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Abstract: In this paper, a power system restoration study following a massive or complete blackout
was performed. The power system restoration process from a complete shutdown system without
the operating generation and load starts with energizing primary restorative transmission systems.
During this primary restoration process, unexpected over-voltage may occur due to nonlinear
interaction between the unloaded transformer and the transmission system. This is known as the
harmonic resonance phenomenon that may cause the burning out of a transformer or other devices.
So far, harmonic resonances have been reported in some extra-high voltage systems around the world.
Since the harmonic resonance originates from the nonlinear characteristics of the power system
components, it is very difficult to predict the occurrence of this phenomenon. This paper reports
the analyses of the harmonic resonance that can occur in the Korean power system. In addition,
through calculating the required buffer load compared to the length of the line, a solution that changes
the length of the restoration path impedance considering the specificity of the Korean system was
presented. The various analyses of harmonic overvoltage, including methodologies that are used
internationally as comparison groups, are provided based on PSCAD/EMTDC simulations.

Keywords: power system restoration; over-voltage; harmonic resonance; PSCAD/EMTDC

1. Introduction

Recently, as the proportion of renewable energy sources (RES) increases, there are
difficulties in the operation of the power system due to the volatility and intermittency
of the generation [1,2]. Due to these characteristics, the possibility of temporary but large
overload of some transmission lines or transformers in the power system is increased. In
such a situation, if the equipment protection circuit breaker trips, cascading overloads,
and tripping of other equipment are possible to occur, leading to a wide-area outage,
blackout [3]. In addition, as the penetration rate of inverter-based resources (IBR) including
RES increases, the ratio of synchronous generators decreases, consequently, leading to
the low inertia power system [4]. In these operating conditions, if a disturbance such
as a large-capacity generator trip occurs, the system frequency will drop significantly. It
can actuate under-frequency load shedding (UFLS) relays, may lead to a large-scale load
outage [5].

Therefore, it can be estimated that as the proportion of IBR and RES increases, the
possibility of a massive and wide-area blackout must be considered by power system
operators [6]. In addition, various studies are being performed by creating a new analysis
index under the name of “‘power system resilience’ [7]. The research on wide-area blackouts
can be largely divided into the field of prevention to reduce the effect of contingencies and
the field of restoration from blackouts [8,9].
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The first process of the power system restoration following a complete or partial
collapse is the energization of primary restorative transmission lines. The energizing
process begins with starting a black-start generator, such as a hydro or gas turbine, and
then charging some predefined transmission lines to provide cranking power to a large
generator station [10-14]. In the primary restoration process, circuit breaker switching
strategies include all-open switching and controlled-operation switching strategies [15].
All-open switching is to open all circuit breakers of all substations within the blackout
area. This strategy has several advantages and is being used around the world. The system
operator provides an opportunity to restore the power transmission system simply and
safely by connecting only the circuit breaker necessary for restoration. The possibility of
system collapse and voltage fluctuations that can occur due to unnecessary load connection
or circuit energization. As a result, the recovery time can be shortened and widely used
worldwide [13,16-18].

Recently, studies have been conducted to allow voltage source inverters to replace
the role of such a conventional start-up generator, but this will only be possible after the
installation of additional facilities and sufficient feasibility evaluation [19]. In addition, for
shortening restoration time, studies on recovery strategies using robustness optimization
or sectionalizing have been performed [20,21]. During the primary restoration process, the
energization of high-voltage transmission lines and transformers, which is an inevitable
process as the first restorative process in most countries, may initiate overvoltage and be
reported [16-18]. The reason for over-voltages during the energization process can be clas-
sified into three categories—Ferranti effect, switching transients, and harmonic resonance.

The overvoltage due to harmonic resonance has a characteristic that oscillation is
not damped or only weakly damped. Basically, this phenomenon can be caused by the
resonance between parallel reactances. In primary restorative transmission systems from
blackout, the harmonic resonant overvoltage is based on the complex characteristics due to
the non-linear saturation of transformers [22]. Depending on the situation, magnetizing
inrush currents caused by energizing transformers may produce harmonic currents. At this
time, if transformers are overexcited due to sustained power frequency over-voltage, the
harmonic resonance voltage will be maintained or even enlarged. It should be analyzed as
a major factor since such a large-scale overvoltage may lead to damage to power system
equipment. However, the occurrence of harmonic overvoltage is difficult to predict because
it occurs depending on the system configuration as well as the nonlinear characteristics of
the equipment. In addition, on-site test such as resonance is performed on a transmission-
level high power system, equipment damage that occurs may lead to a long-term system
outage problem. Therefore, PSCAD/EMTDC based on the electro-magnetic transient (EMT)
algorithm, has been mainly used to analyze the phenomenon for the analysis of real power
systems [23-25]. The maximum resonant voltage estimation using MATLAB and the power
block set (PBS) has been performed, however, the precision is relatively lower than that of
the EMT-based simulation [26].

