformers Due to the
Lightning Impulse

The transient phenomenon caused by the lightning impulse
in the windings of a transformer is difficult to fit into a model,
because both the amplitude and the frequency of the
energizing voltage are variable over time. In addition, there is
no consensus on the contribution of the magnetic core in
determining the amplitude, the frequency of oscillation and
the attenuation of the resulting signal in various parts of the
windings [8-14].

The coupled circuit model was used to carry out the
analysis of the overvoltages transmitted between the
windings of high-power transformers. For the magnetic
circuit, this model uses as concentrated parameters the
leakage inductances and current sources whose amplitude
depends on the electric current generated in the electrical
circuit.

The magnetic circuit allows the determination of the
magnetic fluxes, whose derivatives supply electromotive
force to the electrical circuit. This analysis model allows for
the concentrated parameters of the two circuits to be easily
obtained, provided that the design data, the overall
dimensions of the transformer are known.

2.1. Determination of the Electrical Circuit Parameters

2.1.1. Determination of the Electrical Circuit Parameters
for the Low Voltage Winding
The winding resistance is assigned the d.c. measured
resistance value, which can be calculated according to the
relation [8-10]:

nygy WD,,r 1

cu
S uJT

C

Ry =

(M

nyr

where: pg,- is the resistivity of copper;

nyr - number of turns of the LV winding;

D, - average diameter of a LV turn; S.,yr - area of the LV
winding conductor section;

n,r - number of conductors in parallel.

At high frequencies, the impedance of the copper wire
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increases due to the skin effect, but we consider that the iron
loss resistance has the greatest share in achieving the
damping coefficient. This approximation is made to
introduce a quantity that can be determined experimentally.

In terms of the capacitances inserted into the electrical
circuit model, only the capacitances of the coils to the
magnetic core will be taken into consideration.

The expression of the capacitance between two concentric
cylinders was used the equation 2 where [8]:

Hjr — is the height of the coil;

D; - the diameter of the cylinders which make up the
insulation between the coils and the core;

€,;- the relative permittivity of the insulating medium.

Cor =Hp 2

— In—=—
~& D

The following parameters were neglected:

1. the capacitance between turns, because at high
frequencies, it has a negligible impedance to the
resistance of the copper wire;

2. the capacitances to the tank and between the adjacent
low voltage windings, because they have negligible
values compared to the values of the capacitance to the
magnetic core.

2.1.2. Determination of the Electrical Circuit Parameters
for the High Voltage Winding
The winding resistance is determined based on the
equation [8-10]:

ngy UTD,,,; 1
Ry = p,, I T

cu

3
S culT n pIT ( )
where: njr is the number of turns of the HV winding;

Dpr- average diameter of a HV turn;

Scurr - area of the HV winding conductor section;

n,r- number of conductors in parallel.

The notations used to determine the capacitances involved
in transmitting the overvoltages between the windings of the
transformer are in accordance with those in Figure 1.

Ltank

Figure 1. Layout of the HV winding to the transformer tank.

1. Capacitance of the lateral phases to the tank [8-10]:



American Journal of Electrical and Computer Engineering 2020; 4(2): 72-80

=56 “

2. The capacitance of the central phase to the tank [8-10]:

1

1

1
C]TC—C :550 g~r EH]T IDext (5)

3. The capacitance of the high voltage winding neutral to
the tank [8-10]:

Cy =20 ¢« *+Cpp.—¢ +C, (6)

where: C, is the capacitance of the neutral to the tank.
4. The capacitance between the central phase and the
lateral phases [8-10]:

1
f

(N

1
Crpmir, = 550 &, H; D,

The capacitance between the high voltage winding and
the low voltage winding is calculated based on the relation
(2).

