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Post-emergency reconfiguration of a distribution network
as a method for restoring power supply to consumers
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Abstract. The work is aimed at solving the problem of using reconfiguration and additional reactive power sources to
restore power to consumers of the medium-voltage distribution network in the case of emergency disconnections of con-
nections by bus section circuit breakers. The reconfiguration problem for a 118-node test distribution network is solved
using a high-speed algorithm involving the construction of a maximum spanning tree on a network graph as the basis for
determining information about the composition of branches and chords of independent circuits necessary to restore power
following disconnection. To ensure acceptable voltage levels following power restoration, additional reactive power sources
determined using singular Jacobian matrix analysis methods are installed in the sensor nodes of the network. For the test
circuit, the modes for single disconnections of individual sectional switches, including in dead-end sections, are analysed.
By optimally reconfiguring the network in the normal mode, it is possible to reduce voltage deviations from 13% to 7%. For
the modes caused by disconnections of individual bus section circuit breakers that lead to unacceptable voltage deviations,
the set-down locations and reactive power of additional sources are selected. In the most severe of the considered discon-
nection scenarios, the installation of additional sources provided a reduction in voltage deviations from 18 to 8%. Thus, the
methods proposed by the authors make it possible to restore the test network mode following emergency disconnections
and ensure that the voltages in the network nodes are maintained within acceptable limits, both in normal and in post-
emergency modes.

Keywords: distribution network, resilience, reconfiguration, supply restoration

For citation: Karpova E.V., Golub I.I. Post-emergency reconfiguration of a distribution network as a method for restor-
ing power supply to consumers. iPolytech Journal. 2023;27(1):74-82. https://doi.org/10.21285/1814-3520-2023-1-74-82.

QHEPTETUKA

HayuHas ctatbs
YOK 621.311

MocneaBapuinHas pekoHduUrypauma pacnpenenuresiHom ceTu
KaK cnocob BOCCTAHOBNEHUA 3NEKTPOCHaGXeHUA noTpedbuTtenen

E.B. KapnoBa'®, U.U. Nony6?

Y2WHemumym cucmem aHepeemuku um. J1.A. Menenmsesa CO PAH, 2. Mpkymck, Poccust

Pe3srome. Lienb — npoBeaeHne nccnefoBaHuii, HanpaBneHHbIX Ha pelleHre Npobnembl UCNONb30BAHNS PEKOHGUTY-
pauuy 1 JONOMHUTESbHLIX UCTOYHUKOB PEaKTUBHOW MOLLHOCTM AN BOCCTAHOBNEHUs NUTaHusa notpebutenen pacnpege-
NUTENbHON CETU CPedHero HanpsKeHUs MPU aBapUNHBIX OTKMIOYEHUSX CBA3eH C CEKUMOHHBIMK BbiKMovaTensamu. Mpo-
Bnema pekoHdurypauum ana 118-y3noBoit TECTOBOW pacnpefenuTenbHON CeTU pellaeTcs ¢ UCNonb30BaHMeM BbICTpo-
[EVCTBYIOLLEro anroputMa, 3akmovaioLlerocs B NOCTPOEHUM Ha rpade CeTW MakCMManbHOTO MOKPbLIBAKLLErO AepeBa u
onpefeneHuns Ha ero 0CHoBe WH(OPMaLMM 0 COCTaBE BETBEW W XOpAAaX HE3aBUCUMbIX KOHTYPOB, HE0OX0AMMOI 4Nns BOC-
CTaHOBMIEHWS NUTAHMA NOCNe OTKNYeHNs cBasel. [ing obecneyeHns 4ONYCTUMBIX YPOBHEN HANPSHKEH Wil nocne BoccTa-
HOBMEHUS NUTaHUA NPOU3BOAMUTCS YCTAHOBKA JOMOSHUTENBHBIX UCTOYHUKOB PEAKTUBHON MOLLHOCTU B CEHCOPHBIX y3nax
ceTu, onpedensieMbix MeTOAaMW CUHTYNSPHOTrO aHanusa matpuubl Akobu. [insa TecToBOW CXembl NpoaHanu3MpoBaHb

© Karpova E.V., Golub I.I., 2023

74 https://ipolytech.ru


https://doi.org/10.21285/1814-3520-2023-1-74-82

Karpova E.V., Golub I.I. Post-emergency reconfiguration of a distribution network as a method for restoring power ...
Kapnoea E.B., l'ony6 WU.W. [NocneasapuliHas pekoHgueypauus pacrnpedenumesnibHol cemu Kak ¢rnocob ...

