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Abstract. The power transformer is the main and the most expensive component
of the power substation, so successful fault diagnostic and protection is an essential
part of its maintenance. Protection engineers doing the scheduled maintenance and
protection testing need to be familiarized with transient phenomena that can occur
in normal operation. Substations with two parallel transformers sharing a com-
mon grounding resistor are very frequent in high-voltage networks since a com-
mon grounding resistor limits the single-phase to ground-fault current. However,
the unfavorable aspect of this type of transformer grounding system is the increased
probability of unwanted trips of the transformer protection during the transient
operational states, which has the consequence of a supplied low-voltage network
outage. Under transformer energization, an appearance of the inrush current can
trigger the transformer differential protection as well as circulating current between
transformers in parallel operation caused by sympathetic inrush. A single-phase to
ground fault in a high-voltage network can cause circulating currents between neu-
trals of transformers and trip the differential protection too. The paper presents a
simulation model of two transformers grounded with a common grounding resis-
tor adequate for transformer transient operational states analysis. Performed sim-
ulations of the inrush and sympathetic currents emphasized the diagnosing of the
second harmonic distortion dominance in the current spectrum as an efficient tool in
the prevention of unwanted trips of differential protection. The analysis of the sim-
ulated circulating currents between transformer neutrals in the paper has examined
and discussed the proposed solutions for avoidance of unnecessary transformer
outage caused by the single-phase to ground fault in a high-voltage network.

Keywords: Power transformer protection - Inrush current - Circulating
currents - Common grounding resistor - Single-phase to ground fault

1 Introduction

Most common faults in power systems are line-to-ground faults and therefore the trans-
former grounding plays a significant role for safe and efficient system operation [1, 2].

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
H. Glavas et al. (Eds.): OTO 2021, LNNS 369, pp. 172-187, 2022.
https://doi.org/10.1007/978-3-030-92851-3_13


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-92851-3_13&domain=pdf
https://doi.org/10.1007/978-3-030-92851-3_13

Fault Diagnostic and Protection of Power Transformers 173

As a compromise of technical and economic demands, the grounding of the two paral-
lel transformers is usually performed with a common grounding impedance as processed
in [2-4]. While choosing the type of grounding impedance, it is preferable to obtain as
small a current as possible during the ground fault to limit the touch potentials, while on
the other hand, the higher current results in lower internal overvoltages that can strain
the insulation of the transformer [3, 4]. Grounding impedance should be dimensioned to
make the ground fault current higher than steady-state current to ensure fast tripping of
the grounding protection device and to keep the voltage of the healthy phase within the
limited values [5]. Differential protection is an essential transformer protection function,
hence incorrect operation of this protection leads to loss of load. Transformer inrush cur-
rent can cause unwanted differential protection trips. Under the transformer energization
on the primary side, an inrush current can reach ten times the rated primary current and
magnetic flux can reach two times nominal value [6, 7]. These currents can last from a
few cycles to many seconds and can occur when a transformer is energized, when another
transformer in parallel operation is energized or the system recovers from a fault outside
of the protection zone as explained in [8]. Application of external voltage can cause the
saturation of the transformer core - that is inevitable, and operation of differential protec-
tion is unfounded [1, 8—10]. That same current can also cause saturation of the current
transformers, hence, internal faults can be misinterpreted as inrush current. The presence
of the second harmonic content in the differential current indicates the inrush current and
this can be used to prevent incorrect trips of the transformer differential protection [1,
8—10]. Sympathetic inrush occurs during parallel transformers energization [11-13]. In
this case, a single transformer is operating while the second transformer is energizing [ 12]
and thus causes the circulating current between the two transformers which remains due
to small damping i.e. large time constant — R/X [12, 14]. Any mismatch in impedance or
voltage will cause a current to circulate between transformers (to equalize set voltage)
[15, 16]. Disturbances such as transformer tap changer switching, three-phase reclos-
ing at the high voltage side can cause circulating current [17] too. Under a single-phase
to ground fault in the HV network, circulating current is present between transformer
neutrals on the MV- side and can cause protection trips of both transformers [18].

