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The article is devoted to the development and testing of a methodology for analytical
modeling of power supply systems that include multiple sources and multiple consumers of
electricity, located at a distance from each other and connected by power transmission lines.
The developed methodology will help designers assess the possibilities of distributing
electricity among consumers while calculating the optimal voltages that need to be
maintained at the nodes of the power sources, thereby achieving minimal voltage differences
between the load nodes. The methodology is tested using a 10-node power supply system, in
which the number of energy source nodes and load nodes is equal to 5.

The modeling methodology is based on calculating the parameters of the power supply
system using the node potential method, along with Ohm's and Kirchhoff's laws. The
calculations utilize the method of complex amplitudes and are carried out according to a
proposed iterative algorithm, the flowchart of which is presented in the article. The
calculations are performed in the MathCAD environment using the mathematical framework
of matrix computations. For this purpose, a conductance matrix and a node current matrix
are constructed, and the node potential matrix is calculated in MathCAD. The paper
demonstrates how to transit from a three-phase system to a single-phase system, with all
calculations performed on a single-phase scheme. To obtain accurate results, formulas are
derived for converting the parameters of the three-phase system into single-phase parameters,
including the conversion of consumed load powers into complex impedances. The results of
the modeling are presented in tabular form and as directed graphs, indicating the potentials
of the nodes and the directions of active power flows. The results of modeling two variants
of power supply systems are provided. The proposed methodology is recommended for
assessing the parameters of power supply systems that include multiple sources of electricity
and several load nodes.

Keywords: power supply system, mathematical modeling, calculation methodology,
node potentials, complex amplitudes.

Introduction. The task of continuously supplying quality electricity to
consumers has always been and remains relevant. To achieve this, individual power
plants (PP) in the country are interconnected into electrical networks, ensuring the
possibility of supplying electricity to consumers from multiple power plants. It is
advisable to assess the potential for balanced operation of power supply systems
(PSS) when designing new power plants and modernizing the existing ones through
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mathematical modeling. When modeling PSS with multiple power plants, the
complexities lie in evaluating and regulating power flows between the power plants,
ensuring that the voltages at the nodes of the PSS do not significantly deviate from
the nominal values.

The goal of the work is to develop a methodology for modeling power supply
systems that allows for the assessment of the possibility of uninterrupted electricity
supply to consumers with minimal deviations of the voltages of the power sources
from their nominal values.

Description of the research object. A 10-node power supply system (PSS)
operating at a voltage class of 220 kV is studied. Five nodes of the PSS are sources
of electricity (power plants), while the other five nodes represent loads. The nodes
are connected by power transmission lines, forming an electrical network in which
each node is connected to several neighboring nodes, ensuring the reliability of
uninterrupted electricity supply to consumers.

One of the parameters of electricity is maintaining the voltage within specified
limits. For a voltage of 220 kV, according to [1], the maximum system voltage is 245
kV. The minimum voltage, in this case, is not regulated. In normal operation,
electricity with nominal voltage from the nearest power plant is supplied to the
consumer. As it travels through the power transmission lines, some energy is lost,
and the voltage drops. If the power of the power plant is insufficient, the voltage
decreases to unacceptable levels. To prevent this, the missing electricity is sourced
from other power plants, which increases their voltage. The higher the voltage at the
power plant, the greater the power it can deliver to the consumer, thereby relieving
the neighboring power plants.

Research methods. The research was conducted using analytical methods for
calculating electrical circuits based on Kirchhoff's and Ohm's laws. The node
potential method is chosen as the basic method, in which a system of equations is
formulated that links the parameters of the PSS (resistances of the power
transmission lines, generator voltages) with the potentials of the load nodes. The
method of complex amplitudes was used to solve the system of equations, allowing
for the consideration of phase shifts between currents and voltages in the elements
of the PSS, thereby separately accounting for active and reactive power. Since the
number of equations turned out to be quite large, the unknown node potentials were
calculated using the matrix method in the MathCAD environment. The correctness
of the calculations is verified by finding the power balance and using Kirchhoff's
laws. An iterative algorithm is employed in the modeling, the flowchart of which is
shown.

Initial data. In Table 1, the total powers of the electricity sources and loads
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across the three phases are presented. Without the application of 9CO0, there is a
deficit of active power throughout the system. This can be eliminated by supplying
electricity from 2CO0.

Table 1
Initial Powers

Nodes P, MW | Q, MVAr Nodes P, MW Q, MVAr
2C-0 OH-6 110 55
2C-1 110 100 2C-7 60 136,7
DH-2 100 50 2C-8 94 45
OH-3 60 30 OH-9 96 48
2C-4 70 51 Source 334 332,7
DH-5 80 40 Load 446 223

Not enough 112 -109,7

The calculation scheme. In the node potential method, the resistances of the
loads are required, while the consumed powers are given as input data. To obtain an
expression that relates the resistances of the consumers to the load power, we will
use the following approaches.