PeXumbl Npn eANHNYHbIX OTKNIOYEHUAX OTAENbHbIX CEKLMOHHbIX BbIKJ'I}O‘-IaTeJ'IeVI, B TOM 4ucne n B TyNMKOBbIX CEKLMUAX.
MokasaHo, YTO ONTUMAarbHas PEKOHGUIYpaLMs CeTU B HOPManbHOM pexuMe NO3BONMUNIA YMEHbLUNTL OTKIIOHEHWS Hanps-
XeHun ¢ 13 po 7%. [nsi peXMMOB, BbI3BaHHbLIX OTKMIOYEHUAMM OTAENbHbLIX CEKLMOHHBIX BbIKMOYaTENE, KOTOpble NPUBO-
AAT K HeJoNyCTUMbLIM OTKNOHEHUSIM HanpsKeHWs!, BbIGpaHbl MECTa pa3MeLLEeHUst U PEAKTUBHbIE MOLLHOCTM LONOMHNTENb-
HbIX UICTOYHMKOB. B Hanbonee TsKeNom N3 pacCMOTPEHHbIX CLEEHAPUEB OTKITIOYEHUS CBA3E YCTaHOBKA AOMNONHUTENbHbIX
MCTOYHMKOB obecneynna CHWKEHWe OTKNOHeHUn HanpskeHun ¢ 18 go 8%. Takum obpas3om, npegnaraeMele aBTopamu
METOZAb! NO3BOMSOT BOCCTAHOBUTL PEXMUM TECTOBOI CETU NOCNE aBapUIHBIX OTKMOYEHMI CBA3E M 06ecneunTb noaaep-

XaHue Hal'lpﬂ)KeHVIIZ B y3nax CeTu B JOoNyCTUMbIX npeaenax, kKak B HopMasibHOM, Tak U B nNocneasa pI/II7IHOM pexnmax.
Knroyeeble cnoea: pacnpenenutenbHaa CeTb, OTKa30yCTOVIHMBOCTb, peKOHqZ)VIpraU,I/Iﬂ, BOCCTaHOBIIEHUE 3ANEKTPO-

CHabxeHus

Ana yumupoeanus: Kapnosa E.B., Nony6 W.W/. MocneaBapuitHas pekoHdUrypauust pacnpenenuTenisHon ceTu kak
cnocob BoccTaHOBMNEHUS anekTpocHabxeHns notpebutenei // iPolytech Journal. 2023. T. 27. Ne 1. C. 74-82. (In Eng.).

https://doi.org/10.21285/1814-3520-2023-1-74-82.

INTRODUCTION

A distribution network represents an im-
portant link in an electric power system for con-
necting power sources to end consumers. One of
its most significant functions is the ability to re-
store operating conditions during emergency dis-
connections of individual branches and multiples
thereof. Three major approaches to enhancing
resilience are: strengthening distribution poles in
critical lines [1]; network reconfiguration [2]; pen-
etration of distributed energy resources [3]. When
solving the problem of power supply restoration,
it is necessary to factor in the operational and
technical limitations associated with the need to
maintain the radial configuration of the network,
with feasible feeder sections currents and nodal
voltages levels [4].

The methods used to restore power supply to
consumers can be conditionally divided into three
groups: those based on graph theory, those rely-
ing on artificial intelligence technologies, and
those using expert systems [4].

RECONFIGURATION ALGORITHM USING
THE MAXIMUM SPANNING TREE METHOD
Numerous reconfiguration algorithms, recon-
figuration criteria and constraints have been de-
veloped. Among the various reconfiguration crite-
ria, heuristic optimization algorithms are most
commonly used. These include genetic algo-
rithms [5, 6], tabu search algorithms [7], ant col-
ony algorithms [8, 9], harmony search algorithms
[10] and particle swarm optimization algorithms
[11]. However, the complexity of present-day
heuristic algorithms hinders their real-time appli-
cation, especially when applied to large systems.
The algorithm used in the present paper is
based on graph theory [12-14]. The

https://ipolytech.ru

reconfiguration of a distribution network generally
involves opening normally closed sectional bus
section circuit brekers and closing normally open
line switches. At the beginning of the first step of
the algorithm, all line switches are assumed to be
closed. At each iteration of the first stage, the
number of which is equal to the number of inde-
pendent circuits, the power flow is calculated, the
maximum spanning tree is constructed (the
weights of its branches represented by the mag-
nitudes of currents flowing through them), and the
chord with the minimum current is opened. The
optimal composition of the line switches will pro-
vide the minimum currents in the spanning tree
chords.

