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Abstract: This paper deals with the simulation and the experimental confirmation of electromagnetic
events that could interfere with the successful formation of the restoration path during the power
system restoration procedure. The studied phenomena are more relevant for bulk power systems
characterized by a low short circuit power as the restoration backbone. In particular, two case studies
have been simulated and analyzed: one related to a transformer energization during the formation of
the restoration path, and the other one occurred after the de-energization of some transmission lines
and one autotransformer belonging to the restoration path. From the simulation results, it emerged
that such events are related to the resonant effects between the supplying transformer and the restored
network. Such resonances could have negative effects on the restoration if they are not effectively
managed. In order to evaluate the impact of such phenomena in real networks, the measurement
recordings of on-field tests were compared with the simulation results. It is worth noting that the
performed analyses require the knowledge of several parameters that were not always available in
practice. Hence, the exact magnitude of the described resonant phenomena was not easy to foresee
for the restoration of real networks. The performed comparison confirms the preliminary simulation
results and highlights that detailed electromagnetic models are particularly important to support the
power system restoration management, in particular the planning of recovery procedures.

Keywords: harmonic resonances; power system restoration; transformer energization; weak
networks

1. Introduction
1.1. Motivations

The possibility of restoring power systems after an extended outage constitutes an
important point towards increasing the resilience of electrical networks, especially in recent
years. In fact, the ever-growing penetration of Distributed Energy Resources (DERs) in
worldwide networks is resulting in an increase in the complexity of grid management and
a decrease in the network regulating energy. These conditions make blackout events more
likely to occur. Moreover, such a scenario increases the occurrence of outages related to
environmental disasters due to climatic changes. These issues are pushing power system
operation close to the design limits, which could lead to cascading events and eventually
to partial or total blackout.

For these reasons, performing black start mock drills is very important for the Transmis-
sion System Operators (TSOs), together with the definition of proper black start standards,
such as [1,2]. These mock drills allow for the testing of all the power system equipment
and the restoration strategies to guarantee a fast recovery in case of extended outages [3,4].
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1.2. Literature Review

In technical literature, several contributions discuss and analyze power system restora-
tion tests by exploiting both on-field tests [5-9] and simulations [10-14]. In particular,
in [5,6], the Italian TSO performs an on-field test campaign to check its restoration plan and
discusses the lessons learned and the adopted procedures. In [8], a novel approach to assess
the frequency behavior during a restoration test is presented. In [10], an electromagnetic
phenomenon that occurred during a restoration test is analyzed and simulated. In the last
years, several contributions have proposed to include the Distribution Networks (DNs) in
such a way as to allow it to become an active part during the restoration process. More
specifically, in [15], the capabilities and factors that large industrial consumers should
consider when looking to participate in the system restoration process are analyzed. In [16],
a pruning algorithm is proposed to perform the black start of terminal DNs. In [17], a
distributed black start optimization method for a global transmission and distribution
network is proposed and validated by applying the proposed approach to such a network.
In [18], the vehicle-to-grid approach is considered as a possibility to support the restoration
of electrical networks. In [19], the black start services offered by several energy storage
technologies, including electrochemical, thermal, and electromechanical resources, are
compared.

In this context, it is worth noting that the bulk power system of a restoration backbone
is characterized by a low, three-phase fault level, since the number of interconnected gen-
erators is always limited. In this configuration, the system is weak and every switching
maneuver is potentially harmful for the system stability. From an electromagnetic point of
view, in those weak systems, the frequency-spanned network impedance can be charac-
terized by a resonance, even at low frequencies [20]. The harmonic content originated by
the transient phenomenon that occurs during the restoration process could be amplified
if the frequency is close to the resonant frequency of the system. Consequently, these har-
monic components may induce a parallel resonance if their harmonic order is close to the
resonant frequency of the network [21]. For example, [22] discusses the control of Transient
Overvoltages (TOVs) caused by resonant phenomena observed after an autotransformer
energization. The effect of this type of resonance is the rise of sustained overvoltages that
can last from 1 to 10 s [23].

The typical example of this maneuver is the autotransformer energization during the
backbone formation. This transient phenomenon triggers the circulation of a distorted
high magnetizing current, the so-called inrush current. The way to control the harmonic
overvoltage consists of the suppression of the transformer inrush current. Its amplitude
mainly depends on the voltage phase shift at the energization instant, on the residual
magnetic flux in the magnetic core, and on the B-H curve of the magnetic core [24]. In some
cases, the overvoltage caused by the transformer energization in resonant conditions leads
to the voltage divergence and to the protection intervention, in order to avoid damage to
the power system equipment [25].