The paper constitutes five chapters. The Introduction is followed by the simulation
model of the transformer used for the protection function testing and verifying. The
protection performance has been examined simulating the energization process of the
transformer and faults on the different locations in Chapters 3 to 5. The results of the
simulations are supported by the Conclusion.

2 Simulation Model

In the simulation mode, two three-phase transformers were used. Transformer details are
listed in Table 1. Tap changer with 21 position (1,5% additional voltage per tap) was also
included in the model. Figure 1 shows magnetization characteristic of the transformer
core used in simulation.

Equations (1), (2) and (3) show impedance between individual windings at 35 kV
[19, 20]. Neglecting the active resistance, the reactances of individual windings mapped
to base voltage are calculated according to (4), (5) and (6).
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Table 1. Transformer nameplate details of TR1 and TR2

Voltage ratio (W1/W2): 110/35 kV
Vector group: YNynO(d5)

Rated power: 40 MVA
Short-circuit voltage: uk = 11,3%
Copper losses: 155 kW

No-load losses: 28 kW
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Fig. 1. Magnetization characteristic of the 110/35 kV transformer core
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Based on the obtained values, it is possible to display the direct, inverse and zero
components scheme of a transformer as it is shown in Fig. 2. As the transformer is a
non-rotating element, direct and inverse components are equal [10, 15, 19, 20].
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Fig. 2. Direct, inverse and zero component scheme

Figure 3 shows zero component scheme of two parallel transformers. It is shown that
a triple value of resistance of resistor is added to the reactance of secondary winding. If
a zero component current is injected at point P (primary) i.e. if a single-phase to ground
fault occurs at HV side, current will flow between the secondary S-S.

—
3R,

Fig. 3. Zero component scheme of parallel transformers

In the simulation model, a multifunctional protection relay with differential,
restricted earth fault (REF) and overcurrent protection was implemented. Emphasis was
given to differential and REF protection as two main protection functions of simulated
relay. Differential protection provides basic, fast, sensitive and selective protection in
the event of short circuit faults within the protection zone (transformer), and is stable
during faults outside the protection zone. Protection zone of this protection is the zone
between CT of primary winding and the CT of the secondary winding. Differential pro-
tection is based on current comparison (Kirchhoff’s current law) as it is shown in Fig. 4.
[21] Measuring element constantly measures I1 and 12, and if a difference of current
marks occurs the relay trips. When switching transformers, high inrush current may
occur. Inrush currents can reach ten times rated current, and are characterized by a 2nd
harmonic content — this harmonic is not present in the case of a fault so this content is
used as a blocking logic for unwanted trips of protection by inrush (Harmonic restraint)
[21].
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Fig. 4. Principle of differential protection

Restricted earth fault protection (REF) detects earth faults in power transformers,
neutral grounding transformers and transformer starpoint (neutral). It is a type of dif-
ferential protection, as it measures the fundamental wave of the current flowing in the
starpoint (Isp) and the fundamental wave of the sum of the phase currents (3Ip), and
compares them. At Fig. 5 [21], principle of REF protection on a transformer winding
was shown. During earth faults in the protection zone, starpoint current Isp occurs and
flows to the fault location, but also the residual current from the system flows to the fault
location — currents are in phase and there is a condition for trip [21].
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Fig. 5. Principle of REF protection

According to transformers and grounding resistor ratings, following protection
settings have been acquired:

Table 2. Protection function settings

Differential | IdMin: 0,30 p.u | IdUnre: 10 p.u 12/11 Ratio:15% | I5/11 Ratio:25%
REF 1dMin:0,10 p.u time setting: 0,01 s
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Table 2 shows settings of differential and REF protection. IdMin represents Sect. 1
sensitivity, which is set by a multiplication of base current (winding 1 current). Section 1
represents the most sensitive part of differential characteristic i.e. minimum operating
diff. current. This setting is set in order to avoid unwanted operation for the minimum
value of the operating differential current, which includes maximum error of CTs, max-
imum error due to voltage regulation and additional security factor. IdUnre represents
unrestricted protection limit, multiplication of base current (W1 current).This part is
“instantaneous” part of differential protection, used when the fault is beyond any doubt
internal. The reference for this setting is maximum three-phase short circuit current at
MYV busbars. 12/11 represents the maximal ratio of 2nd current harmonic to fundamental
current harmonic, 15/11 represents the maximal ratio of 5th harmonic to fundamental.

3 Common Grounding Resistor Protection Performance

Performance of the protection of the common grounding resistor has been examined
on the simulation model of two parallel 110/35 kV transformers with common low-
impedance grounding resistor of 70 €2 to limit the single-phase to ground fault current to
maximal value of 300 A on the 35 kV voltage side - Fig. 6. Modeled protection functions
are transformer differential and restricted earth fault protection with included auxiliary
protection equipment - current transformers (CTs) —150/1 A on the 110 kV side and
600/5 A on 35 kV side and voltage transformers (VTs). Both 110/35 kV transformers
are represented with the YNOynOd vector group.

i

Fig. 6. Simplified schematic presentation of the network model with protection equipment

Differential protection performance has been examined for single-phase to ground
faultin case where a single transformer is operating - Fig. 7 —left side or both transformers
are operating — Fig. 7 —right side. Protection zone of differential protection includes the
zone between two CTs (primary and secondary side) - Fig. 7 - left side, but excludes the
substation busbars - Fig. 7- right side.

As shown on Fig. 7, the relay tripped opening the circuit-breakers (labeled as red
circles) on high-voltage side and the low-voltage side of the transformer when a fault
occurred inside the protection zone and did not trip when the fault occurred outside the
protection zone, thus fulfilling the selectivity criterion.
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Fig. 7. Single-phase to ground fault inside the protection zone (left side of the figure) and outside
the protection zone (right side of the figure)

During internal earth-faults, the sum of phase currents (MV side) and residual cur-
rent (current at transformer neutral) is different from zero [12], and should trip REF
protection. The performance of the REF protection has been examined during the single
phase-to ground fault within the protection zone when a single transformer is operating
-Fig. 8 - left side and outside the protection zone when both transformers are in parallel
operation -Fig. 8 -right side. The simulation diagrams on Fig. 9 indicate on REF protec-
tion trip caused by the differential current between the residual current of the secondary
side of the transformer and the resistor current during the single-phase to ground fault
within the protection zone when a single transformer operates. The trip signal is shown
on the upper diagram, the differential current is presented on the second diagram (14 s
A (2,5 p.u.) is above the 0,1 p.u. threshold value - Table 2), while the third diagram
presents the currents within the protection zone. The last diagram presents the vector
sum of the phase and neutral currents at the MV side of the transformer.

The currents during the single-phase to ground fault outside of the protection zone
when two transformers are in parallel operation are presented on Fig. 10. Since the
differential current of 0,08 p.u. (the second diagram) did not reach the threshold value of
the 0,1 p.u. during the simulated fault, the REF protection did not trip. The differential
current is presented on the second diagram, the currents within the protection zone are
presented on the third diagram, while the last diagram presents the vector sum of the
phase and neutral currents at the MV side of the transformer.
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Fig. 8. Single-phase to ground fault inside the protection zone for testing REF protection when
a single transformer operates - left side of the figure, single-phase to ground fault outside the
protection zone for testing REF protection when both transformers operate - right side of the
figure.
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inside the protection zone when a single transformer operates
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Fig. 10. Diagrams associated with REF protection testing during the single phase -to ground fault
outside the protection zone when both transformers operate