At the second stage of reconfiguration, each
of the chords opened at the first stage is sequen-
tially closed and to determine the set of branches
of the circuit associated with the chord. After se-
quentially opening the branches of this set, the
power flow is calculated and the total losses de-
termined. The chord whose opening corresponds
to the minimum losses, is optimal. Thus, the min-
imum value of power losses in the distribution
network is ensured.

RECONFIGURATION OF THE TEST
DISTRIBUTION NETWORK

For illustrative purposes, let us reconfigure a
distribution network consisting of 118 nodes, 132
branches, and 15 line switches (Fig. 1). The total
power loads are 22 709.7 kW and 17 041.1
kVAR. The parameters of the equivalent circuit
elements and the load are taken from [15].

The optimal composition of line switches cor-
responding to the chords of the new spanning
tree is determined using the fast-acting steady-
state calculation program SDO-7. The
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composition of the line switches and their corre-
sponding independent circuits of the original and
optimal schemes is given in Table 1.

Assuming the voltage at the power node S1
equal to 11 kV, we compare power losses in the
network for its three states: initial, with closed line
switches, and after reconfiguration. An analysis
of the steady state showed that for the original
network, the losses amounted to 1 298.54 kW; for
the closed network — 819.67 kW; for the network
following reconfiguration — 887.48 kW. Thus, a
power loss value close to the minimum losses in
a closed network was achieved.

The minimization of power losses additionally
affected the value of nodal voltage in the network.
Taken as the nominal voltage of the power source,
the deviation of the nodal voltage from the voltage
value reaches 13% (9.57 kV) for the initial network
configuration, significantly exceeding the standard
values. After determining the optimal composition
of line switches, the deviations of the nodal voltage
do not exceed 7% (10.23 kV).

ISSN 2782-6341 (online)

A further increase in the voltage levels in the
network can be achieved, for example, by in-
creasing the voltage of the power source, con-
necting additional active and (or) reactive power
sources, managing the demand of load-con-
trolled consumers, or by combining these
measures.

RESTORATION OF OPERATING
CONDITIONS AFTER AN EMERGENCY
DISCONNECTION OF TIE LINES

The main purpose of reconfiguration in case
of emergency shutdown of the bus section circuit
breaker is to restore power supply to the maxi-
mum number of consumers by closing the line
switch. Since the same branch of the spanning
tree can be included in several circuits, the oper-
ating conditions in the case of an emergency trip-
ping of the bus section circuit breaker can be re-
stored by switching on any of the line switches
connected with these circuits.

e ———————
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Fig. 1. Initial scheme of the distribution network
Puc. 1. UcxoOdHas cxema pacnpedenumenbHol cemu
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Table 1. Composition of independent circuits of initial and optimal schemes
Ta6nuua 1. CocTaB He3aBUCUMbIX KOHTYPOB UCXOAHOM 1 ONTUMAIIbHOM CXEMBI