The voltage distribution along the high-voltage winding is
non-linear when energized by a lightning impulse in the
electrical circuit, it is considered a capacitance equal to one
third of the value of the Cirjr capacitance situated between
the inputs of the high-voltage, and respectively the low
voltage windings.
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2.2. Determination of the Magnetic Circuit Parameters

The magnetic field lines generate a fascicle flux in the
cross section of the magnetic core ®. This flux associated
with the number of turns of the high voltage winding n;r and
the number of turns of the low-voltage winding nyr represents
the total flux:

Bur =nyr P
Gr =n;p P

The stray magnetic field lines of the high-voltage winding
in relation to the low-voltage winding are partially closed
through the magnetic core. These lines generate a total stray
flux/magnetic leakage ®yr;r. The following relation is
obtained by applying the electromagnetic induction law:

®)
)

d
Ry Uy —uyp = T (¢tIT + ¢tIT—JT) (10)
where:
iir represents the current flowing through the HIV
winding;
uyr- the HV winding terminal voltage, considering that:
¢="1r Gy +n 7 Gy an
RFe
where Ry, is the magnetic core reluctance.
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Figure 2. Coupled circuits model.

The following approximations were made, to calculate the
leakage reluctances:

1. the first hypothesis is that the magnetic field lines are

parallel to the winding generators and have a length

equal to the height of the magnetic core window. This
approximation is acceptable if we consider that the lines
which are closed through the tank do not affect the
magnitude of the leakage inductance significantly [11].
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2. the second hypothesis is that the magnetic field lines
only cross the path between the coils of the
high-voltage, respectively low voltage windings,
considering that the flux does not penetrate the core of
the coils.

The second hypothesis assumes that path between the HV
winding and the LV winding is equally filled by the lines of
the magnetic field generated by the LV winding. These
approximations are used for the calculation of the leakage
reluctance between windings by using the following relations
[8-10]:

[
Ryr = =
po Tt | Dy, +2a,, +5 (12
2 2
/
Rur = =
Ho m%(DFe +2a,;r +3;l] ()

where:

ayr represents the height of the low voltage winding;

ajr - height of the high voltage winding;

a - the /path between the coils of the high and low voltage
windings;

D,.jr- average diameter of a LV turn;

D,.;r - average diameter of a HV turn;

Dy, - diameter of the magnetic core column;

1. - height of the magnetic core column.

2.3. The Model of the Magnetic Core with Concentrated
Parameters

The magnetic core model implemented in the magnetic
circuit coupled with the electrical circuit was proposed in the
papers [9-10] and consists of:
inductance L, replacing the magnetic reluctance R,, ;

N2
L= (14)
resistance R replacing the magnetic inductance L,;
2
R =2 (15)
L,U
where N is the number of turns of the primary.
lFe
R, = e (16)
H ES’Fe
L = l UlN = l UIN
U
wl, w04, (17)

where: Ig.- length of the magnetic circuit;
Sge- magnetic core section;
u- relative permittivity;
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Q - the ripple of the transformer operating voltage is
calculated by taking into consideration the fact that the
frequency corresponding to the standard front of the lightning
impulse is of approximately 15 kHz;

Uy - rated voltage of the primary;

1,041;p- the no-load current adjusted by an increase
determined by the paper, related to the additional core losses,
generated by the lightning impulse.

Another parameter introduced to the magnetic circuit
model is the homopolar reluctance R,. The exact calculation
of the homopolar reluctance is not possible because of the
reluctance of the tank, which is in series with the reluctance
of the oil flow path [12].

The proposed calculation relation does not include the
reluctance of the tank [8-10]

— hcv B hcm
0

- _on 18
IUO mcm |lcm ( )
where: h, represents the average height of the tank;
h.,- average height of the magnetic circuit;
l.m- average height of the magnetic circuit;
L. - length of the magnetic circuit.

Table 1. Transformer parameters.