Some popular solutions to limit inrush currents are:

increasing the tap of the transformer on-load tap changer;

monitoring the de-energization instant to limit the residual flux;

adding a dead load to the transformer to avoid the no-load energization; and
adopting a delta-connection for the HV-winding.

Another way to avoid the resonant phenomena is to move the resonant frequency of the
system to higher frequencies. The frequency-spanned system impedance mainly depends
on the short-circuit capacity, on the presence of capacitor banks, on the transmission line
impedance, and on the load characteristic.

A system with high short-circuit capacity exhibits a lower harmonic voltage distortion,
retaining the harmonic current source applied. The capacitor banks and the transmission
lines in parallel may cause resonant conditions that increase the harmonic distortion [26].
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1.3. Contribution

The identification of electromagnetic resonant phenomena that could happen during
the restoration of a power system is of significant importance for the planning stage of the
optimal restoration path.

With this aim, in [1], the authors share with the scientific community the peculiar
electromagnetic phenomena observed in a simulation environment during the planning
operations of a restoration test, but without obtaining an experimental confirmation.

However, the main issue in such simulations is that the exact parameters of the
electrical devices involved in the restoration test are extremely difficult to derive and,
consequently, it is not easy to exactly represent the real restoration process. In particular,
the most difficult parameters to determine are related to the magnetic characteristics of
transformers and to the control parameters of generators.

In this paper, the evidence obtained from the simulations reported in [1] are compared
with the on-field measurements performed during real restoration tests, so as to better
investigate and explain the causes of such electromagnetic events. Moreover, an addi-
tional electromagnetic phenomenon that could occur during the formation of a restoration
backbone was studied and modelled. More specifically, this paper shows two peculiar
electromagnetic events. The first is a sustained transient overvoltage that occurs when the
restoration backbone energizes a portion of the Transmission Network (TN) consisting of an
Autotransformer (ATR) and some transmission lines at no load. The second occurs when a
part of the grid is disconnected from the National Transmission Grid (NTG) [1]. This event
results in a significant current circulation on the ATR High Voltage (HV) winding once it
is disconnected from the NTG. Such current increase could lead to the intervention of the
ATR differential protection, which is set to preserve the ATR from overcurrent phenomena,
such as the inrush one.

These types of electromagnetic phenomena must be known in order to avoid the
failure of the recovery procedure due to the intervention of the protection systems of the
involved assets and to avoid dangerous component failures during black start operations.
The simulation results were compared with on-field measurements to support the evidence
obtained from the simulations.

In fact, comparing simulations with on-field measurements is one of the most impor-
tant ways to comprehend the dynamic power systems behavior.

1.4. Structure of the Paper
The paper is structured as follows:

e  Section 2 describes the two power system black start processes during which the two
above cited electromagnetic phenomena have been observed;
Section 3 presents the electrical models adopted for the simulations;
Section 4 shows the comparison between simulations and on-field measurements; and
Section 5 proposes different solutions to avoid the relay intervention following the
occurrence of such resonant phenomena.

2. Description of the Analyzed Case Studies

This section aims at presenting two transient phenomena that occurred during two
different power system restoration tests (referred to as Case A and Case B henceforth)
performed on portions of the Italian NTG.

Restoration tests are performed when the rest of the NTG is operating in safety
conditions. For this reason, it is necessary to electrically isolate the part of the grid of
interest, with the goal of minimizing the impact on the consumer supply. The process
used to de-energize the parts of the grid of interest and re-connect them to the rest of the
restoration path involves several switching maneuvers in a time frame of up to one minute
for each maneuver. The on-field tests are carried out while guarantying the safety of both
the tested network and the connected utilities.
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2.1. Case A

The first analyzed event is an electromagnetic transient that originated when the
restoration backbone energized a portion of the NTG. It is important to study these contin-
gencies, since they could stress the electrical components involved in the restoration process,
and in some cases, this could trigger the protection relay intervention. Consequently, the
restoration could fail.

Figure 1 shows a single-line scheme of the restoration path related to the restoration
test A, where:

Extra High Voltage (EHV) level (380 kV) is indicated with red lines;

HV transmission level (220 kV) is indicated with green lines;

HYV subtransmission level (132 kV) is indicated with blue lines;

medium voltage levels (15 kV and 20 kV) are indicated with black lines; and
non-energized network portions are indicated with gray lines.

