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Abstract. This paper suggests a method for determining the effec- 3 Cand. of Tech. Science

tive total amount of load disconnection in case of major frequency ~ https://orcid.org/0000-0002-7628-6880
drop and under-frequency load shedding (UFLS) activation. -3 Institute of Renewable Energy of the
A mathematical model of power balance in emergency areas has E;E?Gﬁlrgﬁaedemy of Sciences of Ukraine,
been developed, which uses the structure of the electric network

Z|nstitute of General Energy of the National
scheme. Academy of Sciences of Ukraine, Kyiv, Ukraine
The UFLS is presented in the model by a set of frequency relays

with fixed consumer loads behind feeders along the year and binary variables triggering their operation.

The solution of the integer linear programming problem provides the optimal set of the relays needed to balance
all emergency areas given the minimum total load shedding (TLS).

This determines both the TLS and the placement of individual relays in the electrical network.

The method involves pre-measurement of the consumer loads behind feeders, as well as power flows in the
network for its characteristic modes.

For this purpose, standard specialized software is used to calculate stationary modes and contingency analysis.
The input data for the simulation is also a set of electrically unconnected emergency areas.

This information should be provided by the user of the proposed method by indicating the overhead line cross-
sections in electric network.

The developed method allows to determine the TLS of UFLS and the most efficient set of frequency relays for
any power system in order to align these indicators with the requirements of the National Electricity Transmis-
sion System Operator.
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O0iHHA Yacmomu. Cucmema AYP 30amHa malixce panmoso
8iIOKAHOYUMU YACMUHY CrIoXU8ayie ma 3ynuHUMu nadiHHA 4ac-
momu 6 palioHax eHepaocucmemu, AKi ymeopunucsa 8 pe3ysb-
mami KackadHoz20 8iOKYeHHA niHill | 2eHepamopis. [as niompumku mumyacosozo 6asaaHCy aKMuUeHoI rno-
myxcHocmi 8 asapiliHux cumyauiax 8 eHepaocucmemi No8UHHA bymu nepedbayeHa KinbKicmo HOBAHMAMEHHSA
HQ BiOK/OYEeHHH.

2|HcTUTYT 3aranbHoi eHepreTnkn HAH YKpaiuu,
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Tomy onepamopu cucmem repedayi abo mepexca onepamopie cucmem repedayi enekmpoeHepeii cmaHos-
A10Mb MAK 38aHull 3aeansHuli obcse pozsaHmaxceHHs (30P). Haliuacmiwe 6 cmaHOapmax ma Hopmamue-
HUX 0OKyMeHMax eHepaocucmem ueli MOKA3HUK pOo3pax08yEMbCA 8 yM0O8AX 302as16HO20 NiKoso2o nonumy. Bo-
OHo4ac 30P pekomeHOytomb po3micmumu 8 eHepaocucmemi pieBHOMIPHO, 3 Ypaxy8aHHAM 2eo2paii mepei.
Takuli cnoci6 po3miujeHHA 302a/16H020 06CA2Y PO3BAHMAMEHHSA He BPAXOBYE eAEKMPUYHOI CMPYKMYypU enek-
mpomepexi, 006080i Ma Ce30HHOI 3MIHU 2eHepyB8anbHUX MoOMyx#cHocmell | CTOXCUBAHHS, He 36aX#(a04U HA me,
wo cmaHéapmu ma HOpMamueHi 00KyMeHmMU 8UMA2aOMb Ye 8paxosysamu.

B pobomi 3anpornoHo8aHo mamemamuyHy moodesns i crocié suzHayeHHs 30P cucmemu AYP ma (io2o po3mi-
WeHHSA 8 Mepexi eHepaocucmemu 3 ypaxy8aHHAM po3nodineHoi 2eHepayii, limosipHux eapiaHmie asapiliHoz2o
noodiny eHepaocucmemu, KOHMPObOBAHUX NEPEMUHI8 8UMO2 MiXHAPOOHUX CMAHOAPMIi8 Ma HOPMAMUBHUX
O0oKyMeHmis, W0 peaysntoroms yHKUIOHYBAHHA cuCmeM npomuaesapiliHo2o 3axucmy 6 2any3i efekmpoeHep-
2emuku. Modenb Aasadae coboro 3a0ayy yinovucensbHo20 (6iHapHo20) niHiliHo20 Npo2pamyeaHHs, wo 30ilicHIOE
8ubip onmumasnsHo20 Habopy npucmpois AYP, aKki po3miweHi y Harneped 3a0aHuUX 8y37ax eHepaocucmemu U
Crpayto8aHHA AKUxX 3abe3snevye 6asaaHc nomyxcHocmi 8 asapitiHux palioHax it nodiny. EnekmpuyHi napamempu
ycmaneHux pexcumis, a makox ehpekmusHicms onmumasnbHo20 06csa2y ma po3nodiny po38aHMAHEHHA 8 Me-
pexci susHayaromoca U nepesipaomoscsa (8epughikyromscsa) y cepii anpiopHUX ma anocmepiopHUX Po3paxyHKie
HAG MOYHUX MamMeMamu4HUxX MoOessX, BUSHAHUX y C8iMo8ili Tpakmuui npo2pamHux npoodyKmis enekmpoeHe-
p2emuku.

