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Abstract: The article addresses some of the problems associated with the process of shaping com-
mutation strategies in power substations. The issues of modelling the commutation processes of
switching devices within a substation and a sample system, as well as mathematical models for
creating switching steps within a substation were reviewed. Examples of optimisation methods to be
possibly applied in the creation of algorithms for the division of a system into subsystems as a result
of a threat of losing its integrity were discussed. The aim of this article is to present the results of
preliminary research on the topic described. Its content includes the main methods to achieve the
final research results. It is therefore an article marking the path of the research work carried out. The
article shows that it is possible, with simple substation measures, to adapt a large power system in
such a way that eventual subdivision into sub-systems can be realised by system operation planners
before uncontrolled division as a result of a fault occurs. To illustrate the intent of the pathway, a
New England test system modified version was used, using an example where the binodalisation
process and one possible division of this system into subsystems was explained.

Keywords: power engineering; power systems; power system division; binodalisation; binary switch
control; variable branch impedance method

1. Introduction

Due to the annually increasing electricity consumption, growing dispersion of power
sources and the need to use renewable energy sources, we may experience power system
operating modes that encounter integrity loss threats (in the form of a process eluding
control attempts), with no simple solution. Therefore, developing the concept of intentional
system division through power substation commutations can increase the pool of available
interactions, expanding the range of potential activities. In addition to this trend is the
issue of operational practice expansion of the intentional (preceding the emerging series of
unfavourable and uncontrolled events) subsystem separations, which can be reconnected
to the primary system after a non-critical adaptation process.

Reaching the source of the complexity exhibited by the highlighted issues, one can ask
such question as, "how can system disintegration be controlled so that the established subsystems
(islands) are (almost) balanced?" "What measures can be applied to maintain power system
integrity?" To find a broader answer to these questions, one can follow a path of analysing
mathematical models, and developing and conducting a series of operating state simula-
tions covering the entire power system, which involve going deep into the configuration
and operating states of power substations and branches (lines, transformers). The above
can also be expanded from a slightly different perspective, namely, learning the structure
and operation methods of actual facilities (facility control method, operational planning,
disturbance identification, decision-making hierarchy, organizational hierarchy (superior
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units)) and formalizing a sample methodology for switching within a substation, while
maintaining (power) flow division conditions.

This paper addresses the area associated with divisions in a power substation located
within a test power system. A fragment of one of the nodes in a known, New England
test system will be used to demonstrate individual commutation processes [1]. When
working on a topic such as the subdivision of a large transmission system into sub-systems,
a number of optimisation methods can be used to assist in the process of selecting where to
subdivide. In addition to these, there is a number of control methods, which is an important
issue in the topic of subdivision. A control method should be chosen so that it is the easiest
to use on the system and during the work. Other issues that need to be confronted are the
determination of the system’s split points into subsystems, the adjustment of the power
balance in the resulting subsystems and the electromechanical and voltage stability (which,
however, is not an aspect addressed in this article).

This article presents one of the possibilities for divisions in the power system. It
illustrates how to separate a subsystem, from the selection of the method, the introduction of
the splitting processes within the substation, the switching processes within the substation
up to the separation of the subsystem. It is the result of initial research work on the
subject described.

The chosen methodology is to use a binodalisation process to select a suitable splitting
location, which will be used in a later stage of the work. This article presents the opportunity
that will be given to planners of electrification system operations at a time when decay (or
uncontrolled system splitting) is possible. This opportunity will be able to be exploited
before an uncontrolled breakdown occurs as a result of what looks like a complex failure.
The authors show that this splitting can be done by simple switching operations within an
electrification substation.

2. Binary Control of Power Switches

Each power substation can be considered as a subsystem, and from the perspective of
the subject matter of the paper, it can be treated as a “microfragment”—a specific power
network type. The branches in such a network have low impedance moduli. In addition,
depending on the condition of the switches used in station connections, impedance of such
a branch may change from infinite (open switch) to almost zero (switch closed). Such a
system mapping manner enables the application of a binary control method as a way to
change the configuration within a power network. Such a subsystem is connected to a
large (overall) system through boundary lines. These include transmission lines with local
generation sources and consumers.