Ri1=0,64-10 kQ Crrxn=2,3nF
Ry;r=3,67-10° kQ Cx=2,56nF
=843 Cr.c=3,44 nF
=72 Ryr=2,8:10* kQ
Cirer=1,05nF Rar=2,7-10* kQ
Cir2.c=0,48nF R=176 kQ
Cir1i=0,47nF L=300 mH
Cir3.1=0,59nF Ro=183,6 kQ
Cirr=1nF

By modifying the various parameters of the coupled
circuits, their influence on the results was revealed, which led
to the following conclusions:

1. the influence of the relative permittivity/dielectric
coefficient of the magnetic core is manifested through
the modification of the amplitude of the voltage
transmitted, i.e. its increase results in the decrease of
the amplitude;

2. the frequency of response is indicated by the leakage
inductance of the HV winding (which is energized by
the lightning impulse) and its capacitance to ground.

2.4. Results of the Modeling and Measurement of the
Overvoltages Transmitted Between the Windings of
Transformers

To determine the overvoltages transmitted between the
windings of the transformer, a study was conducted on a 40
MVA, 123/6.3kV TTOS-OFAF transformer.

The study includes both the simulations performed using
the MATLAB program, as well as laboratory tests. In both
the simulations and the tests, the impulse applied to the
transformer is of 100 kV (1.2 / 50us) [13-14].
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Figure 3. Voltage waveforms obtained by calculation and laboratory tests.
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Figure 3 shows the waveforms obtained by modeling and

testing.

1. during the first microseconds, the calculated wave has a
much faster front as opposed to the measured wave,
which means that the model's capacitive network has a
higher value than the actual one. A possible cause is the
non-inclusion of the high-voltage winding series
capacitance in the model created;

2. the difference in the maximum amplitude and its time
of occurrence between the calculated and the measured
response is insignificant. This parameter is essential,
both for the designing engineers of transformers and for
the designing engineers of the substations where the
transformer will be implemented, for the protections
rating;

3. the low and high frequencies are practically the same in
the measured and calculated response;

4. the attenuation of the calculated signal is similar to that
of the measured signal.

It can be seen in Table 2 that the relative error between the

analytical and the practical method is less than about 1%.

Table 2. Overvoltages-calculated values/measured values.

U [kV] Relative error [%]
= 2
= s
= =

Usm, Usm, Ugm- measured transmitted overvoltages / Uy, Use, Ug, calculated
transmitted overvoltages.

3. The Inrush Current Generated on
High-power Transformer Wiring

When wiring the transformer, a high transient current
(inrush current) is generated in its windings, which can reach
values of up to 10 times the load current. The shock produced
by the magnitude of this current can lead to the disconnection
of the transformer or to failure conditions.

The factors influencing the magnitude of the input current
are: the remanent flux in the core of the transformer, the
nonlinear magnetization characteristics of the transformer
core, the phase angle of the supply voltage at the moment of
the transformer energization, the impedance and the
short-circuit power of the power supply etc [15-17].

The laboratory tests conducted in order to quantify the
peak value of the inrush current, to prevent some situations
of failure require great expense and are not being performed.
For this reason, analytical methods and the simulation of the
phenomenon were used to determine the magnitude of the
transient current generated when wiring the transformer, to
avoid possible damage and to choose the adequate
protections [18-25].

An analysis is presented below on the transient phenomena
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generated by wiring the transformer, which leads to overload.
3.1. Analytical Method for Determining the Inrush Current

In the case of the transitory regime resulting from closing
the circuit-breaker which wires the transformer, the current
can reach values of up to five times the value of the rated
current. In order to determine the inrush current, we apply at
the terminals a sinusoidal voltage of the form [9, 22]:

u =[2U; sin (ax +a) (19)
where: u;- is the voltage applied to the primary at time 0;

o- the initial phase angle.

The peak value of the inrush current and the flux depend
on the output of the voltage applied at the time of connection
(defined by a).

The equation for the operation of the primary is [9, 22]:

u = riho tw— (20)

dt

where: |- primary resistance;

ijo- inrush current;

w; - number of turns in the primary;

¢;- the transformer no-load connection flux (fascicular
flux); we will consider, for this study, that this flux flows
through all the serial turns of the winding and that it is
located in the gap.