The real scheme (Fig. 1) represents a three-phase power source (transformer)
with power S,;, whose windings are connected in a "star” configuration, through three
wires with a resistance of Z, for the power transmission line connected to a load
consisting of three complex resistances Za, Zs, Zc also connected in a star
configuration. The input data specifies the total powers S, consumed by these

resistances.
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Fig. 1. A three-phase scheme

Fig. 1 shows a three-phase, three-wire symmetrical system. In this case, for
the sake of simplifying calculations, one can transit from the three-phase system to
the calculation of the electrical mode of a single phase, representing the three-phase
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system as three identical single-phase circuits, as shown in Fig. 2.
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Fig. 2. Three equivalent single-phase circuits
In each phase, the consumer of the single-phase circuit will consume one-third

of the total power S,4 = S?”

The current in the load of one phase is found using the formula:
_Uwp _ Uy
IH(]) - ZH::]) - \/§'2H¢. (1)

Considering that the phase complex conjugate the total power of the load
2

. . . Uz, .
given by the expression S;g = Uyg * g = 5. We express the load resistance for
up

—HQJ _H"‘Jl/3 _HLJ'I 2
( )

ZA=ZB=ZC=ZH¢=S;¢_ 3 = s
In the formulas, complex quantities are underlined, and complex conjugate

quantities are indicated by an asterisk.
When checking the power balance in one phase, we will use the expression:

ol” Zug + |Lig|* + 20 = 124 - Uy @)

The powers of the electricity sources and the electricity receivers are found as

three times the values of the phase powers. To calculate the potentials of the nodes
for each phase, we construct a conductance matrix for the load nodes. In this matrix,
the main diagonal contains the self-conductances of the nodes, taken as positive,
while the other elements of the matrix represent the inter-node conductances, which
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are always negative. The self-conductances of the nodes are found as the sum of the
conductances of the branches entering the node. The inter-node conductances are the
conductances of the branches connecting the two corresponding nodes.

The matrix form of the equation will look like:

IGI*[llI=I1JI] (4)
where ||G|| - square matrix of conductivities, Cx; ||| - column matrix of nodal
potentials, B; ||J]| - column matrix of nodal currents, A.

Using MathCAD, we find the matrix of potentials of load nodes of a separate
phase ||¢||. We define the branch currents as the ratio of the potential difference of
adjacent nodes connected by a branch to the resistance of the branch.

Simulation results. The values of deficit/excess of power of power plants in
the initial system at ES voltages equal to 220 kV are given in Table 2. At the 1st and
4th power plants, there is a deficit (minus sign) of power.

Table 2
Power deficit in the original system
Power plant Active power (P), MW Reactive power (Q),

MVAr
3C1 -34,96 53,06
2C4 -124,64 -67,26
3C7 19,92 106,86
2C8 63,78 35,30

Analyzing the numbers given in the table, it is easy to notice that the first and
fourth power plants do not have enough active capacity, in addition, the fourth power
plant also has a shortage of reactive power. The seventh and eighth power plants
operate with a reserve of generated capacity.

Phase currents in power transmission lines. Currents in the conductors of a
power transmission line are calculated using the potential difference of adjacent
nodes and internodal conductivity using the formula:

Lij = (@i — 9j) - Gyj.

The current is considered positive if it is directed from the node corresponding
to the first index to the node corresponding to the second index. The minus sign
indicates that the direction will be opposite. For example, 103=68.98-i48,84, where i-
is an imaginary unit. This means that active power is directed from node 0 (first
index) to node 3 (second index), since the active current is positive, and reactive
power is the opposite: from node 3 to node 0, since the reactive current is negative.

The values of currents in the transmission line are summarized in Table 3.
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Currents in the power lines of the original system

Table 3

Current in power | Active current, A Reactive Current module,

transmission lines current, A A
lo1 0 0 0
lo 64,98 -48,84 81,29
l12 160,58 -85.44 181.89
l16 219,86 -37,74 223,07
23 -80.84 59,89 100,61
I25 -11,85 -13,38 17,87
34 -170.00 90,27 192,49
45 138,18 -63,51 152,08
46 99,87 -83,11 129,93
49 102,73 -73,48 126,30
Is6 -76,10 27,92 81,06
l67 -40,54 50,36 64,65
178 0 0 0
179 64,63 -27,95 70,41
lgo 79,32 -25,45 83,30

In all transmission lines, except the transmission line between nodes 2 and 5,
active and reactive movements move in different directions. In transmission lines 01
and 78, power is not transmitted. Information from one or another node to which
active flows are transmitted is shown as a directed graph (Fig. 3). This graph also
shows the line voltages of the electricity consumers. Of particular interest is the 25
power transmission line, which has a very high inductance and low active resistance.
In it, the active energy goes from a lower potential to a higher one.

