Zaneta Eleschova', Anton Belaii', Matej Cenky’, Jozef Bendik', Boris Cintula', Peter Janiga’

Faculty of Electrical Engineering and Information Technology, Slovak University of Technology in Bratislava (1), Slovakia

doi:10.15199/48.2021.06.23

Online monitoring of the power system stability based on the
critical clearing time

Abstract. This work refers to the concept of online monitoring of generators' dynamic stability based on the critical clearing time (hereinafter referred
to as "CCT"). The CCT may be considered a basic criterion of the dynamic stability of a synchronous generator. The work presents an analysis of
factors (operating condition of a generator, short-circuit power of the system, increase of the proportion of distributed production in the distribution
system (hereinafter referred to as "DS ") influencing the CCT and analysis of possibilities to increase the value of the CCT. In this work, we present a
relatively simple concept built on the calculation of the CCT using a swing equation, which may be implemented into the dispatch control of power
systems (hereinafter referred to as "PS").

Streszczenie. Praca odnosi sie do koncepcji monitorowania online dynamicznej stabilno$ci generatoréw w oparciu o Krytyczny czas rozliczeniowy
(zwany dalej ,CCT"). CCT mozna uznac¢ za podstawowe Kryterium stabilno$ci dynamicznej generatora synchronicznego. W pracy dokonano analizy
czynnikéw (stan pracy generatora, moc zwarciowa systemu, zwiekszenie udziatu produkcji rozproszonej w systemie dystrybucyjnym (dalej ,DS’)
wptywajgcych na CCT oraz analize mozliwo$ci zwiekszy¢ warto$¢ CCT W pracy przedstawiamy stosunkowo prosta koncepcje opartg na obliczeniu
CCT za pomocg réwnania wahadfowego, ktéra moze zosta¢ zaimplementowana w sterowaniu dyspozycjg systemoéw elektroenergetycznych (dalej

,PS”). (Monitorowanie online stabilnosci systemu elektroenergetycznego na podstawie krytycznego czasu rozliczeniowego)
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Introduction

The CCT may be considered a basic criterion for
evaluating the dynamic stability of a synchronous generator.
The CCT determines the maximum time of a three-phase
short-circuit (being the most serious failure in the system) at
the bus of the output of the generator power (being the
nearest electric site to the generator), enabling continuous
dynamic stability of the inspected generator [1, 2]. If the
CCT is smaller than the real operation time of a circuit
breaker, a fault (short-circuit) clearing time, the generator
can lose synchronism. To preserve the dynamic stability of
the whole PS, it is essential to know the value of the CCT
for individual generators.

Transmission system operators in practice implement
online monitoring of voltage stability as well as power
system dynamic stability. Various methods and criteria are
used for the real-time stability assessment, e.g., using WAM
systems to evaluate oscillations and voltage stability [1-3],
using REl-net [4], using the CCT in connection with the
Jacobi matrix [5,6].

If the value of the CCT determined for a three-phase
short-circuit at the nearest bus in PS to the generator is
sufficient, i.e., higher than the total clearing time of the
short-circuit, then the synchronous generator will retain
dynamic stability for all types of short-circuits in electrically
remoted places in PS with a shorter time than the CCT is.

It is necessary to emphasize that developing a short-
circuit on the bus bar in the real operation leads to a trip of
all outputs from that bus, which means "N-k "contingencies
with the necessity to examine the generators' reaction to the
event using dynamic simulation. Alternatively, if we consider
a scenario of the activation of backup protection or a
breaker failure relay, this means "N-k "contingencies and
the necessity to examine the reaction of the generators to
the event through dynamic simulation.

Determination of the Value of the CCT

The value of the CCT may be determined by calculation
using a swing equation or based on simulations on the
dynamic model of PS. The work introduces the concept of
monitoring dynamic stability based on the CCT built on the
calculation of the CCT using a swing equation and OMIB
(One Machine Infinite Bus) model:
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where: & — rotor angle, H — inertia constant.

(1)

The value of AP
P = f(0) as follows:

'

is determined by correlations

(2) P= sin o

where: E' — voltage behind the transient reactance, X —
reactance before a short-circuit determined by the sum of
the transient reactance of a generator, a block transformer,
a block power line (usually), and the short-circuit reactance
at the outlet of the generator in the system, reactance for a
three-phase short-circuit at the closest electric site to the
generator is infinite, V — system voltage (behind the
transient reactance).