The equation (20) can be written as a relation between the
inrush current and the flux, using the inductance [9, 22]:

Ly =wq @n
where: L;- total inductance, variable within certain limits,
depending on the magnetic saturation of the iron.

The equation of the instantaneous flux is expressed by the
relation [9, 22]:

t
q4=q,|cosae’ —cos(a)t+a’) *+ @, om€

T2

where: @, is the maximum flux which depends on the value
of the no-load current,

T- winding time constant.

The total inductance (L) is considered as the sum of the
leakage inductance and the magnetization inductance in the
first moments of the connection, and, at the time of the
magnetic core saturation, its value is considered as the
equivalent of the leakage inductance.

The total resistance (R;) represents the sum of the high
voltage winding resistance and the iron loss resistance at the
time of the transformer wiring, and then it is considered as
the value of the high voltage winding resistance.

For this study, we will consider that the transformer has
not been previously wired, so the remanent flux (@i.m) 1S
Zero.



American Journal of Electrical and Computer Engineering 2020; 4(2): 72-80

According to the studies presented in the literature, there

are two extreme situations:

1. the first situation is characterized by a zero remanent

flux and a supply voltage connection angle 0=90°,
situation which corresponds to the stationary regime;

a

2. the second situation is characterized by a remanent flux
equal to half the value of the maximum magnetization

flux and a zero supply voltage connection angle.

This last situation is the most unfavorable, the wiring of
the transformer is made at the zero cross-over voltage, and

78

the remanent flux is of the opposite sign to the permanent
flux. The value of the inrush current is maximum, causing

shocks that in time result in damage to the transformer
insulation.

3.2. Results of the Modeling and Measurement of the
Transformer Inrush Current

The study was conducted on a 15 MVA, 10.5/6.3 kV
TTOS-OFAF transformer.

\

i
/
/

\
\
P

Figure 4. Waveforms for the inrush current on the three phases of the transformer obtained by modeling

Figure 4 shows the waveforms obtained by modeling; it
can be noted that the peak value of the current is recorded on
phase A, at the zero cross-over voltage.

The relative error between the analytical and the practical
method is less than 1, 5%.

The experimental results presented for the determination
of the high-power transformer inrush current validate the
theoretical study and are consistent with the simulation
results.

The following conclusions can be reached:

1. the transitory regime which occurs when wiring the
transformer lasts for a few seconds, after which it is
attenuated

. when wiring the transformer to the terminals of phase A
at the initial moment, there is zero-crossing voltage and
the most important current shock is recorded;

. the size of the current which occurs when wiring the
transformer is dependent on the moment of the
transformer wiring, i.e. by the value of the supply
voltage connection angle.
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Figure 5. Waveforms for the inrush current on the three phases of the transformer obtained by measurement.
Table 3. Currents- calculated values/measured values [04]. behavior of the transformer in case of overvoltage /
overcurrent loads.
i o, . .
- ;[7"2‘;] R A RONE) Based on these mathematical models presented, it was
I:"‘ B 0,85 possible to observe which are the parameters that
Tom 1:534 characterize and influence the transient phenomenon
I 1,512 L4 (overvoltage / inrush current).
Iem 1417 134 The obtained results, following the mathematical modeling,
e LSl were validated by laboratory tests, so the efficiency of the

Tams Ipm, Icm- currents measured on the 3 phases/Iac, Ipe, Ice- currents
calculated on the 3 phases.

4. Conclusions

The analysis carried out in this paper for the extreme
dielectric and mechanical stresses generated in the case of
transitory regimes such as overvoltages caused by lightning
impulse and transient currents when wiring the transformer
aims to predetermine by calculation the overvoltages and the
transient currents propagating in the transformer windings.

Mathematical models were developed to determine the

proposed methods is guaranteed.

The presented methods can be used to create an overview
of the transformer behavior in case of a transient
phenomenon, but also to adopt optimal solutions to avoid
possible failures in the implementation of the transformer in
the system.
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