DN 2 DN1 Pilot Power Plant
_u_ ; oJoge

TR 1
B

Legend
Test Grid NTG

380 kV
220kV —— pa—
132kV —— e
MV —_—
de-energized

Gas-based Target
Power Plant
)

____ 1
! Coal-based

! Target Power |
1

Cable Line |

Figure 1. Simplified single-line scheme of the restoration path of Case A.

The light color lines refer to the elements supplied by the NTG, and the dark color
lines refer to elements supplied by the restoration path. The restoration path consists of:

The pilot power plant equipped with three hydroelectric generators;
Two target thermoelectric power plants;
Sections of HV and EHV TN: 380 kV, 220 kV, and 132 kV Over Head Lines (OHLs) and
cables; and
e  Sections of DNs.

The restoration test starts with the black start of the pilot power plant, by means of
the three 15 kV, 75 MVA power units named GRA, GRB, and GRC. Then, the backbone is
supplied, step by step, through the TN path. During this stage, the ballast load and the
related DN are also supplied. The restored DNs are, in sequence, DN1, DN2, and DN3.
The auxiliary equipment of the gas-based target power unit is supplied by the restoration
backbone after the supply of DN2 to allow the power unit to execute the cold load start-up.
Furthermore, the coal-based target power unit executes a load-rejection maneuver and
supplies its auxiliary equipment once it has electrically synchronized with the rest of the
restoration backbone. The final operation is the integration of the restoration island with
the NTG.
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The event analyzed in this paper is the electromagnetic transient that follows the
energization of the ATR1 of Station 4. Figure 1 represents the network configuration at the
time of this event. Up to that moment, the DN1, the DN2, the gas-based power unit, and
the HV TN portions of Station 4 were supplied. The closure of the switch on the HV side of
the ATR1 supplies the ATR itself, Line 1, Cable Line 1, and Line 2.

2.2. Case B

Figure 2 shows the single-line scheme of the restoration path related to Case B, where
the line colors hold the same meaning of the Case A scheme. The restoration path consists
of:

The pilot hydroelectric power plant;

The target thermoelectric power plant;

Portions of HV TN: 380 kV, 220 kV, and 132 kV OHLs and cables; and
Portions of DNs.

Legend

Test Grid NTG
380kV
220kV ——

MV o
de-energized

Pilot Power
Plant

Station 1 3

Line 1

ﬂ [ |

_______ i§ — Station 2
=
Target Power
Plant

Target Power
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Figure 2. Simplified single-line scheme of the restoration path of Case B before (a) and after (b) the
switching event.

The first step of the restoration test is the black start of the pilot power plant. Then,
the restoration backbone is supplied, step by step, through the TN path. In this phase, the
load under the restored DN is also supplied. The ATR of Station 1 supplies the restored
DNs. The restoration backbone, after the energization of the DNs, supplies the auxiliary
equipment of the gas-based power unit to ensure the correct execution of the cold load
start-up, and then the electric parallels with the rest of the restoration backbone. Eventually,
the restoration backbone is synchronized with the NTG.

The event of interest, in this case, is the electromagnetic transient that follows the
opening of the switch between busbar A and busbar B of Station 1. This event causes the
disconnection of the ATR1, Line 1, Line 2, Line 3, Cable Line 1, and Cable Line 2 from the
NTG, as shown in Figure 2b. This maneuver is part of the operations needed to build the
restoration backbone.
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3. Electrical Modelling

To simulate the electromagnetic transients during a black start restoration process
with a good approximation, it is of great importance to choose accurate models for both
the transformers and the lines involved in the restoration. Such models have to correctly
characterize the device behaviors in the time and frequency domains. In this paper, the
more detailed electromagnetic models of the DIgSILENT PowerFactory environment are
adopted.

The data of the studied ATRs are reported in Table 1. The ATR of Case A contains an
auxiliary tertiary delta winding. Table 1 reports the zero sequence circuit parameters set on
the transformer and their saturation curves, with details on the magnetizing reactances.
Moreover, the residual flux of the ATR of the Case A was deduced from the on-field
recordings and, consequently, it was properly set in the three transformer windings. The
lines were modelled by means of a uniformly distributed parameter approach [27-29]. The
method adopted follows the approach of J. Marti by considering constant parameters as a
function of frequency. The frequency range was set to [0.1 Hz, 1000 Hz] according to the
typical time range of the switching events [30]. The main parameters of the lines involved
in the restoration backbone are reported in Table 2, and the data of the pilot power plants
are reported in Tables 3 and 4.