SH3 304
2166 KB 220 KB 2157"9

3C8
220«B

Fig. 3. Active power flows and potentials of nodes in the original system
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Table 4
Phase currents of power sources

Power plants Active current, A Reactive current, A
0 64,98 -48,84
1 380,43 -123,19
4 510,79 -310,36
7 105,17 -78,31
8 79,32 -25,45
Table 5
Power generated by power plants
Power plants Active power, MW Reactive power, MVAr
0 8,25 6,2
1 48,32 15,65
4 64,88 39,42
7 13,36 9,94
8 10,07 3,23

From the analysis of the numbers in Table 5, it is easy to see that the zero
power plant, which has unlimited capacity, supplies the smallest amount of
electricity to the SES under consideration, which is illogical. It is necessary to ensure
such an operating mode of the SES that the supply of electricity from ESO increases,
and from ES1 and ES4 (deficit ES) decreases. To do this, we redistribute the power
of power plants by changing the voltage in the corresponding nodes according to the
proposed algorithm, the diagram of which is shown in Fig. 4.

The algorithm shown in Fig. 4 works as follows. First, the initial active and
reactive powers of the loads and power plants, as well as the complex resistances of
the transmission lines, are entered. The voltages of all power plants are equated to
the nominal line voltage, which is 220 kV. Next, using formula (2), the complex load
resistances for each phase are calculated, the conductivity matrices and nodal
currents are compiled, and the nodal potentials, active and reactive powers consumed
by the load, powers dissipated in the transmission lines, and deficits/excesses of
power plant capacities are calculated. The deficit/excess of power is calculated as
the difference between the nominal power and the required power for the operation
of the solar power plant. In this case, if the power plant cannot provide the required
power, we get a negative number (power deficit), and if the power plant operates
with a power reserve, we get a positive number. Next, we go through the power
plants and adjust their voltages by adding a value proportional to the power
deficit/excess to the initial voltage. In this case, if there is a power deficit, the power
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plant voltage decreases, and if there is a power surplus equal to or greater than 10%
(the value specified in the upper logical block), the power plant voltage increases.
This process is iterative and ends when, after another iteration of all power plants,
the voltage is not adjusted on any of them (the Kor flag in the lower logical block
remains equal to 0).

By applying the algorithm described above, we obtain a variant in which all
power plants operate in a deficit-free mode. In this case, the linear voltages at power
plants must be maintained at the levels:

(po=238 kB; (p1=218 kB; (p4=212 kB; (p7=220 kB; (p3=220 kB; (p1()=0 xB.
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Fig. 4. The scheme of the algorithm for finding the voltages of power plants
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All power plants have a small power reserve, which is indicated in Table 6.

Table 6
Power plant capacity reserves
Power plant Active power (P), MW | Reactive power (Q), MVAr
3C1 14,16 171,42
2C4 5,27 164,05
2C7 1,03 58,12
2C8 51,44 10,90

The values of currents in power transmission lines are presented in Table 7.

Currents in power transmission lines

Table 7

Current in power

Active current,

Reactive current,

Current module,

transmission lines A A A
lo1 237,09 -382,86 450,32
lo 190.31 -396.20 439.54
l12 166.91 -89.92 189.59
l16 324.02 -103.80 340.24
23 -86.65 108.87 139.14
25 3.07 -68.04 68.11
34 -49.53 -208.04 213.86
45 97.41 -1.10 97.42
46 -15.31 51.18 53.42
49 44.64 49.76 66.85
Ise -97.39 33.89 103.11
l67 -68.17 121.74 139.53
178 0 0 0
179 86.60 -84.48 120.98
lgo 111.70 -89.48 143,12

In lines 34 and 49 the real (active) and imaginary (reactive) parts of the current
have the same sign. The directions of the active power flows and the values of the
node potentials are shown in Fig. 5.

89



( 3ct act
21848 2208
' |
aco ‘ acs
23818 o 22018
" v
aHe $
. 213148,

Fig. 5. Active power flows and node potentials in the system with voltage correction of
power plants

After adjusting the voltage of the ES, currents 25 and 46 change their
direction. Due to large flows of reactive power, the potential of ES4 is less than the
potentials of the load nodes EN3 and EN9, to which the active current flows from
ES4.