OmpumaHuli makum YuHOM po3no0din 06cs2ie Ppo38aHMAaMEHHSA MidsuUWYE LiIMOBIPHICMb 6anaHCY8AHHA AKHA-
binbwoi KinbKocmi asapiliHux palioHie eHepaocucmemMu 3a yMo8U 3a0080/1€HHSA 8UMO2 U000 YaCMOMHO-4aco-
80i 30HU 8i0N0BIOHUX nepexiOHuUX npouecis.

Knaro4voei cnoea: eHepzocucmema, asmomamuyHe YaCmomHe PO38aHMAXCEeHHA, 3HECMPYMAEHHS, 6neKaym.

I. Introduction The first stage of UFLS had 5% of total demand in England

Over the last decades, all large-scale accidents in national & Wales.

TSOs with a large frequency drop, were cascading failures  The other emergency divided the power system into two
[1-3]. parts.

The emergency was initiated by cascading lines tripping. As  After the separation of North-West and South-East electric
aresult, the system split into electrically unconnected areas  power flows by ENTSO-E, the frequency in the North-West
not balanced by the emergency automation system. And area fell to merely 49.74 Hz.

for that reason, the operation of part of the TSOs ceased. At the same time, the frequency in the South-East area ini-
3, 41. tially increased up to 50.6 Hz [11].

At the same time, there has been no frequency collapse in |t can be argued that frequency drop to the set point of
the entire power system (without cascade shutdown inthe  yp 5 js unlikely, if the power system is not divided by the
power system) in recent decades. emergency. A modern power system remains stable until
This can be explained by the fact that modern power sys- its cascading division begins.

tems have such a large total capacity of generating units  op the contrary, isolated areas of cascade shutdowns, elec-
that the failure of a single one or even an aggregation can  rjcally separated from the main body of the power system,

reduce the frequency but will not cause a fast frequency 3y experience quite large imbalances of active power.

drop. A large imbalance may cause a blackout if the emergency

For example, let us consider the 2019 emergency in the UK 5,tomation is not able to balance the mode in some iso-
[10] or the 2021 emergency in the European Network of  |3ted part of the power system and thus complicates the

Transmission System Operators (ENTSO-E) [11]. process of power system restoration.
In the first case, the UK power system was not divided into 14 reduce the time to restore the power system after a dis-
parts. None of the transmission lines were overloaded. turbance with large-scale consequences, it is necessary to

The rate of frequency reduction was slow, but at the time  balance the separated areas.

of the accident there was not enough backup generationto  Analysis of large-scale emergencies observed during black-
balance the power system [15]. outs worldwide [1] allows us to see the following character-
Therefore, the frequency reduction was suspended by the istic sequence of changes in the power system when the
first stage Low Frequency Demand Disconnection (LFDD) frequency plummets or soars:

with 48.8Hz relay settings (in the report “LFDD” [10] corre- 1 Emergency shutdown of a power plant or power plant
sponds to “UFLS” [5, 6, 11], and “stage” 10] to “step” [5, 6, unit or power line;
11]).

14



BigHoBnoBaHa eHepreTvka. Ne1/2025 | KomnaeKcHi npobiemu eHepreTMYHUX cuctem Ha ocHoBi HBE

2. Redistribution of active power deficit between the re-
maining generators;

3. Change of power flow distribution in power lines;

4. Disconnection of the power line due to overload or in-

stability;

Sequential cascading disconnection of power lines;

6. Division of the power system into unbalanced areas:
some with excess generation capacity and some with
power deficit.

v

For their part, emergencies in already island areas have
their own special features depending on their excess or def-
icit of capacity.