Table 1. ATR parameters.

Parameter [unit] Description Case A Case B
Sh [MVA] Rated power 400 250
Va1 [kV] Primary voltage 400 400
V2 [kV] Secondary voltage 230 135
ip [%] No load current 0.132 0.215
TOHVsc [p-ul] zero-seq. resistance (LV sc) 0.0014 -
X0HVsc [p-ul] zero-seq. reactance (LV sc) 0.0967 -
TOHV [p.u] zero-seq. resistance (LV open) 0.0076 0.0024
XOHV [p-ul] zero-seq. reactance (LV open) 0.3999 0.1336
roLV [p-ul] zero-seq. resistance (HV open) 0.0072 -
XOLV [pu] zero-seq. reactance (HV open) 0.2799 -
k¢ [p-ul] Knee magnetic flux 1.2 1.1
x| [p-ul] Saturation Reactance 0.39 0.82
Sexp [-] Saturation Exponent 13 13

Table 2. Line parameters.

Case A L [km] Vi [kV] Ipgoc [Q/km] x [Q/km] ¢ [uF/km]
Line 1 14.72 220 0.055 0.396 0.0092
Line 2 30.25 220 0.0526 0.384 0.0238
Case B

Line 1 13.97 400 0.0172 0.2846 0.013
Line 2 1.7 400 0.0177 0.2561 0.0145
Line 3 29 400 0.019 0.273 0.013
Line 4 34.38 400 0.0188 0.3045 0.0123
Cable 1 1.7 400 0.0165 0.1835 0.239

Cable 2 1.3 400 0.0165 0.19 0.239
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Table 3. Pilot power plant transformer parameters.

Parameter [unit] Description Case A (x3) Case B
Sn [MVA] Rated power 80 185
Vi [kV] Primary voltage 235 400
Secondary
Vo [kV] voltage 15 17
ip [%] No load current 0.078 0.5
Short circuit
o,
Vee [%] voltage 11.63 11.27
Table 4. Pilot power plant generator parameters.
Parameter [unit] Description Case A (x3) Case B
Sn [MVA] Rated power 75 185
Va [kV] Primary voltage 15 17
Synchronous
X4 [p.u] reactance 1.11 1.09
Inertia time
Ta [s] constant 11.79 10.5

4. Simulation Results and Comparisons with On-Field Measurements

In this section, the simulations of the two events presented in Section 2 are compared
with the measurement recordings of the real on-field restoration tests.

As regards Case A, the entire restoration backbone was modelled using the real
electrical and geometrical parameters provided by the Italian TSO that were presented in
the previous section. The modelling also takes into account the electromagnetic coupling
between the lines belonging to the restoration backbone and the lines operating for the
NTG during the restoration test installed on the same tower [10]. The accuracy of the
electromechanical model for this restoration test was already proven by some of the authors
in [31].

Figures 3 and 4 show the simulation results related to Case A. In particular, Figure 3
shows the instantaneous values of the transient currents that originated from the ATR
energizing event, as seen from Point A of Figure 1, for each phase, together with the har-
monic content. Analogously, Figure 4 shows the instantaneous transient voltage behaviors
for each phase, together with the harmonic content. In Figure 3, a sustained transient
overvoltage following the energizing event is clearly visible.
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Figure 3. Simulation results for the line to ground instantaneous voltages and the corresponding
harmonic content related to Case A.
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Figure 4. Simulation results for the line instantaneous currents and the corresponding harmonic
content related to Case A.

It is possible to observe a non-negligible third harmonic component in the voltage sig-
nals and extremely high second and fourth harmonic components in the current signals. The
second harmonic current is typically related to the behavior of the inrush phenomenon [32],
but in this case, a further analysis is required; this is because the amplitude of this compo-
nent is even higher than that of the fundamental frequency current components.

Thus, to investigate the cause behind this strong harmonic content, it was worth
analyzing the network impedance as a function of the harmonic order, as shown in Figure 5.

6000

5000

3
Frequency Hamornic order

4 5

Figure 5. Network impedance spanned over harmonic frequencies for Case A.