4 Inrush Current Influence on Transformer Protection
Performance

Simulation of a single transformer energization has been performed at time-instant the
worst in terms of possibility of the inrush current occurrence - when the magnetic flux
can double the initial value [6—10]. The energization process began at the time instant
t =0, 1 s when the HV-side phase “C” voltage obtained zero value which has resulted
in corresponding magnetic flux increase (magnetic flux of phase C) for more than two-
times from the initial value Fig. 11 — the third diagram. Phase voltages of all three phases
remained within the nominal values during the energization process while the highest
value of magnetic flux of phase “C” resulted in the occurrence of the highest in-rush
current in phase “C” —Fig. 1 1. The differential current, because of the transformer in-rush
occurrence, obtained the highest value at phase “C” — Fig. 12 second diagram and could
lead to an unwanted differential protection trip — dotted line at second diagram of Fig. 12
presents the threshold. However, simulated values do show significant changes during
the transformer energization, hence the differential protection did not trip because of
settings that block 2" harmonic shown in Table 2 and the transformer was successfully
energized — as it is shown at Fig. 11 and Fig. 12.

The unwanted differential protection trip during the transformer energization process
is prevented by analyzing the harmonic spectrum of all three-phase at HV-side of the
transformer. The second harmonic presence in phase currents indicates the transformer
energization and thus is used for blocking the differential protection tripping as it shows
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Fig. 11. Phase-voltages and magnetic-fluxes at HV transformer side; phase A -the first diagram,
phase B- the second diagram, phase C-the third diagram
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Fig. 12. Inrush currents at the HV - transformer side — the first diagram (values at differential
protection CT); differential currents at the HV - transformer side — the second diagram (values at
differential protection CT)

on Fig. 13 - 55% of 2nd harmonic presence. This setting is over the threshold setting at
Table 2. The manufacturer recommended 12/11 ratio.

The same differential protection agenda is applied as well when two transformers
are in parallel operation. The appearance of the inrush current during the energization
of a single transformer causes the inrush current i.e. sympathetic inrush current in the
already energized transformer. Figure 14 shows phase currents of TR1 and TR2 during
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Fig. 13. Harmonic spectrum of the phase currents at the transformer HV - side

TR2 switch-on at the most unfavorable moment because the magnetic flux almost doubles
the value. There is an increase in the amplitudes of currents at the switch-on.
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Fig. 14. Waveforms of phase currents at HV transformer side for both transformers; phase A —the
first diagram, phase B — the second diagram, phase C — the third diagram

Harmonic spectrum of phase currents at the HV side of both transformers is shown
at Fig. 15. The second harmonic presence occurred here as well, but the settings from
the Table 2 blocked differential protection trips because the percentage rose above the
set threshold. Figure 16 shows differential currents at both transformers. First diagram
of Fig. 16 is associated with the first transformer, where the differential current is below
the dotted line — setting threshold was not crossed. Second diagram on Figure 16 shows
differential currents for the second transformer, where differential current crossed the
threshold, but the differential protection trip was blocked by 2" harmonic 12/11 ratio
shown in Table 2. Second harmonic percentage of the second transformer can be seen
at Fig. 15 in the second diagram.
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Fig. 15. Harmonic spectrum of the phase currents at the transformer HV side; first transformer -
first diagram, second transformer — second diagram
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Fig. 16. Differential currents at the HV transformer side; first transformer — first diagram; second
transformer — second diagram (values at differential protection CT)

5 Unwanted Circulating Currents Between TR1 and TR2

Single-phase to ground fault was simulated on the HV power line. It can be seen that there
is no current through the grounding resistor but there is a circulating current between two
transformers - Fig. 17. Current waveforms at HV/MV side during the simulated fault are
shown at Fig. 18. First three diagrams of Fig. 18 show phase current and their increase
in amplitude when fault occurred, Fourth diagram shows residual current at HV and the
fifth one shows there is residual current at MV side — i.e. circulating current.