In the practical power system, the harmonic resonance has been reported in extra-high
voltage (EHV) systems such as Hydro Quebec [13] with 735kV and the Institute of Elec-
trical and Electronics Engineers Power System Restoration Working Group (IEEE SRWG)
report [14] with 500 kV transmission systems used in restoration. In addition, several
methodologies have been proposed to solve the harmonic resonance overvoltage [13-18].
There is a method widely used in the distribution system that does not leak harmonic
currents to the outside by delta-connecting the transformer [27]. Alternatively, in order to
attenuate the inrush current by improving the damping ratio, the power system operator
and start energization after connecting some amount of loads to the transformer in ad-
vance [28]. The methods for prevention of harmonic resonance, energizing the transformer
with loads are widely used [13,14]. The guideline suggested by IEEE SRWG is 3 MW per
mile. However, the amounts of loads to be pre-connected can differ from each power utility
and the power system situation. The analysis is performed based on PSCAD/EMTDC
simulations along with detailed power system and transformer models.
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The remainder of the paper is organized as follows:

Section 2 studies the possible existence of the harmonic resonant overvoltage during
the power system restoration process in the Korean power system. Accordingly, the
possibility of solving the harmonic resonance overvoltage was reviewed by applying the
methodology in the previous studies. The solutions were estimated as to whether they could
be applied to the actual Korean power system in terms of feasibility. In addition, it was
shown that the problem could be solved by the proposed method to change the applicable
line length in consideration of the characteristics of the Korean system in Section 3. Finally,
the conclusions from the study are presented in Section 4.

2. Harmonic Resonance during Power System Restoration
2.1. General Description of KEPCO Power System Restoration

The decentralized restoration policies are commonly adopted in most countries for fast
recovery of the power system in the event of a whole or wide-area blackout case [13-18].
In the case of Korea Electric Power Corporation (KEPCO), the entire power system is
divided into seven subsystems for restoration. Figure 1 shows one of the subsystems that is
selected network for harmonic resonance study. This network consists of two generator
stations for black-start (hydro generator and gas turbine), two paths of primary restorative
transmission lines (primary and secondary), and one generator station of which needs
cranking power.

CP H/P DS S/S DB S/S YJS/S SIC
| CP#1 T/L DB#1 T/L
0

IJD S/S
5 H—{H@sor
Start-up generator D Circuit breaker & Priority input breaker
Step-up Transformer D Yellow circuit breaker Secondary input breaker

after stabilization
Figure 1. Configurations of the network.

In the case of the KEPCO power system, the voltage level should be maintained
at 90~105% during the restoration process. The frequency has to be maintained in the
range of 59.75~61 Hz. To minimize the change due to frequency during load restoration, a
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supply of more than 5% of the total synchronous power generation capacity at a time is
restricted. Synchronous power generation capacity refers to the amount of power that can
be generated within 10 min by the amount corresponding to the self-starting generator in
the transmission system. Table 1 shows the simulation scenario based on the process for this
study. This is based on the conventional restoration strategy formed by the Korea Power
Exchange (KPX), the system operator for the restoration of KEPCO'’s primary restorative

transmission line.

Table 1. Simulation scenario 1.

Sequence[s] Operations Remarks

0.0 Generators start, energize no. 1 MTR Houseload: 5% of Gen. Cap.
Supply power to houseload

5.0 Energize the T/L line by no. 1 generator
7.0 Energize DS Substation at no-load state
10.0 Load pickup at DS substation 2 [MVA]
12.5 Synchronization of no. 3 generator
15.0 Load pickup at DS substation 8 [MVA]
21.5 Synchronization of no. 2 generator
25.0 Load pickup at DS substation 10 [MVA]
30.0 Energize remaining transmission lines
40.0 End of simulation

2.2. Occurrence and Discrimination of Harmonic Resonant Overvoltage

Figure 2 shows the simulation result after transformer energization to pick up a load
at the DS substation for maintaining the stability of the system. As a result, the maximum
per phase voltage of the transformer’s high voltage side exceeds 500 kV within a few cycles
after energizing the unloaded transformer. Moreover, the simulation is terminated within
0.2 s after energizing the transformer due to the floating-point overflow.
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Figure 2. The voltages at the DS substation.