I. Development of an emergency in an area with excess
generating capacity:

Scenario 1

1. The frequency has increased by no more than 1.0 Hz;

2. The node voltages are within acceptable values;

3. The automation efficiently regulates frequency and
voltage, the area is well-balanced;

Scenario 2

1. The frequency or the voltage increased up to the level
of automatic tripping of generating units;

2. Automatic tripping of generating units;

3. An area with an excess of generating capacity becomes
an area with a deficit of generating capacity;

4. The emergency develops as in an area with a deficit of
generating capacity.

Il. Development of an emergency in an area with a deficit

of generating capacity:

Scenario 1

1. The frequency plummets;
2. The effective operation of UFLS restores power balance.

Scenario 2

1. The frequency plummets;

2. The UFLS disconnects much more power than necessary
for balancing the scheme;

3. An area with a deficit of generating capacity becomes
an area with an excess;

4. The emergency develops as in an area with an excess of
generating capacity.

Table 1. The operational reserve of power system

Scenario 3

1. The frequency plummets;
2. The UFLS cannot stop the frequency drop;
3. Ablackout occurs.

It can be seen from the outage scenarios for the course of
accidents, there is a probability that redundant areas at the
beginning of the emergency transition process may be-
come deficient during its further development, and con-
versely, previously deficient areas may become redundant.
Besides that, the system may have successive processes of
subsequent division of selected areas into smaller parts.

Thus, to provide for balancing as many as possible areas
within a system undergoing failure with fluctuating fre-
guency it is necessary to consider the whole volume of the
operating reserves in every isolated area regardless of the
deficit or excess of capacity at the beginning of the transi-
tory period.

An operating reserve of a power system has a fairly wide
time range. However, within the task of distributing the re-
served volume of the automatic frequency demand one can
easily regard only the capacity of the segment operating
jointly with the UFLS system. Thus, Table 1 presents only
the operating reserve of the power system which can be
engaged within the acceptable emergency frequency-time
range, from 0 to 60-100 s.

In order to investigate any accident with frequency fluctu-
ations, the transitory process is divided into two time inter-
vals. In the first one (zero to roughly 5-10 s), the possibility
to contain the frequency decrease is studied, while in the
second one (10 to 60/100 s) the possibility of stabilizing it
at a level close to the nominal value is researched.

The first factor slowing down the rate of frequency de-
crease is the consumers who provide the regulatory effect
of demand (Table 1). The effect depends on the proportion
of engines in the load and the types of mechanisms being
so operated. A 1% decrease in frequency is known to de-
crease the load by 1 to 3%. Thus, when frequency reaches
the UFLS relay without time delay, the power of the load
can drop by 2-6%. The extent of this reserve can not be
foreseen yet it has a perceptible effect if the relative deficit
of active power is not large. It upholds the frequency at a
level above the high UFLS relay without time delay, block-
ing the consumers from being disconnected until the gen-
eration reserve capacity is put into operation (Table 1).

Number and name of frequency reserve

Time required to start of
operation

. The potential of electrochemical batteries for bulk energy storage

in under 1 second

. Spinning reserve in the form of rotating machines (part-loaded, synchronised plant)

5—15 seconds

20 — 30 seconds

1
2
3. Shunting power
4

o%theload)

Load reduction due to under Voltage & Frequency (influence on dynamic properties

immediate reserve

5. Rate of Change of Frequency (RoCoF)

in under 1 second

6. The consumers connected to the UFLS without time delay

in under 1 second

7. The consumers connected to the UFLS with time delay

more than 5 seconds
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The next reserve to be activated is the additional df/dt
function in UFLS relays [5]. As a rule, this reserve (additional
df/dt function in UFLS relays) is combined with part of the
reserve of the UFLS relay without time delay. As an excep-
tion, this automation can also have its own individual re-
serve. When these two reserves are triggered and depend-
ing on the exact settings of relays in the area, the transient
process follows one of two scenarios. In one case, the local
reserve will slow down the frequency drop in the area, after
that it recovers to its nominal value. In the other case, the
frequency drop is slowed down but its recovery is either
distributed over the reserve generating capacity and the
UFLS relays with disconnection delay or, alternatively, pro-
vided by only one of these reserves alone.