Representation of above-mentioned equation is Fig.1,
before a short-circuit — Curve |; for a three-short-circuit —
Curve Il
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Fig.1. Dependence P = f(9)

A three-phase short-circuit at the closest electric bus to
the generatorP =0, therefore AP =P, (PF,is a current

generator output and equals a mechanical generator input
(disregarding losses).
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The value of the CCT is defined:

@  CCT= %(%—50)
a)O 0

where: & — rotor angle before the fault, S, — nominal
power of a generator, &qit — critical value of rotor angle
(rotor angle at the fault clearing time) is defined as follows:

L[ P(n=268,)+P! cos(n—5,)
P

(AN

crit — Cos

I . .
where: Pmax— maximum of a sine curve before a short-

circuit.

Factors Affecting the Value of the CCT
Based on the above-mentioned relations, the value of
the CCT is affected by:
¢ the value of voltage behind the transient reactance
depending on the size of a rotor current, i.e., on the
operating condition of a synchronous generator
(under-excitation or over-excitation),

¢ the size of reactance, if reactance of the equipment
(a generator, a block transformer, and a block power
line) is considered constant, then the value of the
CCT is affected by the size of the short-circuit
reactance, i.e., the short-circuit power at the bus
where the generator is connected,

e the size of the supplied active power of a generator

before a short-circuit.

Impact of the size of the reactive power of a generator
on the value of the CCT is depicted in figure 2 (generator in
a nuclear power plant (NPP)), in figure 3 (generator in a
combined cycle power plant (CCPP), in figure 4 (generator
in a hydropower plant (HPP). The results refer to the
generator's constant active power and the constant short-
circuit power (13856 MVA, respectively 20 kA). The results
refer to the generators with the following parameters:

Table 1. The parameters of the generators

Power plant NPP CCPP HPP
Snc [MVA] 270 200 125
Qumax [MVAr] 80 40 40
Qumin [MVATI] -40 -20 -20
Ung [kV] 15.75 10.5 10.5
X g [%] 36 32 38
H [s] 6 3 2.5

Table 2. The parameters of the block transformers
Power plant NPP CCPP HPP
Sar [MVA] 300 200 125
Ratio [kV] 400/15.75 400/10.5 400/10.5
Uy [%] 13 13 13

200

-40 -20
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Fig. 3. Dependence of the CCT on the reactive power of a
generator in the CCPP
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Fig'. 4. Dependence of the CCT on the reactive power of a
generator in the HPP

A significant parameter from the view of the dynamic
stability is the inertia constant H. Inertia constant of large
conventional units like, e.g., thermal, nuclear, and
hydropower plants falls typically in the wide range of 2-9 s
[7, 8]. It should be noted that current-day turbines and
generators are generally lighter than the ones developed in
the '70s and '80s, resulting in a lower H [9].

The results obviously indicate that under-excitation is
more adverse from the view of the dynamic stability of a
synchronous generator.

The dependence of the value of the CCT on the
produced active power is depicted in Fig. 5 — 7; the results
refer to the maximum under-excitation of a generator and
the maximum over-excitation.

Fig. 8 — 10 depict the dependence of the CCT on the
short-circuit power of the system; the results refer to the
state of the maximum under-excitation of a generator and
the maximum over-excitation, the constant active power.

The low value of the short-circuit power adversely
affects the dynamic stability of a generator.
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Fig. 5. Dependence of the CCT on the active power of a generator
in the NPP
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system — generator in the HPP

Algorithm for online calculation of the CCT and
possible operational measures for improvement of the
indicator
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Fig. 7. Dependence of the CCT on the active power of a generator
in the HPP
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Fig. 9. Dependence of the CCT on the short-circuit power of the
system — generator in the CCPP

For online monitoring of power system dynamic stability,
the value of the CCT needs to be defined for the system's
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Inputs — parameters of devices — constant data
e  parameters of a generator: S,g, Uyg, x('j ,H
e  parameters of a generator transformer: S, ratio,
€k
. parameters of a power line: X,
J [
Inputs — parameters of devices — variant data
. a generator: power produced at generator
terminals Pg, Qg, terminal voltage Ug
. a substation, where a generator is connected:
short-circuit power (actual value)
J L

Calculation (Equations 3, 5 - 12)

CCT <
required
min value

YES NO

Corrective actions
not necessary

Corrective actions
necessary

Following equations are the tool to determine CCT value:

(5) X=X, + X + X, + X
where: reactance x is in p.u.
- S
(6) | =—C
Ve

where: current i is in p.u.