In the simplest words, the methods for depicting the diagrams of large switchgear and
their switching methodologies apply to a situation, which assumes that such switching takes
place in a single cycle. It has its advantages, since selected (“intentionally”) commutations
do not have to lead to system (or its fragment) stability deterioration [2,3]. Step-by-step
switching takes plenty of time, which is why it is better if it is automatic with the shortest
possible duration and within a single cycle (if possible). An example of such switching can
be the situation presented in Figure 1.

Assuming that switching requires a bay, shown in the figure, to be switched into a
second bus system (currently in the first), one can close switch Q32 (if it is not forbidden) and
then open Q31 (if this does not result in a power outage). For the sake of simplicity, one can
assume that switch Q31 opens and Q32 closes at the same time. If these switching actions
are permitted by the station layout and the station operating instructions, it is safe for the
system and does not cause interruption to the power supply. Since, with the development of
switch-making technology, the response time to the switching impulse and to the switching
off impulse decreases and the signals are transmitted with a minimum delay, the time span
of the commutation processes is omitted for simplicity in the considerations discussed. This
makes it possible—to a certain extent—to shift the emphasis from the dangers carried by the
electromechanical stability considerations, namely, voltage stability, to take advantage of
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practically immediately available current signals and the advantages of almost no excitation
of voltage variation (module, argument) at the site of the created break. Furthermore,
“breaking” high flows should be avoided when switching. It is only permitted for low
flows within a power substation.

Q31 Q32

Figure 1. Method of connecting a feeder bay to busbar systems through Q31 and Q32 switches; Q31
is the switch connecting the field to the first busbar system, and Q32 is the switch connecting the field
to the second busbar system.

The condition of power switches connecting a bay with a busbar system can be treated
in a binary manner as a vector, which should contain independent binary variables. For
example, as shown in Figure 1, the substation feeder bay switches can connect a node
with the first or second busbar system, but not with both simultaneously. In addition, the
dynamic nature of each of those control variables can be taken into account.

A binary approach that can be employed when modelling the operating state of a
power substation is taking into account (or full depiction) of the base switch state (I) using
binary values 0 or 1, as well as their post-switching states (II). They can be depicted in
tabular form or using a switch tree (optimization approach). This enables all combinations
of switch states to be obtained within a power substation.

Another method for a binary depiction of a power system operating state involves
using coincidence matrices within each substation and the entire system. The matrix
equation is shown as a relationship (1):

Axa-Y-A! 1)

where A is the matrix of coincidence between nodes and branches within a given substation
(system), « is the state matrix of switches in individual branches written in a binary manner
[0, 1], and Y is the branch admittance matrix.

The advantage of the binary approach is that it can be employed in algorithms associ-
ated with artificial intelligence (as one of the choices—genetic algorithms). By applying
a criterion function, for example, for the lowest flow at the point of system division, one
can obtain an appropriate switch configuration in a relatively short time. However, this
approach also includes a possibility of providing many good solutions (enabling one to
choose the best one based on the “superior” criterion).

For the purpose of this article, a method based on changing the branch impedance
values was used, which in some ways replaces binary methods. However, it is rather
simplified. Instead of using a binary value of 0 or 1 in the vector describing the position
of a given switch, the reactance values for the long line (which is not present in the
system) and the very short line, respectively, are included. In the method used, the
approximation is that there is no missing or direct connection. It is only necessary to speak
of a low-impedance connection (for example when considering a substation connection) or
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a connection with a high impedance modulus (for an open link or the absence of a branch
within a substation). However, this creates artificial connections within the substation,
which do not exist in reality, but which the calculation programme can “route” power
through as an alternative path.

3. Optimization Methods When Considering a Power System Division

Assuming that a fixed power system operating state is considered, one can find nodes
within a system to enable its easy division while maintaining electricity supply continuity.
The power flow tracking method can be used for this purpose. They enable a local approach,
using paths between the considered areas, rather than an “overall system” approach.

The fact that subsystems will be able to operate independently of each other after an
appropriate division arises from the natural power flow between generation nodes and
consumers. Each of the nodes enables appropriate control of the power switches (closing
individual branches connecting the bays with busbar systems and sections) in order to
optimize the power flow path within a single substation.

When analysing the approach, which assumes that power lines and substations are a
path between the producer and consumer that implements electricity transmission, one can
state that a generating node gives away gross power (energy), and the consumers receive
net power. Loss on lines (transmission) is directly related to the specifications of the utilized
transmission paths.