As one can observe from Figure 5, the network resonant frequency is close to 100 Hz,
i.e., the second-order harmonic component.

Hence, it is possible to infer that the persistent overvoltage is related to a parallel reso-
nant effect. In fact, the strong harmonic current components generated by the energization
transient are sustained due to the high impedance of the network at the resonant frequency,
resulting in a sustained TOV.

The parallel resonant effect can be explained by means of the simplified scheme
illustrated in Figure 6. Figure 6a represents the simplified circuit scheme of the network
involved in the restoration process.
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net

Figure 6. Simplified equivalent circuit to explain the resonance effect.

The ATR in Figure 6b and the downstream grid in Figure 6a were replaced by the
network impedance Zpet and the upstream grid was replaced by the source impedance
Zs. In Figure 6b, I;,(t) represents the harmonic content generated during the energization
operation; V(t) is the voltage seen from the bus where the equivalent impedance is derived
(point M); and Vi(t) is the source voltage.

Due to the vast number of parameters involved in the described process, it is difficult
to foresee the exact magnitude and duration of the transient phenomena during restoration
processes. The following on-field measurements obtained during real restoration tests
confirm the simulation results.

The recordings performed during the test show that the simulated event could happen
with a non-negligible magnitude. Figure 7 shows the comparison between the recordings
and the simulated currents and voltages for the first 100 ms. The comparisons of Figure 7
show a good agreement between the simulation results and the recorded signals, and the
phenomena is qualitatively estimated. The displacement between the real measurements
and the simulation results in the peak values of the voltage signals can be attributed to
the non-perfect estimation of the transformer saturation curve. In fact, the exact shape
of the magnetic core saturation curve is not always available in practice, unless a specific
test is performed on the machine. For this reason, in this study, the saturation curve was
estimated by means of a polynomial function whose parameters are reported in Table 1.
Figure 8 shows the simulated voltage behavior obtained by varying the saturation exponent
Sexp- From Figure 8, it is possible to infer that the peak value increases with the value of
Sexp for phases b and ¢, and it decreases for phase a.

As shown in Figure 9, the harmonic components resulting from the simulation envi-
ronment are also in tune with the ones measured during the restoration test.

As regards Case B, the entire restoration backbone was modelled adopting the real
geometrical and electrical parameters provided by the Italian TSO. The NTG is represented
by an external grid model and by setting the real three-phase fault level of the corresponding
connection bus in the real network.

Figure 10 shows the results of the simulation of the electromagnetic phenomenon in
terms of voltage and current behaviors.
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Figure 10. Line to ground instantaneous voltages and currents simulated for the event of the Case B.

After the switch opening, the de-energized transformer is still connected with the
remaining portion of the network, i.e., Lines 1, 2, 3, 4 and Cable Lines 1 and 2. The electric
transient that follows the switch opening causes the intervention of the differential protec-
tion of the ATR1 which, in real networks, is set to preserve transformers and generators
from potential damages. In fact, the high current circulating on the HV side of the trans-
former is not measured on the LV windings (since the LV side of the autotransformer has
already been opened). The unexpected intervention of the differential protection of the
ATR1 causes the opening of the switch on both sides of the ATR1, as is possible to observe
from Figure 2.

Figure 11 reports the network impedance characteristic as a function of the frequency
of the system, and Figure 12 reports the harmonic content of the current and voltage signals.

x10*

1.5 1

Zpetwwork [ONM]

051 B

0 I f N
1 2 3 4 5 6 7

Frequency Hamornic order

Figure 11. Net impedance spanned over harmonic frequencies for the restoration backbone of Case B.
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Figure 12. Simulated harmonic content of the current and the voltage signals following the transient
of Case B for the three phases.
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The residual current components in the transformer around 32 Hz and around 120
Hz are sustained after the switching opening by the high network impedance around that
frequency.

In particular, the subharmonic components at 32 Hz and at 120 Hz are particularly
high (see Figure 12), meaning that they trigger the intervention of the differential protection,
since the second harmonic component is not high enough to block the intervention of the
transformer protection. In fact, the intervention of the differential protection is normally
inhibited when high values of the second harmonic component are detected (typically
when the second harmonic exceeds the 15% of the total signal amplitude) to prevent its
undesirable intervention during the transformer energization.

Similarly to Case A, the parallel resonant effect can be explained by means of the
simplified scheme shown in Figure 13.

I

meas

—

Vs(t) (WV In(t) G) L et Z .