The efficiency of use of these reserves determines whether
the frequency can be maintained within the acceptable
time-frequency area until the reserve generating capacity
and UFLS relays with disconnection delay are engaged.

The generation capacity reserves and UFLS relays with dis-
connection delay should ensure that the frequency is in-
creased without breaking the limits of the time-frequency
area. To this end, it is necessary to have such reserve ca-
pacity in every given area. The lack of exactly this kind of
reserve capacity can lead to secondary frequency drop and
subsequent blackout.

Most power systems in the world do not employ UFLS re-
lays with disconnection delay, including the systems of EN-
TSO-E member countries [5, 6]. In these power systems, the
preference is given to consumers, that is, the number of
disconnections is minimized through installation of suffi-
cient reserve of generating capacity. According to the au-
thors, this reduces the power system's reliability as the ad-
equacy of generating capacity reserve for the power system
as a whole does not always guarantee its adequacy in every
single area and for any single power supply mode.

Currently, UFLS relays with disconnection delay are used
only where resource constrains do not allow for some op-
erational reserve of generating capacity to balance the
power system.

With this in mind, we conclude that among all kinds of ca-
pacity reserves presented in Table 1, only the operational
reserve of consumers connected to the UFLS relay without
time delay can halt a rapid frequency drop given substantial
deficit of active power.

Therefore, the UFLS relay without time delay is the only
anti-emergency automation tool in the power system capa-
ble of containing the frequency plummeting. Within a few
seconds, UFLS relay without time delay can disconnect a
sufficient portion of consumers and balance the deficient
areas of the power system formed as a result of a cascading
failure involving the disconnection of lines and generators.

Il. Problem statement

The UFLS disconnects groups of consumers sequentially
and according to the assigned categorical value. To success-
fully prevent a deep frequency drop, the system should be
outfitted with the required amount of load-shedding capac-
ity to guarantee a temporary active power balance in every
isolated area of the power system.

With this aim in view, the national transmission system op-
erators (TSOs) or the network of transmission system oper-
ators (NTSO) set the value known as the total load shed
(TLS) [7] or total load quantity (TLQ) [6]. In various power
systems worldwide, between 30% and 60% of the total con-
sumer capacity is connected to the UFLS system [5, 7, 10,
12]. This value is entered into the power system’s standards
in a general and prescriptive manner through policy regula-
tions. As aresult, it is not always clear from which consumer
capacity the specified percentage is calculated. Most often,
TLS is calculated as a percentage of the maximum system
load. This approach, for instance, is used in the power sys-
tems of the Great Britain and Ukraine [10, 14].

TLS thus defined is commonly advised to be distributed over
the system uniformly and according to the so-called “geo-
graphic principle” [5,6,10]. However, despite the possibility
to “geographically distribute” frequency relays over a coun-
try’s territory or a power system, it is in any case essential to
integrate the UFLS-connected consumers’ capacities based
on their weights in some basic electricity transmission modes
with appropriate justification for selecting the same modes
specifically for evaluating the load shed limits.

It is clear that the above-mentioned ways to determine TLS
and its distribution in the power system do not take in con-
sideration the specific features of the structure of its elec-
trical connection scheme or daily and seasonal variations in
generating and consuming capacities despite the fact that
power system standards require these factors to be ad-
dressed [5, 6, 8]. Another overlooked parameter is the
probability of the design fracturing into unbalanced emer-
gency areas.

Thus, when constructing the UFLS system, the load shed is
shared over as many consumers as possible. Clearly, the ca-
pacity connected to every single relay varies throughout
the year. Therefore, while the total load shed depends on
the current power system operating mode, at any given
moment its value in relative units cannot be lesser than the
value stated in the requirements of the system operator or
the joint power system [5, 8]. Hence, the above-mentioned
TLS value in % can be regarded only as a generalized poten-
tially attainable limit for the UFLS system of the entire
power system. The value does not provide informative in-
sight into the efficiency of the involved consumer load ca-
pacity. Using TLS as an indicator of the sufficiency of load
shedding in the general case does not guarantee prevent-
ing a failure since in the event of the power system scheme
split and the activation of frequency load shedding in the
emergency mode, some areas may turn out to be insuffi-
ciently outfitted with the required amount of load shed due
to the specifics of the power system scheme and the
boundaries of electrically isolated emergency areas.