The system division process may be implemented employing an optimizing knapsack
problem [4,5]. When considering the optimization problem with a set of consumers, one
should supply as many of them with electricity as possible. At the same time, the capacities
of power lines to transport this energy and the generating capacities of the generation
sources within the system should be taken into account. Therefore, assuming that the
division will transform one system into two subsystems to operate independently, one can
consider a standard knapsack problem, namely, creating a subset of all system elements so
that one “knapsack” subsystem fits as many of these as possible. At the same time, one
should bear in mind that the system contains sets that require a continuous power supply
and should be treated with the highest priority.

Therefore, with n elements in the system, each of which has a p; value (interpreted
as power drawn from the system) and a w; weight (which determines their role within
the system), and assuming that a specific “knapsack capacity” v is available (generating
capacity of the sources installed within the formed subsystem), the optimization problem
comes down to finding such an element subset, which satisfies conditions (2) and (3):

max X (p; X X;) )

i (w; X x;) <o 3)

where x; is a variable decision [5].

The decision variable x; within such a formulated problem should be treated as a
variable with a binary character {0,1}. This means the presence or absence of a given
element in the subsystem created by dividing a power system.

4. Binodalization Procedure

Dividing a large power substation into smaller substations enables commencing switch
operation within this substation.

The New England (NE) test system, a modified and simplified version [6,7], with its
diagram shown in Figure 2, was employed for the purposes of discussing an example of a
process of dividing a power system into subsystems.

This system was chosen because it can be treated as a large system (there are quite
a large number of nodes in it, several of which are extended substations) in which it is
possible to separate several smaller subsystems without changing the parameters of the
power sources or loads. In addition to this, it is small enough that a separation can easily
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be made, which will serve to convey the idea of the method for the purposes of this article.
The representation by means of it will be more illustrative than by using a large test system,
such as IEEE 118, in which there are many more dependencies between nodes and, for the
purposes of the article, it is too extensive (it will be used in a further stage of research work
on the topic under discussion).
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Figure 2. A sample New England test system.

The selected system contains 31 nodes [7], each being a substation of a certain layout.
The system on which the considerations were based is a simplified one used by the authors
for teaching purposes. Each of the substations contains outflows (or inflow generations)
that are not projected onto the diagram shown in Figure 2 and are only modelled within
the system in the software. Each generation was simulated as an appropriate mathematical
model for the generator set, together with an algorithm for its adaptation to grid conditions,
including the excitation systems of the synchronous generator. This was applied directly in
the calculation program. Lines and loads were also created via appropriate mathematical
models of these power system components.

Power substations that constitute stable operation elements (transmitting large-span
flows) are of a highly expanded structure, ensuring correct EPS (electrical power substation)
operation and low-risk electricity supply to consumers. Such large facilities, for imaging
purposes, can be divided into two smaller substations, each of which will have its own con-
sumer, and a low-impedance connection between them. This is the so-called binodalization
procedure [8].

The binodalization process within the presented NE system may look as demonstrated
in Figure 3.

Binodalisation makes it possible to represent a substation as two substations connected
by a power coupling issued to open in order to separate the subsystem (with power flow
control). It is a way of representing the system to the master system without having
to penetrate the structures of each substation, giving the possibility of only sending the
command “off” to the switch, selected in the process of the substation systems.

The system nodes in Figure 3 are marked as Bx and .Bx. This means that the general
Bx node was divided into two, with one maintaining the previous name and the name of
the other one expanded with a dot (in front of the name).

Such an approach enables power (energy) flow analyses and the possibility to divide
the system without going deep into the substation structure, since the 1&C of the substation
will provide follow-up selection (“suggest” for potential application) of the branch switch,
e.g., B-B, and without the need for divisions within the substation, which would be
complicated during modelling.
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Figure 3. Binodalization process demonstrated on an NE test example: a modified and
simplified version.

At the same time, as mentioned above, the division of nodes into two also caused a
division of outflows and inflows, which are not plotted on the diagram shown in Figure 3.

5. Switching with the Power Substation

As mentioned previously, each of the substations has its own structure. An example
of a B04 substation bay layout is one with a double busbar system, as shown in Figure 4.

lB 14 lBOS

BO4

TBO3

It is one of the basic, typical busbar layouts in an HV power substation. It enables
uninterrupted power switching within a power substation and ensures consumer supply
reliability. Feeder bays (Power system PL) usually have two system isolators and one
breaker. However, there are sometimes two breakers in a bay. Such a system is applied
in 400 kV substations. The normal operating state is when both systems are energized,
and both breakers are active. A failure of one of the systems leads to the deactivation of
its connected breakers, which enables facilitation of the operation, substation operational

Figure 4. B04 station structure.
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flexibility and increased operational reliability. This variant does not involve the need to
manipulate the isolators, which additionally mitigates the possibility of making a switching
error. Other substation systems have been reviewed in the literature (e.g., [9]).