Figure 13. Simplified equivalent circuit to represent the resonance effect between the ATR and the

de-energized network.

In Figure 13, the network impedance Ze; represents the parallel between the ATR
and the downstream grid; I;,(t) represents the current harmonic content injected in the
equivalent circuit due to the residual magnetization; and V() is the source voltage. The
current harmonics for which the network presents a low impedance are drained by the
network itself (Inet), whereas the ones for which the network presents a huge impedance
flow through the transformer high-voltage winding (Imeas)-

It is worth noting that in this case, in contrast to Case A, there are no sinusoidal sources
that impose the fundamental frequency. Hence, the harmonic spectrum is more distorted.

Moreover, the magnitude of the phenomenon was also analyzed by means of a real
on-field test in this case. The recordings of the restoration test confirm the evidence
obtained from the simulations, as shown in Figure 14. The figure shows the comparison
between the simulation results and the on-field recordings of the current and voltage
transients, respectively, for the two switching events of Case B. The model is able to
qualitatively reproduce the electromagnetic transient of current and voltage behaviors.
The high harmonic content of the signals makes their correct qualitative estimation very
difficult due to the complexity of the real network with respect to the simulation model.
Nevertheless, the presence of a persistent and wide transient of the current and voltage
behaviors was also correctly detected in the simulation environment.
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Figure 14. Line to ground instantaneous voltage and current transient following the switching event
of restoration test B: comparison between real recordings and simulation results.

5. Proposed Solutions

By considering Case A, it was demonstrated that a low resonant frequency of the
network may cause a significant harmonic content in the ATR voltage and current during
its energization. A possible solution to avoid such phenomenon is the disconnection of the
ATR downstream network before carrying out the ATR energization. This procedure was
simulated, and the results are reported in Figure 15. In the figure, it is possible to see the
significant reduction in the current and voltage harmonic contents, which demonstrates
the effectiveness of this solution. Another possible solution is to control the switch closure
instant separately by monitoring the voltage level. In this way, each phase is separately
closed to minimize the flux flowing through the magnetic core, thereby minimizing the
severity of the inrush phenomenon.

I I I I 80 T T T T T T T
1k v_meas v_sim (proposed sol.) | 4 : P
3 c Propi Z 70| ’ imeas i sim (proposed sol. )‘ |
£
08t 1 Zeol )
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o
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Harmonic order h

Harmonic order &

Figure 15. Comparison between the on-field measured harmonic content and the simulated one for
Case A. The ATR and the network were separately energized in the simulation.

The same approach of disconnecting the ATR and network separately during the
black start operation has also proven to be effective to avoid the transient phenomenon
related to Case B. Figure 16 shows the simulated ATR voltage and current behaviors for
Case B obtained by first disconnecting the ATR and then the downstream network. It is
possible to see that the high circulating currents observed in Figure 14 are not present when
implementing such a solution.
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Figure 16. Comparison between the on-field measured phase voltage (a) and current (b) and the
simulated ones for Case B. The ATR and the network were separately energized in the simulation.

6. Conclusions

This work analyzed two electromagnetic phenomena that occurred during the restora-
tion of two electrical networks after a black out. These phenomena were investigated
by exploiting both on-field measurements and simulations. The electromagnetic model
developed for this study can correctly predict the behavior of the distorted high currents
and voltages recorded after the switching transients, despite the high number of parameters
needed to run the simulations. The results of this work demonstrate that the analyzed
resonant phenomena can happen during the restoration of power systems from a black
out, since the restoration backbone typically presents low short-circuit power. This implies
that the network impedance could present resonances at low frequencies. In particular, for
Case A, the transient overvoltage was caused by the high harmonic distortion following
the transformer energization and was amplified by a parallel resonant effect around 100
Hz. For Case B, the transient following the de-energization of a part of HV network gave
rise to unexpectedly high current circulations, with an amplitude of up to 600 A, caused
by two sub-harmonic resonances, at 32 Hz and 120 Hz. These events could trigger the
intervention of the network relays to avoid damages to the electrical equipment, leading to
the failure of the restoration process. The paper also proposed simple yet effective solutions
to avoid the occurrence of dangerous resonant phenomena during the restoration process;
these consisted of the rescheduling of the switching sequence or the switching technologies.
Hence, the experimental evidence obtained and the analyses carried out in this paper could
be useful to assess optimal restoration plans for the TSOs in order to increase the resilience
of the electrical networks.
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