To provide a sufficient load shedding in every emergency
area at any TLS activation time, it is needed to determine
its value taking into account the structure and amounts of
generating and consuming capacities, schemes of the elec-
trical connections, variable capacity of consumers con-
nected to frequency relays, basic modes’ parameters (in-
cluding those occurring at the maximum and minimum
power system load).
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In this study, the criterion of TLS distribution efficiency is
the minimum load shed required in the power system, con-
sidering the probability of its split into, generally speaking,
arbitrary isolated emergency areas.

To solve the problem of TLS minimization, it is necessary to use
a model of the power system to calculate its common regimes.
A mathematical model allows to compute the net power flow
through power lines at the split points of the emergency areas
and the deficit of active power in them. To incorporate load
shed changes created by TLS it is proposed to analyze three
basic power system modes: the maximum and minimum loads

and also the mode in which the share of distributed generating
capacity from renewable energy sources is maximized in the
structure of the total generating capacity.

Using the scheme of power system’s connections, the
boundaries of the affected areas are shown, and, using the
informational model of the UFLS system, the sets of load
shedding devices are determined together with the respec-
tive amount of capacity of connected consumers in these
areas. The UFLS dataset is shown in Table 2 based on meas-
urements taken in the distribution network for the three
basic modes chosen.

Table 2. Fragment of the list UFLS relays with settings and amount of load shedding in three basic modes

Nodes of network The frequency and .tlme of Mode of Power System
the relay setpoints
Substation Feeders Hz S 1" 2" 3™
MW

DTS 110/35-1 169 49,0 0,15 2,4 2,5 3,2
169-01 49,0 0,15 0,1 0,3 0,1
169-05 49,0 0,15 0,3 0,5 0,6
169-14 49,0 0,15 0,1 0,2 0,2
169-10 49,0 0,15 0,3 0,3 0,5
169-11 49,0 0,15 0,3 0,5 0,8
169-17 49,0 0,15 0,2 0,6 0,7
169-19 49,0 0,15 0,1 0,1 0,3

DTS 330/35-5 166 48,2 0,15 0,3 0,7 0,9
166-06 48,2 0,15 0,2 0,6 0,8
166-08 48,2 0,15 0,1 0,1 0,1

DTS 330/35-2 165 48,7 0,15 1,1 0,7 2,5
165-05 48,7 0,15 0,3 0,4 0,7
165-06 48,7 0,15 0,5 0 0,8
165-07 48,7 0,15 0,3 0,3 0,6

1 —the mode of the total peak demand of the power system;
**2 — the mode of the total low demand of the power system;

2Ty

Thus, the task of determining TLS and its placement in the
distribution power system has its own specifics for every
power system under study. To find an efficient solution, a
certain sequence of steps must be followed including calcu-
lation, preparation and organization of the data support,
modeling the capacity balance in the power system divided
into arbitrary emergency sections, and a final computa-
tional verification of the efficiency of load shedding given
the capacities determined earlier during the balancing of
capacities and UFLS devices’ arrangement phase.

For ease of use, the sequence is presented as a coherent
algorithm of TLS determination shown as a flowchart in
Fig. 1.

Block 1 describes the operation of measuring consumer ca-
pacities for the three basic power system modes - the max-
imum and minimum load and the mode with the maximum
share of distributed generation. The measurement results
obtained in the distribution network at this stage are

3 —the mode with the total peak capacity of distributed generation.

recorded in Table 2 which has the following structure. The
Mode column includes:

1. capacity of the substations and connections when the
power system operates in the minimum load mode:

2. capacity of the substations and connections when the
portion of distributed generation of renewable energy
sources is maximum in the generating structure;

3. capacity of the substations and connections when the
power system operates in the maximum load mode.

The Relay column contains the de facto frequencies and
times of engagement of the acting settings of the UFLS.

Block 2 shows the preparatory stage of the set of possible
scenarios for dividing the power system into emergency ar-
eas, which are subject to analysis to define and adjust the
TLS distribution. To this list, we add the scenarios of power
system division, each presented as a list (set) of lines of the
protection scheme that could sequentially disconnect in
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the event of a cascading failure. Primarily, such lines could
include the controlled crossings (see Fig. 2, secants IV-IV
and V-V). Besides that, considering the fact that it is practi-
cally impossible to predict exactly which lines and in what

sequence are going to be disconnected as the failure devel-
ops [9], it is advisable to consider scenarios involving some-
what arbitrary divisions shown in Fig. 2 by secants 1-1, 2-2,
3-3 and 4-4.

sours.