Figure 19 shows voltage (first diagram) and current waveforms at transformer neutral
during fault. As it shows on the first diagram, voltage is minimal and that indicates there
is no operating condition. Second diagram shows there is no current through the resistor
(CT RN_Io — CT located between resistor and grounding at Fig. 6). Second diagram
also shows a circulating current flowing between secondary windings through common
grounding recorded by CTs TR1_Io and TR2_Io (located between transformer neutral
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Fig. 18. Current waveforms during single-phase to ground fault

and resistor). That could indicate there is a fault in the 35 kV network that needs to be
cleared.

It can be concluded that the occurrence of circulating current between the neutral
and secondary windings of two parallel-connected transformers is a very dangerous phe-
nomenon because it can cause unwanted, non-selective trips of short-circuit protection of
transformer neutral (resistor protection). This phenomenon was discovered in practice,
by unwanted protection trips. Such faults, in 400, 220 or 110 kV - Croatian transmission
network, can cause power outages in large areas, even in the whole country depending
on voltage level unless the phenomenon is detected and removed in a timely manner.
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Fig. 19. Voltage and current waveforms at transformer neutral

Resistor protection is used as a backup protection for single-phase to ground faults for
35 kV feeders (distribution network) and coordination between DSO and TSO is neces-
sary for keeping protection settings updated and graded. The most important parameter
for quantifying the amplitude of the circulating currents and its occurrence is the zero
sequence impedance between the windings [17, 18]. The proposal for solving this prob-
lem provides a technical solution with numerical relays, which recommends that the
condition for the operation of protection against bridging of resistors is the existence or
absence of current flowing through the resistor [17, 18]. A CT built into resistor housing
would measure the current through the resistor. With this proposal, it is possible that the
resistor can be bridged i.e. no current flows through the CT but the fault is present and it
is possible that CT becomes saturated under high magnitudes of current and there will
be no conditions for protection to operate [17, 18]. Second solution is to have certain
types of protection devices, which have a sufficient number of analog current inputs and
filters with the possibility of summing these two analog values (phasors) from different
sources [18] i.e. the concept of “differential protection of the resistor”. If circulating
currents at transformer neutral occur, the sum is equal to zero, but during single-phase to
ground fault in a 35 kV network, the summation amount is equal to the current through
the resistor and there is a condition for trip. Figure 20 shows the basic concept of this
derived protection.

Sum Overcurrent protection

—In_TR1—

Z >> rTrip signal-
—In_TR2—

Fig. 20. Basic principle of proposed solution for circulating currents at neutral
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6 Conclusion

The transformer can be seen as one of the most important elements of the power system,
so it is vital to define and design its protection in order to minimize consequences and
to extend its service life. Differential and restricted earth fault protection are the back-
bone of transformer protection. Nowadays modern protection relays can be programmed
to withstand and recognize disturbances, to react quickly and properly. Substations of
110/35 kV connect transmission and distribution networks therefore protection of trans-
formers in these substations is vital for maintaining the stability of the entire distribution
network and end customers. Substations with two transformers that share a common
grounding resistor are a common practice in Croatia. The choice for a common ground-
ing resistor is the requirement to limit single-phase to ground fault current to a certain
value and this construction is economically acceptable compared to other solutions.
Transformer inrush current, which occurs under switch on of transformer, can cause
an unselective trip of differential protection but solution was given by the detection of
second harmonic content in the spectral current separation. In addition, the sympathetic
inrush current can occur. Occurrence of circulating currents between neutrals of trans-
formers in parallel operation due to a single-phase to ground fault in the HV network is
an unwanted phenomenon. To define the applicable technical solution, it is necessary to
analyze each specific and possible situation, taking into account the amount and nominal
data of power transformers, available type of protection device, location and characteris-
tics of current transformers and the need and possibility of replacing or upgrading them.
The simulation network model is not an actual system but can serve as a model for testing
various hazardous operating conditions and faults that may occur within substations that
connect transmission and distribution networks and create a power grid.
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