During the restoration of the primary restorative transmission lines process, the
energization of high voltage transmission lines and transformers can induce overvoltage.
This overvoltage can be classified as follows [5].

e  Transient over-voltage
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Self-excitation
Sustained over-voltage by Ferranti effect
Harmonic resonant over-voltage

The transient over-voltage is caused by energizing the parts of the transmission line or
by switching equipment, it is usually highly damped and has a short duration. As shown
in Figure 2, the phenomenon is not a transient overvoltage as it is undamped and sustained
enlarging overvoltage.

Since it is known that self-excitation may cause such over-voltage, the steady-state
analysis is performed to verify the phenomenon in Figure 2 [29]. The result of the steady-
state analysis is shown in Table 2. As the result, three black-start generators (hydro unit)
can supply 55.6 [MVAR] of reactive power, while the total charging capacity of the primary
restorative transmission line is 30.689 [MVAR]. This result shows that hydro generators
can supply sufficient reactive power required for the energization of transmission lines.
Therefore, it can be judged that the cause of the overvoltage as shown in Figure 2 is not
the self-excitation phenomenon. The Ferranti effect due to the no-load situation is also
irrelevant in the system configuration. This is because the simulation was performed based
on the all-open strategy [15].

Table 2. The result of static analysis.

Result of Static Analysis

Type Gen. No Lim. of Q Supply Q Margin Vitg. of Gen.
: [MVAR] [MVAR] [MVAR] KV
1 14.0 8.525 5.475
. 2 13.7 6.257 7.443 9.79
Primary T/L 3 27.9 15.907 11.993 89.02 [%]
Total 55.6 30.689 24911

Since the harmonic resonance problem was presented in the report of the IEEE
SRWG [14], these analyses imply that overvoltage during restoration is caused by har-
monic resonances, not self-excitation or Ferranti effects.

2.3. The Interrelation between Harmonic Resonance and Equipment

It is known that the cause of harmonic resonant over-voltage during restoration is
nonlinear characteristics of equipment such as generators and transformers. The effect
of nonlinear characteristics of generator and transformer that is related to the harmonic
resonance is examined to confirm the interrelation between them.

2.3.1. Effects of Generator—Ideal /Practical Model

The practical generator model is replaced by the ideal one to confirm the relation
between harmonic resonance and dynamic characteristics of the generator. The simulation
scenario is the same as Table 1 and the result is shown in Figure 3.

The simulation result is similar to the shape in Figure 2, and harmonic resonance
occurred after the energization of the transformer. Therefore, it is clear that harmonic
resonance is slightly affected by the dynamic characteristics of the generator.

2.3.2. Effects of Transformer Saturation—Transformer Modeling

The saturation enabled model of the transformer is replaced by the disabled model
to confirm the relation between harmonic resonance and transformer saturation. The
simulation scenario is the same as Table 1 and the result is shown in Figure 2. As shown in
Figure 4, harmonic resonance does not occur after the energization of the transformer. It is
clear that harmonic resonance affected considerably by transformer saturation.
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Figure 3. The voltages at DS substation (used ideal generator model).

Fhase Voltage of DS Substation

kW

ke

by

+210
+138
+Bf

-78
-180

+180
+114
+48
-18
-84
-180

+180
+104
+28
-48
-124
-200

—3-A-Fhase Vig.

1 1 1 1
1] 7 14 el 28 35

Time {sec)

Figure 4. The voltages at DS substation (used saturation disabled model).

3. Countermeasure against Harmonic Resonant Overvoltage

Previous studies including the IEEE SRWG report suggest the following solutions.

Case A: Delta connection of a transformer

Case B: Energization of a transformer with loads that are connected previously
Case C: Change in restoration path configuration (proposed method)

Case D: Starting more generators for reducing high source impedance

Since the number of available black start generators is limited in primary restorative
transmission systems, simulations of Case D: starting more generators to reduce high
source impedance are not considered here. It is also an option that is not feasible in most
practical power systems.
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3.1. Case A: Delta Connection of Transformer

This method changes the connection type of the high voltage side of a transformer
to the delta way at a DS substation. The simulation scenario and its results are shown
in Table 1 and Figure 3. As shown in Figure 5, harmonic resonance does not occur after
changing the transformer connection. From this result, it is verified that over-voltage
during restoration is due to harmonic resonance.

Phase Voltage of DS Substation

kY

kY

kY

+2460
+170
+40
+10
=70
-140

+200
+120
+40
-40
-120
-200

+200
+120
+40
-40
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-200

—-A-Phase Wig.