1. At the Distribution System Operator (DSO) level
In the following power system modes is measured the amount of
Demand that is connected to UFLS relays:
* the mode is with the total peak demand;
* the mode is with the total low demand;
» the mode is with the total peak capacity of renewable energy

{

2. At the Transmission System Operators (TSO) level
For evaluation, analysis, distribution and correction of the total
load shedding are prepared a list of options to separate the system
into areas.

!

3. At the TSO level
On the mathematical model of the power system will be computed modes
which are specified in block 1. For the mathematical optimization model
will be determined the initial data.

!

4. At the TSO level
For all considered options for the separation of the power system
computes the minimum required of load shedding.

{

5. At the TSO level
Using table 3 is analyzed and estimated the amount of load
shedding for each DSO.

|

6.At the DSO level
Each DSO checks and 1s corrected in common with
TSO the amount of load shedding.

Fig. 1. Simplified block diagram of an integral algorithm

The third stage is shown as Block 3. It is a scheme of algo-
rithm to determine (obtain) the output data for an optimiz-
ing mathematical model of capacity balances in emergency
areas when the UFLS settings are engaged. There, calcula-
tions for the three basic modes are performed with the help
of standard software. In particular, these calculations use a
common mathematical model of the balance of active and
reactive power system capacities to obtain the relevant
power flows in the protection scheme for the maximum
and minimum daily load modes and the mode of the maxi-
mum share of distributed generation.

Block 4 is dedicated to determining TLS: here, the calcula-
tions yield the set of UFLS devices (frequency relays) and the

relevant amount of load capacity connected to them neces-
sary for the most complete balancing of all affected areas of
the power system’s division for all versions of division con-
sidered at the second stage of the algorithm (Block 2). In or-
der to do this, a mathematical model of balancing the capac-
ities in the emergency-divided power system is used, which
contribution is considered below in greater detail. Using the
model allows for analyzing and increasing the efficiency of
distribution and determination of the minimum total
amount of balancing capacity of frequency load shed for all
possible divisions of the power system. In fact, this process
identifies a set of relays with non-zero (binary) integer use
intensities that are most essential for load shedding. Concur-
rently, activation of other relays which do not coincide with
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the chosen ones in the optimal solution of the linear pro- comprehensiveness of the power system division scenarios
gramming problem for this model is fairly improbable in any  set developed at Stage 2 (Block 2). The obtained frequency
emergency situation. From the experience of using the algo-  appropriate for load shedding of a set of relays are then used
rithm in practice, this probability depends on the todraw atable of analyzing modes and areas (Table 3).

w B Y Z

PUWEI'SJYSTEITI """""""""

=4 —=7

i
[ i " LT
T
I

————————— — the transmission line cross-sections in the electric network;
=@ — transmission lines which got into the cross-section.

Fig. 2. Variants for arbitrary separation of the power system

At the fifth stage (Block 5), analysis of calculations is per- of load shedding is determined for every distribution net-
formed according to Table 3, in particular, the lack or excess  work, every operator of the distribution network (ODN).

Table 3. The fragment of the table the evaluation of TLS placement in the power system

Number Reserve of load Total amount of load Amount of load shedding
o:basic Section of | Number of shedding shedding in area that was calculated
mode emergency region
MwW MwW MwW
1 2 1 922 1764 1662
1 3 2 -146 1080 1080
2 20 1 761 2203 2101
1 17 1 637 1895 1793
1 9 1 395 1995 1995
3 14 2 -19 438 438

2 8 1 201 2071 2071

Ill. Mathematical model of capacity balance in an emer- values of binary variables of device i usage or not usage

gency-divided power system to remedy the consequences of an arbitrary emergency

According to the described algorithm to solve the prob- which has Ied.to frequency dropina power system with

lem, the minimum required capacity is calculated by the a pre-determined set of power modes with measured

formula capacities of load-shedding devices that determines the

Ny network distribution of used load-shedding capacity and

LS opt is found as the solution of the problem of integer opti-

Pr, min — E P.-X (1) mization that is to minimize the value of the function
where {XiOpt},i:l,...,NU —is the set of optimal : l,(j'_ki)'xi — Mmin (2)
i=1
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where

A, is an element of the matrix of the affiliation of load-
shedding devices (frequency relays) to the isolated areas:
A, = 1, if the device i belongs to the isolated area r and
A, = 0if not;