Initial scheme Optimal scheme
No.
Chord Independent circuit Chord Independent circuit
1 8-24 8-7-6-5-4-2-10-11-18-19-20-21-22-23-24 23-24 23-22-21-20-19-18-11-10-2-4-5-6-7-8-24
2 9-42 9-8-7-6-5-4-29-30-40-41-42 35-36 35-34-33-32-31-30-29-4-5-6-7-8-24-25-36
3 1797 17-16-15-14-13-12-11-18-19-20-21-22-23-24- |, ,, | 17-16-15-14-13-12-10-2-4-5-6-7-8-24-25-26-
25-26-27 27
25-24-23-22-21-20-19-18-11-10-2-4-29-30-
4 25-36 31.37-33.94-35-36 41-42 41-40-30-29-4-5-6-7-8-9-42
27-26-25-24-23-22-21-20-19-18-11-10-2-4-
5 2748 20.30-40-41-42.43-44-45-46.47-48 44-45 44-43-42-9-8-24-25-26-27-48-47-46-45
6 38-65 38-37-31-30-58-59-60-61-62-63-64-65 50-51 50'49'36'25'24'8'2'56_551'4'29'30'31'37'38'
7 4556 45-44-43-42-41-40-30-31-32-33-34-35-36-49- | ., ., 53-52-51-65-38-37-31-30-29-4-5-6-7-8-24-
50-51-52-53-54-55-56 25-26-27-48-47-46-45-56-55-54
8 5165 | o1 00749-36:35-343332-31-30-58-60-61-62-| gy g5 64-63-62-61-60-50-58-30-31-37-38-65
63-64-65
61-60-59-58-30-29-4-2-S1-66-67-68-93-94- 61-60-59-58-30-29-4-2-S1-66-67-68-93-94-
9 61-100 95.100 61-100 95-100
10 76-95 76-75-74-73-72-71-70-69-68-93-94-95 74-75 74-73-72-71-70-69-68-93-94-95-76-75
11 78-91 78'77'76'75'74'735;;_2538_1510'69'68'67'81'82' 76-77 76-95-94-93-68-67-81-82-89-90-91-78-77
1 80-103 | 80-79-78-77-76-75-74-73-72-71-70-69-68-93-| o oo | 79-78-91-90-89-82-81-67-68-93-94-95-100-
94-95-100-101-102-103 101-102-103-80
13 86113 86-85-84-83-82-81-67-66- S1-105-106-107- g5_gg | 85-84-83-82-81-67-66-51-105-106-107-108-
108-109-110-111-112-113 109-110-111-112-113-86
14 89-110 89-82-81-67-66-S1-105-106-107-108-109- g9-110 | 89-82-81-67-66-51-105-106-107-108-109-
110 110
115-114-113-112-111-110-109-108-107-106- 114-113-112-111-110-109-108-107-106-
15 115-123 105-119-120-121-122-123 114-115 105-119-120-121-122-123-115

The reconfiguration algorithm used in the
study can be used to identify the section with line
switches that provide minimal power losses in the
network, as well determining the lists of bus sec-
tion circuit breakers whose power supply (when
any of them is tripped) can be restored by closing
the line switch. The selection of the optimal option
for restoring power supply to consumers follows
the criterion of power loss minimization, which, as
a rule, ensures minimal voltage deviations. If the
voltage deviations exceed the feasible limits, then
a decision on additional measures is made to en-
sure their previously determined feasible values.

The studies carried out in [16—20] show that
the sensor nodes at which the response of volt-
age magnitudes and phases to external disturb-
ances will be maximum, can be determined by
the maximum components of the right singular
vector corresponding to the minimum singular
value of the Jacobian matrix. The response of
voltage magnitudes of sensor nodes to disturb-
ances can be decreased by installing active and
reactive power sources at them. An indicator of
network reinforcement with the introduction of ad-
ditional sources at sensor nodes is an increase in
the minimum singular value of the Jacobian

e
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matrix, which characterizes the improvement in
its conditionality consisting in a the decrease in
the influence of changes in active and reactive
nodal powers on changes in voltage magnitudes
and phases. Let us analyze the accidents asso-
ciated with the disconnection of bus section cir-
cuit breakers connecting nodes 4-29, 29-30, 30—
31, 51-52, 81-82, and 105-106. These discon-
nections are considered as outages leading to
significant voltage drops that require network
modernization.

Table 2 contains data on modeling the trip-
ping of sectional switches, including discon-
nected sections; the number of circuits that in-
clude the disconnected section; possible options
for power supply restoration; the chord whose
closure corresponds to the minimum power loss;
the node number having the minimum values of
voltage and power losses in the network after
closing the line switch.