7 14 ] 3 El
Time (sec)

Figure 5. Voltages at DS substation. (Delta connection of transformer’s high voltage side at DS Substation).

In fact, as Korean power systems have meshed and strong structure compared with
other countries because transmission lines are densely and complicatedly coupled due to
the domestic industrial demand and distribution of population, the possibility of wide-area
blackout would be very rare [30]. However, emergency planning is indispensable. As the
power systems have been gradually enlarged and have become more complex, changes in
the primary restorative transmission systems are unavoidable. From the operational point
of view, it is not reasonable to change the connection of the specified transformer for the
purpose of preventing harmonic resonance.

3.2. Case B: Energization of Transformers with Damping Loads

It is known that the connection of damping loads can prevent harmonic resonance
as IEEE SRWG has been reported [5] when transformers are energized. However, it is
difficult to determine the amount of load that should be connected previously. According
to the IEEE SRWG report, about 3 [MW] per mile for a 500 kV transmission line has been
suggested. The Korean restorative transmission systems of KEPCO mostly consist of 154 kV
transmission lines and it includes a few 345 kV transmission lines. Since the voltage level
reported in IEEE SRWG is different from the KEPCO system, IEEE SWRG's result is not
exactly suitable for the KEPCO system. Therefore, the amount of loads to be pre-connected
is set on 0.5, 1, and 2 [MVA] for considering the capacity of the black-start generator and
voltage level.

Table 3 shows the simulation scenario and simulation results are shown in Figures 6-8.
As a result, temporary over-voltage occurred after the energization of the transformer (at
7 s) but harmonic resonance does not occur. By the over-voltage regulations of KEPCO, the
magnitude of over-voltage in Figure 8 is satisfied but Figures 6 and 7 are not. From these
results, we can figure out the amount of load that should be connected to the transformer
before energization is not proportional to line length but depends on system configuration.
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Table 3. Simulation scenario 2.

Sequence[s] Operations Remarks

0.0 Generators start energize no. 1 MTR Houseload: 5% of Gen.
’ Supply power to houseload Cap.

0.0 Load pickup on no load transformer at DS substation 0.5,1,2 [MVA]
5.0 Energize T/L line by No. 1 generator
7.0 Energize DS substation
12.5 Synchronize no. 3 generator
15.5 Synchronize no. 2 generator
20.0 Load pickup at DS substation 8 [MVA]
25.0 Load pickup at DS substation 9.5,9,8 [MVA]
30.0 Energize remaining transmission lines
40.0 End of simulation
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Figure 6. Voltages at DS substation (with 0.5 [MVA] load).
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Figure 7. Voltages at DS substation (with 1 [MVA] load).
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Figure 8. Voltages at DS substation (with 2 [MVA] load).

3.3. Case C: Change in Restoration Path Configuration

Even if the restoration strategy in most countries is similar, the system configurations
during the early restoration stage are different due to the restoration policy, available
utilities, and voltage level.

Simulation for the change in system configuration as a change in the line length is
performed to confirm the effect of system configuration on the harmonic resonance. CP#1
line in Figure 1 is used for simulation and its rated voltage and length are 154 kV and
24.282 [km], respectively. The line length changed from 110 to 140% by increasing 10% of
the original value.

The simulation scenario is the same as Table 1 and the simulation results are shown
in Figures 9-12, respectively. As the result, temporary over-voltage occurred after the
energization of the transformer (at 7 s) but harmonic resonance did not. By the over-voltage
regulations of KEPCO, the magnitude of over-voltage in Figures 9-11 exceeds the over-
voltage regulations, however, Figure 12 does not. From these results, it is clear that harmonic
resonance has been influenced considerably by the change in system configuration.
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Figure 9. Voltage of DS S/5(110[%] line length of CP #1 T/L).
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Figure 10. Voltage of DS 5/5(120[%] line length of CP #1 T/L).
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Figure 11. Voltage of DS S/S(130[%] line length of CP #1 T/L).

3.4. Discussion on the Result and Proposals

As mentioned above, it is sure that the delta-connection of the transformer (Case A) or
connection of damping load before energization of the transformer (Case B) can prevent
the harmonic resonance. However, the amounts of loads to be pre-connected are different
from the result of the IEEE SRWG report and the transformer with differing pre-connected
damping loads is not applicable and practical in Korean power systems. Therefore, the
interrelation between harmonic resonance and variation of restorative transmission line
length can be investigated (Case C).

If the conditions of the power system are changed, the possibility of harmonic res-
onance is varied as restorative transmission line length. In this case, if the restoration
configuration is changed to include an appropriate line length, the harmonic resonance
problem can be solved as shown in Figure 12. The summarized results of the contents
reviewed in this paper in arranged in Table 4 briefly.