Each of the bays in the case in question is connected to one of the systems, and the
system switching device remains closed. The lines between nodes B04 and B03, and B05
and B14 are substation power feed lines. Such a substation can be easily subjected to
binodalization. It is sufficient to correctly connect the feeder bays to a selected busbar
system (or leave the existing connection) and open the system switch. This approach allows
a substation to be viewed as simply divisible into two substations, each of which can have
different configurations. Using this way of subdividing a substation provides a simpler
way of looking at intra-station divisions, as described later in this article.

The main criterion for selecting a node to be divided is the fact that minor power flows
through the lines connecting them during the binodalization process (Figure 3).

Therefore, the B04 node can be divided into two subnodes, as in Figure 3. One of the
nodes will be marked as B04, and the other as .B04. In the present case (where there are
two busbar systems), the name of the substation is equivalent to the name of the busbar
system concerned. This view makes it possible to subdivide the substation by appropriately
attaching individual bays to the busbar system (or, in another case, for example, to the
corresponding section separated by a section link).

Figure 5 shows a structure of the NE test system fragment with a drawn B04 substation
busbar layout (in a more general case, it may be the suitably simplified equivalent of the
internal connections of a station), shown in Figure 4.

e —* —_— ~ e —
-~ = B «_
»,",,—0\ o —9 —
,’ —e —@— & —-
RS e
o—& i
S = i 4
= |
§—e =
: -+ ||
“ —o
\ i ™~
/ Py i ";.\ i ,\
_ i A

Figure 5. Structure of the NE test system fragment with a drawn B04 substation busbar layout.

This Figure takes into account the branches with an open switch. They were created
for computational purposes and in order to switch at a later time.

The switch position within a given bay was reflected by assigning a relevant (artificial)
impedance (longitudinal)—according to the variable branch impedance method used. It
has a high value for open switches, corresponding to longitudinal reactance, created by
a line about 200 km long (400 kV). In the case of closed switches, a several-kilometre
line impedance was adopted (for computational reasons, typical software does not allow
zero branch impedance values). This approach makes it possible to simulate the states of
operation of the switches in a given station (during switching, the impedance of the branch
in which the switch has been moved changes), while at the same time maintaining (for the
sake of the capabilities of the calculation program) the continuity of the branch in question.
This is because the impedance is very high (it represents an undoubted break in such a
small circuit), but nevertheless exists as a certain calculation value in the admittance matrix.
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6. Aforementioned Example of a Power System Division

Figure 6, as previously stated, shows a B04 substation division into two smaller
substations. The division was conducted by changing the states of the switches connecting
the bays with busbar systems. One of the systems was connected with lines from the B14
and B05 substations (.B05 more precisely), and the second system was supplemented with
a line connecting the B04 node with the B03 node. In addition to these three fields, the
substation also has two outflow fields, consuming around 200 MW and 300 MW, where the
switches will not change states.

W e S

1 1 .B04

BO4

-

Figure 6. B04 station division into two substations.

The system switch has been opened. As a result, two substations were formed:

First one: defined as a busbar system I marked with B04;
Second one: defined as a busbar system II and marked with B04.

Similar to B04, the B15 and B08 nodes have their own structure.
Therefore, assuming that they have the same busbar system as the B04 substation, it is
easy to divide them (similarly to B04). Ultimately, as per Figure 3:

e  The B08 node was divided into two substations, namely, BO8 and .B08, as per Figure 7.
The division was conducted by opening a switch in the system switching device. At
substation B08, in addition to the three fields involved in the switchover, there are two
outflow fields consuming around 100 MW and 420 MW. However, their switches will
not change states;

e  The B15 node was divided into B15 and .B15 substations, as shown in Figure 8. Similar
to the previous substation, the division was conducted by opening a switch in the
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system switching device. At substation B15, in addition to the two fields involved in
the switchover, there are two outflow fields consuming around 120 MW and 200 MW.
However, their switches will not change states.

l BOS B07
a) l

LT L.

b)