7 & =V +jx,i=e/0,

where: voltage e behind the transient reactance is in p.u.
(8) V=€ — jxi =v/J,

where: system voltage v behind the short-circuit reactance
isin p.u.

(9) 0,=0,-0,

where: 50 is initial value of rotor angle.
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ev
Prmax =

X
where: P is maximum of P = f (&) curve before a short

(10)

circuit.

(1) Py = Py SIN()

where: ), is actual power of generator.

[ Py(m—=26,)+ p,, cos(nt—0,)
P

(12) o

crit — cos

where: 0,

The proposed calculation of the CCT is simplified. The
values of the CCT calculated in that manner may be
considered a degree of stability or a trend in stability
development.

. is critical rotor angle.

Corrective Measures for Increase of the Value of the
CCT

If the value of the CTT is lower than the required
minimum value, corrective measures are necessary. The
above-mentioned results and dependencies of the CCT
indicate that corrective measures may be implied through
the change of the produced power of a generator:

e increase of the produced reactive power
e decrease of the produced active power.

An increase of the produced reactive power may be
achieved by increasing the voltage's requested value at the
terminals of a generator or in the pilot node within the
secondary voltage control. If voltages are on the maximum
of the permitted values, an increase of the reactive power of
a generator is possible only if there is the possibility to turn
on a compensating device — a shunt reactor.

A decrease of the produced active power may be
achieved through a re-dispatch of the produced power
between generators.

The Impact of Increase of Power in Distributed
Generation in the DS and Development of Smart Grids
on the Dynamic Stability of Generators

This part is dedicated to a possible impact of the current
trend of increase of power in distributed generation in the
distribution system, development of Smart Grids on the
dynamic stability of generators, and the above-mentioned
corrective measures for increasing the value of the CCT.

It can be assumed that the development of Smart Grids
and the increase of power in distributed generation in the
DS will enable the transfer of a significant part of the
installed power into sources to a lower voltage level [10]. In
this connection, it can be expected that a decrease in the
number of sources and their power in the distribution
system or interrupted operation of combined cycle power
stations during working days will result in the change of
operation and management of PS.

At the same time, a decrease in the number of operated
generators in the transmission system connected with the
proportion of installed power in the DS will result in a
decrease of short-circuit power in the transmission system,
which is affected especially by the deployment of
generators in transmission systems (hereinafter referred to
as "TS") (contribution of a unit in a power plant 500 MW is
appr. 2,5 kA) and topology of TS [11].

To illustrate the development of distributed generation in
the DS, we refer to the current state in PS of the Slovak
Republic. The share of installed power in RES (excluding
hydropower plants) is 11,44 % only. Hydropower plants are
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not distributed sources in PS of the Slovak Republic. Their
power (1200 MW) is exported to TS, and the remaining
1343 MW into the distribution system 110 kV and lower
voltage levels. Installed powers in individual types of
sources in PS of the Slovak Republic are depicted in Table
3. The share of installed power of individual types of
sources is depicted in Fig. 11 [12].

Table 3. Installed power in PS of the Slovak Republic

Detailed overview Grouped overview

Power | Share Power | Share
[MW] [%] [MW] [%]

Nuclear 1940 25.14 | Nuclear 1940 25.14

Hydro 2543 32.96 | Hydro 2543 32.96

Lignite 320 4.15

Hard coal 221 2.86

gat“ra' 1153 | 14.94 | Fossil 2350 | 30.46

as

Qil 257 3.33

Mixed fuels 399 5.17

Solar 531 6.88

Biomass 214 2.77

Biofuel 104 1.35 Renewable 883 11.44

Wind 3 0.04

Other RES 31 0.40

Total 7716 100.00 | Total 7716 100.00

W Matural Gas W Qil
W Wind

W Hard coal
Biofuel

W Nuclear W Hydro

W Mixed fuels Solar

W Lignite

W Biomas Other RES

0.04
277135 040

32.96

M Nuclear M Hydro W Fossil M Renewable

11.44

30.46

Fig. 11. Share of installed power in individual types of sources in
PS of the Slovak Republic — detailed overview (upper part) and
grouped overview (lower part)

In the spring months, there is usually a substantial
production in PV (photovoltaic), a dominant distributed
source in the DS of the Slovak Republic. Figure 12 depicts
produced power in individual types of sources in April 2020
[13].