Disconnection of Section 4-29. As seen in
Tables 1 and 2, this section comprises part of five
circuits. The best option for power supply resto-
ration is to close chord 41-42. However, at the
same time, the voltage drop observed at some
nodes is unacceptable (up to 8.801 kV at node
53). To ensure acceptable voltage levels at load
nodes, only the connection of additional reactive
power sources was analyzed. The graph in Fig. 2
depicts the sensor nodes that are most sensitive
to external impacts and which correspond to the
maximum components of the right singular vector
associated with the minimum singular value of

ISSN 2782-6341 (online)

the Jacobian matrix. Since groups of sensor
nodes form sequentially located load nodes, the
most sensitive nodes that belong to different sec-
tions of the radial network and are the farthest
from the power source are selected to accommo-
date additional reactive power sources. In the
case of this emergency shutdown, these are the
nodes numbered 35, 53 and 64, the capacities of
the reactive power sources installed at them are
1658 kVAR, 3430.42 kVAR, and 1958.76 kVAR,
respectively.

The feasible voltage level at the network
nodes ensured by performing this measure
demonstrated by the graph in Fig. 3. The mini-
mum voltage value in this case is 10.22 kV at
node 60; the power loss value decreased to
1480.8 kW.

Disconnection of sections 29-30, 30-31,
51-52, 81-82, and 105-106. The analysis of
power supply restoration with the indicated sec-
tions disconnected is performed similarly to that
in the study on the disconnection of section 4-29.
The calculation results are given in Table 3.

Disconnection of dead-end sections. In ad-
dition, the reconfiguration algorithm is used us to
identify dead-end sections, whose disconnection
will lead to a lack of power for the consumer dur-
ing their repair. For the network under study, such
sections are those with load nodes 3, 87, 88, 96,
97, 98, 99, 116, 117, and 118. The decision on
the need to install backup power sources for
these consumers should be based on the infor-
mation about their power supply categories.

Table 2. Options for power supply restoration when the bus section circuit breakers is tripped
Ta6nuua 2. BapuaHTbl BOCCTAHOBNEHMUS NEKTPOCHAGKEHNS NPU OTKMNIOYEHWUN CEKLIMOHHOIO BbIKIKOYaTENs

Disconnected [The number of Possible replacements Minimum voltage, Power

section circuits P kV - at nodes losses, kW
4-29 5 35-36 41-42 50-51 53-54 61-100 8.801 - 53 1025.87
29-30 5 35-36 41-42 50-51 53-54 61-100 8.99-53 1683.34
30-31 4 35-36 50-51 53-54 64-65 - 9.125- 35 1499.5
51-52 1 53-54 - - - - 9.805 - 52 1052.08
81-82 4 76-77 79-80 85-86 89-110 - 9.636 - 77 1240.16
105-106 3 85-86 89-110 114-115 - - 9.303 - 88 1542.24
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Table 3. Restoration of power supply when bus section circuit breakers are tripped
Tabnuua 3. BoccTaHoBneHWe anekTpocHabxeHns Npy OTKIIOYEHUM CEKLIMOHHBIX BbIKNIoYaTeneil

ISSN 2782-6341 (online)

Before installation of | Sensor nodes (in
additional reactive power |descending order
sources of the magnitude
of theright
singular vector
component)

Disconnected
section

Power
losses, kV

Minimum
voltage, kV

Installation
sites for
additional
reactive power
sources

Capacity of
additional
reactive power
sources, kVAR

After installation of additional
reactive power sources

Minimum

Power losses,

voltage, kV kv

53
52
64
51
65
35

29-30 8.99 1683.34

35 1258.19

53 3185.11

10.254 1306.5

64 1555.38

35
34
14995 33
32
31

30-31 9.125

35 4792.82 10.208 1379.7

52
53
54
80
103
47

51-52 9.805 1 052.08

53 2814.44 10.255 918.5

79
77
1240.16 78
91
90

81-82 9.636

79 2065.2

10.007 1062.7

106 2622.34

88
87
114
113
112
106

105-106 9.303 1542.24

88 3090.93 10.219 1627.9

CONCLUSION

The presented numerical results confirm the
applicability of the maximum spanning tree
method for reducing power losses and levelling
the voltage profile at the distribution network
nodes under normal operating conditions. In
emergency situations, the proposed method
made it possible to restore power supply to the
consumer by closing the corresponding line

switch. For the most severe accidents, the singu-
lar analysis of the Jacobian matrix was employed
to identify sensor nodes, at which the installation
of additional reactive power sources ensured the
feasible voltage values.

Further research will investigate the restora-
tion of power supply to the consumer for the
cases of simultaneous failure of several sections,
as well as sections connected to a power source.
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