; ,

°*3 " T 808

€)

i

Figure 7. BO8 station busbar system (a) prior to division into substations and (b) after the division;
(c) connection in the system after the division at node B08.
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b)
B14

I B15

b

B31
o

B14 __
-

Figure 8. B15 station busbar system (a) prior to division into substations and (b) after the division;
(c) connection in the system after the division at node B15.
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7. Strategy in a Binodal Approach (from the Perspective of the Power System),
Combined with the Need to Take into Account Intra-Station Commutation—The Use
(in Calculation Terms) of Artificial Transformer Sets with Combined Transmission

Binodalisation (presented earlier) may indicate the location of a possible separation,
but this is a level that must be correlated with the technical possibilities of physically
carrying out the necessary commutation at the indicated (selected) substations. In each
substation, there is a list of critical technical constraints (numerically reaching tens or even
hundreds) that must be taken into account. An example of an unauthorised switching
within a substation would be when there are two supplies (primary and reserve) for one
load in one substation. It will then be forbidden to switch both supplies to one busbar
system. Other critical technical constraints are (or should be) included in the substation
operating instruction. These constraints are technical constraints and therefore related to
the construction and operation of substations and the loads they supply.

An approach will be presented in which a sequence of artificial (quasistationary)
commutations will be subject to modelling using transformer models with composite
transmission [10]. This will be modelled in (mainly artificial) complexes interacting with
branch (active) powers P via a transverse gear setting (PST phase shift) [1,11,12].

When creating lists of possible binodalisations in large substations, it is necessary to
penetrate the structure of each substation, as the final division of the substation into two
nodes will be made by a circuit breaker implementing a branch break where the power P is
sufficiently small.

There are great advantages in a method that assumes that the switches in the station
are branches whose power can be tuned, and therefore there is no need to take switch states,
which is limited by certain restrictions.

For editorial reasons (and the associated need to weigh up the emphasis), the idea
of this approach will be illustrated with a focus on the case of the subdivision of the B04
substation (the first of the three previously addressed).

Station B04 can be divided into two nodes, namely, B04 and .B04. Figure 4 shows
a diagram of the substation and the positions (states) of the circuit breakers before the
possible division of the substation into two sub-nodes. The operating state of the substation
before splitting can be represented in an alternative convention of using a diagram, for
example as in Figure 9 (several nodes and branches).

14u 03u OSu 04u

L [ L

® [ ]

{ {

L]

145‘ 03s 055*

@ L

L 4
14d* 034 05‘; ’ch

Figure 9. Diagram of the operating status of station B04 before subdivision.
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It is possible to interact with the intra-station flows using such an extremely simplified
diagram, enriched with three artificial transformers with composite transmission, as shown
in Figure 10. It is then also possible to artificially assume that all circuit breakers are in the
conducting state (are switched on).

14u O03u OSu O04u
0@ 80 80 109 178 178 109 238.22 238.22 Anio
o 37 37 _4 5S4 52 —1 140.40 135.71 3 4
80 98 60
37 17 88
38
~ 22
80 98 60
38 18 89
—T
4 s 62 03s 2 0Ss P
40%7 40 40
o 7 641 = S
82 104 /=
39 23 97
/ 38
/ 22
82 104 75
38 23 96
14d 03d 05d 04d
0@ 55 s s s es 1as-00 B,
o -1 —1 : °

Figure 10. Diagram of the operating status of substation B04 before subdivision enhanced with
artificial transformers with composite transmission.

In fact, circuits such as those in Figures 9 and 10 can be equivalent to the actual
primary circuits of the substation, with details enriched as required, or with details subject
to reduction (for example, two radial, 200 MW and 300 MW, energy discharges from the
substation located near the upper and lower busbar system connector fields).

In the presented procedure, the branch impedances of the busbar sections of the
substation, but also the internal impedances of the circuit breakers in the closed state, can
be mapped, for example, by means of an approximate, small, unified along impedance,
je Q, the reactance of which can (in the limit) aim at an approximate real value. In the issue
described, there is no need for this.

In series with these longitudinal impedances—at selected branches of the connectors—
ideal transformers with composite transmission 8 e/% are located in the mesh, as shown
in Figure 11. These must be controllable (independent) gears. In the example described,
they are located quite arbitrarily (but at the location of one of the two connectors of each
transmission line). The diagram must be consistent and the connectors conductive (closed).