Energies 2022, 15, 290

11 0f 14

Phase Voltage of DS Substation
+260 —3-A-FPhasze Vig.
+162
. +64
= -34
-132
-230
+240
+142
- +44
= -54
-152
-280
+230
+128
. +26
= 76
A78F
-2807 7 11 5 75 35
Time (sec)

Figure 12. Voltage of DS 5/5(140[%] line length of CP #1 T/L).

Table 4. Summary of solutions for harmonic resonance.

Summary
Case A Case B Case C

Harmonic resonance
resolution

Required action

Practical feasibility

Change the connection of the

Possible Possible Possible

Pre-connect the damping load
before transformer energization
(2MVA)

None None Feasible

Change the restoration path

specified transformer configuration (140% CP#1 T/L)

The interrelation between harmonic resonance and variation of line length can be
investigated by the simulation analysis that harmonic resonance occurred in the Korean
primary restorative transmission line [12]. The rated voltage and line length used in
the simulation are 154 kV and 7.938 [km], respectively. Table 5 shows the result of the
occurrence of harmonic resonance for line length variation by increasing 1 [km]. Harmonic
resonance occurred only in the range of 7 to 48 [km] in the result of Table 5. From the
results, it is verified that harmonic resonance may not occur after the energization of the
unloaded transformer in the specified boundary of the line length.

Table 5. Occurrence of harmonic resonance for line length variation.

Result of Simulation

Line length [km] 0~7 7~48 48~
Harmonic resonance Not occurred Occurred Not occurred

The simulation result for the amounts of loads to be pre-connected to prevent harmonic
resonance is shown in Figure 13. An inductive simulation methodology and a heuristic
binary search technique were used to analyze the load capacity. The amount of load to
be pre-connected increased in direct proportion to the line length in the range from 7 to
11 [km], but the amount of load to be pre-connected decreased as a direct proportion to
the line length from 12 to 48 [km]. Through the result, it can be known that the amounts
of loads to be pre-connected can prevent harmonic resonance will not be increased in
proportion to the line length even if in case of line length increased, which is different from
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3 [MVA] per mile, the IEEE SRWG report guidelines. This means that there is a possibility
of harmonic resonance being varied according to line length.

110
100 [~ —IEEE WG Guide
90 - B
80 *
70 7
60 - =]
50 7
40 -

30

Damping load capacity [MVA]

0 L L L 1 L +
0 5 10 15 20 25 30 35 40 45
Restoration line length [km]

Figure 13. Result for variation of line length.

4. Conclusions

This paper described the restoration process and the possibility of overvoltage due to
harmonic resonance for the Korean primary restorative transmission system. The causes
and solutions based on the analysis were analyzed through PSCAD/EMTDC simulation.
For this purpose, modeling of generators, transformers, and transmission lines was carried
out using parameters of the actual Korean power system. As a simulation result of the
relationship between harmonic resonance and equipment with nonlinear characteristics, it
was found that harmonic resonance is affected by transformer saturation rather than the
dynamic characteristics of the generator.

The IEEE power system restoration working group has presented guidelines on several
methods for resolving such harmonic resonance. In this paper, the applicability of such
guidelines was estimated through PSCAD/EMTDC simulation results. The effectiveness
was analyzed on the change in the wiring of the transformer, the connection of the damping
load before the transformer energization, and the change in the system configuration.
Through this result, we revealed that the guidelines of the IEEE working group would not
be valid for systems in other countries with different voltage levels and configurations.

In addition, to find a way to minimize reconfiguration, we reviewed the required
damping load capacity compared to the length of the line and presented the results so
that the line length can be inversely calculated based on existing damping load capacity.
Based on the results, it was possible to avoid the harmonic resonance problem by changing
the restoration process for energizing section without additional construction, facility
installation, or change.

As aresult, a part of the restoration guideline of the Korean power system was changed.
The new guideline energizes all sections of the primary restorative transmission system
without energizing the unloaded transformer. It is expected that this can be used and
expanded to analyze the impact of IBR resources in the power system restoration process
based on this study.
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Abbreviations

RES Renewable energy sources

IBR Inverter-based resources

UFLS Under-frequency load shedding

IEEE Institute of electrical and electronics engineers

SRWG  Power system restoration working group
H/P Hydro power generator

G/T Gas turbine generator
S/S Substation
T/L Transmission line
DS Distribution substation
KEPCO Korea electric power corporation
KPX Korea power exchange
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