P;; is the capacity of load connected to device i measured
in regime T;

RES . . .
Gir is the determined active power of renewable en-

ergy sources which provide capacity for points active in the
area covered by device i in mode t;

[)FT

resulting from the division of the power system by an emer-
gency followed with frequency drop;

is the deficit of active capacity of area rin regime t,

s is the % of load that is set by the system operator to en-
gage consumers in load shedding;

cons . . .
Prr is the total active capacity load of the surplus re-
gion rin mode t;

k; is the consumer categorization factor / active setting for
frequency of the consumer connected to device i;

X; is the sought binary variable of state of the device i: x; =
1, if device i is involved in unloading the power system;

Ny is the number of unloading devices (relays) in the power
system;

N_-

deficit in active power;

is the number of isolated areas of the power system

N R+ is the number of isolated areas of the power system

with surplus active power;

Ny is the number of measurements on devices during the
calculation period T.

IV. An example

A scheme of power system is shown on Fig. 3. It has two
controlled crossings IV-IV and V-V which were disconnected
resulting in respective emergency areas (Fig. 3). Besides
that, we considered other, fairly different system divisions
to demonstrate various cases of arbitrary emergency re-
gions formation (1-1, 2-2, 3-3, 4-4). When the problem was
solved according to the proposed algorithm, we obtained a

N
ZUAri '(Pir _GiF;ES)'Xi > Dy,
i—1

N
ZU:'% (PIT _GiF;ES)'Xi >s. PO
i=1

; (3)

r=1, N

R™ T::L, NT

Table of analysis of areas and modes (see the description of
Stages 4 and 5 of the algorithm of TLS determination), a
fragment of which is shown in Table 3.

If the described power system were required to follow the
ENTSO-E policy requirements [5] for TLS, then no less than
45% load, +/- 7%, would have to be connected to UFLS. The
minimum TLS should thus be 38%, while the maximum
should be 52%.

However, Table 3 (lines 1 and 3) shows that after the defi-
cits were covered, the remained 24% (1334 MW) and 33%
(1758 MW) is less than the minimum required reserve of
38%. In the second line, the reserve was 39% (1423 MW),
exceeding the minimum capacity required. Given these re-
serve values, it is possible to calculate the amount of con-
sumer capacity in megawatts which requires load shedding
in every isolated area, and, consequently, the TLS of the
power system as a whole.

V. Conclusions

1. The analysis conducted in this study of large-scale power
failures involving frequency drop and the properties of var-
ious types of operating reserve in power systems allows us
to state that the system of automatic frequency load shed-
ding is currently the only way to balance a power system in
the event of large and sudden imbalances of active power
regardless of their causes. An essential condition for the ef-
fective operation of the automated frequency load-shed-
ding system is the sufficiency of amounts and expediency
of capacity distribution of consumers connected to the sys-
tem. Determination of sufficient load shed should be based
solely on a comprehensive analysis of both the specifics of
the power network structure and the power flow distribu-
tion for a sufficiently diverse set of power modes. This ap-
proach allows to obtain precise values of capacity deficit
and the appropriate sources to address their recovery
within the set of means of the available operating reserve.

2. In this paper, we propose a method and an algorithm to
determine the appropriate capacity of the UFLS operating
reserve, as well as a mathematical model for its optimal bal-
ancing considering the possible division of the power sys-
tem into arbitrary electrically disconnected emergency ar-
eas. The application of these tools for evaluating and
adjusting load shed substantially reduces the likelihood of
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a total blackout in emergency areas due to complex cascad-
ing failures followed by significant frequency drops. The se-
qguential algorithm of formal procedures to solve the prob-
lem, alongside the proposed specific data structures and
mathematical model for balancing the emergency areas
equip the maintenance services and control centers of
power systems with a tool to precisely model and construct
a UFLS system.

3. Using a real power system as an example, we proved,

quantitatively, that the value of the total load shed man-
dated by the current standards and regulatory documents

in the applicable energy legislation is an insufficiently trust-
worthy parameter for defining the UFLS systems’ basic
properties. In order to determine the reasonable value of
this parameter and the consequent distribution of load-
shedding capacities in the system, it is necessary to use a
toolkit for accurate calculation of the system’s operational
mode states. One such toolkit and a case of its implemen-
tation is proposed in our research.
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Fig. 3. Single Line Diagram of Power System (fragment)
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