The composite transmission & e/% of artificial PST complexes can be simplified to a
form /%, in which no longitudinal gears are controlled. These are artificial creations. In
fact, transformer assemblies are built (for use in the system), which can consist of several
specific transformers. The artificial transformer unit described here has a functionality
similar to that of laboratory-applied phase shifters (3 poles of stator and 3 poles—stopped
and adjustable, e.g., via worm gear—of the rotor). Phase shifts 6 can also be used as a
substitute for phase shift increments (since each 6y is zero at the initial moment).

The vector of controls is, therefore, as follows:

9d14sl4d
9d03503u (4)
9d05$05d
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AP~ =

[APT

LAP 054044

s14s14u
AP 14614a
AP Sp3503u
AP 35034

P s05505u
AP 55054
AP G404d
AP 144030
AP 44034
AP 534050
AP 534054

P So5u0au

while the vector of independent variables includes the following branch active power increments:

©)

Using the classical approach—commonly used in the analysis of qua steady-state

operation of transmission networks—a sensitivity matrix of branch active power increments
to PST phase shift increments is obtained [13]. This matrix ( Sy,) occurs in relation (6)

AP= ~ Sy, 0 6)

In the example described, it is as follows (active capacities in relative units relative to
a base power of 100 MW, phase shift settings in radians):

[ 31.4775 19.4220  —7.2862]
—31.4775 —19.4219  7.2862
—19.4219 —43.4568 —14.5257

19.4219  43.4568 14.5257
—72861  14.5257  45.6189
72862  —14.5257 —45.6191
R 4.7694 —9.5091  23.8072 (7)
31.4775 194219  —-7.2861
—31.4775 —19.4219  7.2862
12.0555 —24.0348 —21.8118
—12.0556  24.0348 21.8118
4.7694 —9.5091  23.8071
| —4.7694 9.5092  —23.8071 |

Thus, by selecting the phase shifts 6 of the three PSTs mentioned above, it is possible

to determine the branch powers P~ based on the branch powers at the point of expansion

P~ ?, increased by the increment Sy,;4 0 caused by the selection of the phase shifts 6:

[ Pse1a | [P5L1a ] [ 314775 194220  —7.2862]

P ue1ad Poliad —314775 —19.4219  7.2862

P 35030 Poosu —19.4219 434568 —14.5257

Pe03d Polond 19.4219 434568  14.5257
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Figure 11. Schematic of the operating state of substation B04 before subdivision enriched with
artificial transformers with composite transmission and along branch impedances.

At stations B04 and .B04, the binodalisation approach indicated that a flow of approx-
imately 2.5 MW could be interrupted. The algorithm based on the above equation will
select the upstream and downstream coupler of the rail system as critical (for possible flow
interruption). The linear couplers will retain the states as initially shown in Figure 9.

The following advantages of using algorithms of this type can be pointed out:

e They can make the above calculations on an ongoing basis (and locally) so that the
optimum distribution of stations has a prepared basis,

e  The optimisation algorithm operates with a whole set of technical constraints—as a
result, the signal of a possible split will not be a challenge to the station, which would
override the idea of optimal division,

e  The optimisation algorithm can easily operate on natural constraints, for example, in
the row series of the sensitivity matrix S, shown above, there are coefficients that
naturally direct the flow in the line towards one of the linear connectors (at the expense
of the other—this flow will correspond to the flow in the line),

e Individual connectors (groups of connectors) can be assigned weighting factors, so
that the critical connector is the most appropriate one for these purposes,

e  If the division does not take place in a single cycle, the optimisation algorithm may
have the function of indicating a secondary compromise solution.

In the example shown of sub-system separation, two more stations are also subdivided.
If a split is made allowing for higher interruptible flows, this should involve either the need
to switch off some sources (to avoid, for example, a temporary increase in frequency) or the
need to switch off some loads (to avoid, for example, a temporary decrease in frequency).
This could be considered in more detail in the optimisation algorithm.

In the subdivision optimisation problem presented, passive capacities (Q-flows) are
assumed to be of secondary importance. In areas of the network where problems with
these flows could be critical, this can be taken into account by increasing the weighting of
the associated coefficients in the optimisation algorithm. The reactive power and nodal
voltage signals, as well as the more locally placed mathematical models of the operating
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states and their expected dynamics of change, can be used to elicit a positive or negative
signal from the station system and influence the main signal (whether or not division is
allowed in that station).