To document produced power in sources exported to TS
and sources connected to the DS that month (April 2020),
we provide graphs in Fig. 14. [14]

So far, there has not been a huge development of
distributed production in the DS (share of installed power is
11,44 % only) in PS of the Slovak Republic. Despite the
fact, production in the DS is significant at certain times of
year (share up to 45 %).
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Fig. 12. Produced power in individual sources in PS of the Slovak
Republic in April 2020
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Fig. 13. Share of individual sources on immediate production in PS
of the Slovak Republic, 11th April 2020 at 13:00 hrs — detailed
overview (upper part) and grouped overview (lower part)

Despite the development of Smart Grids and distribution
sources in the DS, we assume that the existing
transmission system remains operational. As a result of
changes, the transmission system will be less loaded. The
overpowering of the capacitive charging power of slightly
loaded transmission lines ends in under-excitation or
installing a shunt reactor. Excess reactive power develops
in the DS if the installation of sources and spills of reactive
power from the DS to TS through transmission transformers
occur, thereby adversely affecting the situation in TS from
the view of reactive power.

Fig. 15 depicts active and reactive power flow on
transformers connecting TS and the DS of power in April
2020 [14]. The course of reactive power proves that during
the entire month of April 2020 (when there was a significant
production in sources of the DS), the reactive power flow
was directed from the DS toward TS.

It follows from the above-mentioned that both analysed
changes in PS: reduction of short-circuit power in the
system and operation of generators connected in TS in the
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state of under-excitation negatively affect dynamic stability
of generators operated in TS. That is the reason why online
monitoring of the value of the CCT will take on increasing
importance.

—Production in TS —Production in DS

3000

L 1
l’ i ||i
vl [VE

||1_ |||

I I|
L J |IIII |'r|

R R R R B R R B B T B
R R e - A R e - R e R B A R R
R e s e R R = B I I R R i e
—Production in TS —Production in DS
100
a0
80
1 & |
70 A A LA ¥ AN
| | .1. Vil VTV v N |
r".* | ,.1 "r WM Y n !
60
£ 50
a

40

30 MV\{W TWWWWUWH\MA A0 A

TNV YNNWY UW"‘

=
-

Fig. 14. Produced power in sources exported to TS and in sources
connected to the DS in April 2020— absolute representation in MW
(upper part) and relative representation in % (lower part)
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Corrective measure — an increase of a generator's
produced reactive power shall be more limited by lightly
loaded transmission lines, and reactive power flows from
the DS into TS.

Corrective measure — decrease in the produced active
power of a generator will be, inter alia, limited by the
number of generators operational in TS.

Conclusion

This work proposes the concept for online monitoring of
power system dynamic stability based on the values of the
CCT of individual generators. The given concept is simple
and easy to implement in the dispatch control of PS. Values
of the CCT calculated by applying a simplified way using a
swing equation and the trend of the values may give basic
information about a degree of power system dynamic
stability to the transmission system operator. Basic input
data (constant parameters of equipment and status
variables) accessible to the operator are necessary for the
proposed way of calculation of the CCT.

The work also addresses the analysis of factors
influencing the value of the CCT. In particular, the low value
of short-circuit power at the bus of connection of a
generator into TS and operational state - under-excitation
has a negative impact.

The above-mentioned factors and corrective measures
were analysed from the view of current trends in change of
the PS structure: increase of power of distributed production
in the distribution system and development of so-called
Smart Grids. They both anticipated changes in PS may be
negatively perceived in the context of dynamic stability of
synchronous generators operated in TS. Simultaneously,
the use of corrective measures for the increase of the CCT
will be limited by changes in PS structure. That is why
online monitoring of the stability of PS will be even more
important for the transmission system operator.

The impact of distributed production in the DS and
Smart Grids on the existing overriding transmission system
and generators running there will depend on the capability
to shift production from TS to lower voltage levels of the DS.
In addition to developing the concept of Smart Grids being a
future of PS, it is vital and necessary to take the existing
structure into account and prepare the operation of the
transmission systems and large generators for a possible
negative impact.
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