After switching the line, following the statements above, one can observe that low
power will flow through the system switches. This is shown in Figures 12-14. These figures
show the power (energy) flow in system switches of these stations in closed states, as well
as power flows within their areas.

Figure 12. Mosaic of flows against the complex interconnection system equivalent of the primary
circuit structure of station B04. The green markings represent power consumption, the red markings
represent power generated, the violet colour indicates the direction of the return of the flow arrow
and the white markings represent line power flow. The other designations are node symbols (they
are not relevant).

Figure 13. Power flows in the B15 substation prior to opening the system switch. The green markings
represent power consumption, the red markings represent power generated, and the black markings
represent line power flow. The other designations are node symbols (they are not relevant).



Energies 2022, 15, 7293 16 of 19

Figure 14. Power flows in the .B08 substation prior to opening the system switch. The green markings
represent power consumption, the red markings represent power generated, and the black markings
represent line power flow. The other designations are node symbols (they are not relevant).

Low-power flow in system switches means that opening the switching devices will
not cause detriment to the operation of the entire system, and an “island” can be success-
fully separated through divisions in stations B08, B15 and B04. The island can operate
independently. Figure 15 shows a test system fragment with a separate island.

Figure 15. Subsystem separated after commutation processes.
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Two subsystems were established after the division of the B08, B04 and B15 substations.
The employed simulation software enabled conducting computations, which is why the
created island is balanced and can operate regardless of the rest of the system.

The power flow in individual system branches also changed. The powers flowing in
the flows changed slightly.

In total, the power flowing into the unbundled subsystem will decrease. In contrast,
there will be excess capacity in the other subsystem. While it does not seem problematic
if there is too much power in the system, as the generation of some (or all) of the power
plants can be easily reduced, increasing the power in the isolated island requires more
treatment. Where possible, the power generated at local power plants can be increased.
If power reserves are available, this will be the easiest way to make up the power deficit.
If, on the other hand, such a technical measure is not possible, the power demand should
be calculated within an isolated island. This is done by disconnecting consumers whose
supply is not a priority or by reducing the demand in individual consumers while keeping
them in operation. For example, one of the production lines in a plant may be shut down.
Such actions may not be satisfactory for energy consumers but will help to maintain the
subsystem independently of the rest of the system.

A stumbling block may be the excessive, difficult-to-control dynamism of the operat-
ing states of such a dedicated radial area, resulting, for example, in insufficient generation
associated with the need to control local sources (e.g., renewable energy sources) or difficul-
ties in maintaining the right frequency. In the short term, however, such a sub-system could
operate relying on a rapid reconnection to a central part of the system with conditions for
continuous operation [14-21].

8. Summary and Conclusions

Binodalization is a process that facilitates dividing a system into subsystems. Knowing
the substation busbar layout and values describing inter-station links, one can easily adapt
the method of connecting individual bays to sections or a system. Optimization methods,
such as the mentioned description of the knapsack problem or the flow tracking method,
can help in achieving this.

Power switch states can be described using binary notation or, as in the case of the
simulation herein, a variable branch impedance value. Although the second method is
similar, it provides expected results and enables computations to be conducted.

The article discusses examples of the commutation process design in power substations
that can be helpful when intentionally dividing a power system into subsystems. They
can be also beneficial for people dealing with power transmission planning in a power
transmission system. The material presented in this paper demonstrates that it is possible
to carry out switching within a substation without affecting the operation of the power
system (its stability and correctness of operation). In addition, it is possible to separate a
subsystem as a result of previously performed substation switching and the selection of
a suitable switch performing the separation operation. In this way, two subsystems are
created, each of which is balanced, and the separation has been controlled. This makes it
possible to argue that an intentional power system splitting scenario is possible and can be
used by transmission system operators.

The process of binodalization, as presented, serves the possibility of looking at the
power system from the perspective of the host system (system operator) without having to
penetrate the substation structure. It simplifies the way in which subsystems are separated
to issue the "open" command to the switch selected by the substation automation. This
simplifies both the calculations performed in the host system and allows a list of possible
separation scenarios to be created.

The goal of searching for variants in dividing a system into subsystems is the possibility
of such a change in power substation connections that would enable the counteracting of
the consequences of potential system failures, which could disrupt its normal operation.
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From the point of view of the paper’s authors, it is an issue that is important and
requires advanced research from the perspective of the power network and system devel-
opment and in light of progressing changes.
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