The consumer has the largest voltage deviations from the nominal at the 5th
load node and amount to minus 5%, which is a good indicator. The generators has
the largest voltages at the zero load node and amount to 8.2% more than the nominal,
and the voltages at the power plants of the ES1 and ES4 nodes have to be reduced
by 0.9% and 3.6%, respectively, relative to the nominal.

The phase currents of power plants after voltage correction are summarized in
Table 8, and the power consumed from power plants is summarized in Table 9.

Table 8
Phase currents of power sources
Power plants Active power, MW Reactive power, MVAr
0 427.40 -779.06
1 253.84 189.14
4 176.28 307.88
7 154.76 -206.22
8 111.70 -89.48

After adjusting the voltages, the power supplied to the solar power plant by
the first and fourth power plants decrease, while that of the Oth, 7th and 8th power
plants increase.

Table 9
Power generated by power plants
Power plants Active power, MW Reactive power, MVAr
0 58,73 107,05
1 31,95 -23,81
4 21,58 -37.68
7 19,66 26,19
8 14.19 11,37
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Conclusions

Thus, the article proposes a method for mathematical modeling of the power
supply system, which allows for balanced operation of power plants, in which the
voltages of the power plant and consumers differ slightly from the nominal ones.
The method has been tested on a 10-node SES. It is shown that in the analyzed SES,
it is possible to ensure the balanced operation of power plants, in which the voltage
at the load nodes will not fall below 5% of the nominal. In this case, the voltage at
the zero power plant should be increased by 8.2%, and the voltage at the power plants
of nodes No. 1 and No. 4 should be reduced by 0.9% and 3.6%, respectively, relative
to the nominal. The proposed methodology is recommended for assessing the
parameters of solar power plants that include several power sources and several load
nodes.
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L.N. Pwunupui, .. Tnigny

<nnywdp udppywsd £ EEYunpwdwnmwwpwpdwu hwdwlwpgbph  gbpindwywu
dnnbjwynpdwu dbpnnwpwunypwt dywydwup W thnpdwpydwup, npnup ubpwnnd Gu
dpdjwughg npnowyh hGnwynpnigjwu ypw gunuynn b EGYupwhwnnpndwu  gqdbpny
dhwgwd pwqdwphy wnpnipubp b EGYwpwtubpghwih  uywnnnubp  ubpwnnn
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EiGYwpwtutpghwih hwdwlwpgbph ybppndwywu  dnnbuydnpdwt  dGpnnwpwunteniu:
Uowlyws dbpnnwpwunieginiup Yoquh twiuwgdnnubipht' guwhwwnbint biGywpwtubpghwu
uwwnnnutiph  dholt  pwsfubnt  huwpwynpnipniuttpp’ Jhwdwdwuwy  hwodwpytinyg
EiGYunpwtubpghwih wnpnipubph hwugnygubpnud ywhwwuynn owwnhdw| wpnwubpp,
wjnwhuny  hwuubind  pbnudwu  hwugnygubph  dhol  jwpdwt  jwqugnyu
wwppbipniginiuutiph: Ubpnnwpwuniyeniup thnpéwplyynwd £ 10 hwugnyghg pwnlugwé
EiEyunpwdwnwlwpwpdwu  hwdwYwpgh  dhongny, npwnbin  Lubpghwih  wnpjniph
hwugnygubiph W pnudwu hwugnygubph pwuwyp hwjwuwp £ 5-h:

Unnblwynpdwu  dbpnnwpwunyeginiup hhdudwd £ EGYunpuwdwunwlwpwpdwu
hwdwlwpgh wwpwdbnpbph hwodwplydwt ypw' oguwgnpdtiiny hwugnygh wnwnbiughwih
dupennp' Ohdh L Yppuhndh optiupubiph htivn dhwuhu: <wodwplubipu ogunwgnpdnud bu
pwprp  wdwhnnipubph  dbennp U hpwlwuwgynd  Bu wnwewpyynn  hinbpwnpy
wignphpedh hwdwdwju, npp hnupwghdp ubpyuwjwgwd £ hnndwédnd: <wpwnyubipp
Yuwwwpynd Gu MathCAD dhgwydwjpnud’ ogunwgnpdbing  Jwuwnphguwihu  hwodwplubiph
dwpebtdwwhlwlwu sppwtwyp: UWn twywwwyny Yuwnnigynwd U hwnnpnwywuntpjwu
dwwphg U hwugnygh hnuwuph dwwphg, L hwugnygh wnwbughwiubph Jdwwphgp
hwoqupyynid £ MathCAD-nud: <nnwénud gnigunpynud k, eb phuswbu wugub| Gnwdwq
hwdwywpghg dhwdwqg hwdwlwpgh, npntn pninp hwodwplubpp Ywwwpynd  Gu
dpwdwqg ufubdwih hwdwéwju: Bogphwn wpryntupubp unwuwnt hwdwp Jowlyyt) Gu
pwuwdslbp'  Gnwdwg  hwdwlwpgh  wwpwdbwnpbpp dhwdwg  wwpwdbnpbph
thnfuwybpwbint hwdwp, ubpwnw] uywnwd ptinh hgnpnigyniuubph thnfuwlbpwnuwp
pwpn hdwbnwuuutph: UnnGwynpdwu wpryniupubpp ubplujugqwsd G wnnuuwywihu
wbupny U nipnnpnywd  gpwdphyubpnyg, npnup gnyg Gu wwihu  hwugnygubph
wnwbughwiutpp b wywhy hgnpnigjuwdp hnupbiph ninnieynuuubipp: LepYwjwgynid Gu
EiGyunpwdwwnwwpwpdwu  hwdwywpgbph  Gpynt - wwppbpwyubph  dnnbuynpdwu
wpryntupubipp:  funphnipn £ wpdnd - wnwowpyynn  dbGpnnwpwunigintup - Yhpwnbg
EiGywpwtutpghwih pwgqdwehy wnpnipubp W dh pwup pbnh hwugnygubp ubpwnnn
EiEYunpuwdwwnwywpwpdwu hwdwlwnpgbph ywpwdbunpbpp quwhwnbine hwdwn:

Unwugpuypti pwnbp. bGhunpwiwnwlwpwpdwt hwdwlwpg, dJwpbdwunhluywu
dnnbiwynpnid, hwodwpydwu  dbennwpwunyeiniu, hwugnygh wnwbughwiubp, pwpn
wdwhwnnwnubp:

METOJUKA MOJEJIUPOBAHUSA CUCTEM 3JIEKTPOCHABXEHUSA
HL.II. bapaasu, I'.®. Joaros

CraThsi mMOCBsIIEHA pa3padOTKE U anpo0aluud METOJUKH aHAJTUTUYECKOTO
MOJICIMPOBAHMS CUCTEM 3JICKTPOCHAOKCHHS, BKJIFOYAIONIMX HECKOJIBKO HCTOYHHKOB U
HECKOJIBKO MMOTPEOUTEINEH IICKTPOIHEPTHH, PACTIONIOKEHHBIX Ha OONBIIOM PACCTOSTHAU APYT
OT JIpyra U COCIMHCHHBIX JIUHUAMU dIICKTporepenaun. PazpaboTaHHas METOIUKA TOMOXKET
MPOEKTHPOBIIUKAM OLEHHTH BO3MOXKHOCTH DPACIpPENENCHUS DJICKTPOSHEPTHH MEXIY
MOTPEOUTEISIME W PAacCUMTATh ONTUMAJBHBIC HANpPsDKEHUS, KOTOPBIE HEOOXOIMMO
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MOJUICP)KUBATh B y3JIaX HMCTOYHUKOB IIHTAaHHS, TEM CaMbIM JOCTHTass MHHHUMAIIbHBIX
pPa3HOCTEH HaINpPsHKEHWH MEXAY y3JaMH Harpy3ku. Meroanka anpoOWpoBaHa Ha MPUMEpE
10-y3110BO#f CHCTEMBI 3JEKTPOCHAOXKEHUS, B KOTOPOH KOJMYECTBO Y3JIOB HCTOYHHKOB
SHEPIUU U y3J0B Harpy3KU PaBHO 5.

MeToauka MOAENMPOBAaHUS OCHOBAaHA Ha pacueTe MapaMeTpoB CHCTEMBI
3NIEKTPOCHA0KEHHUS METOZIOM Y3JIOBBIX MOTEHIMAJIOB C MCIOJIb30BaHHEM 3akoHOB OMa U
Kupxroda. Pacu€rel BBINOIHEHBI METOAOM KOMIUIEKCHBIX aMIUIUTYX IO INPEAsiaraeMoMy
UTEPAaTUBHOMY alTOpPUTMY, OJOK-CXeéMa KOTOpOTrO IMpelCcTaBieHa B cTaThe. Pacuérhbl
BeImonHeHbI B cpene MathCAD c ucrons30BaHHEM MaTeMaTHIECKOTO alliapaTa MaTpUIHBIX
BBIYUCIICHHUH. J{J151 3TOTO MOCTPOEHBI MaTPHIA IPOBOIMMOCTH U MAaTPHIIA y3JIOBBIX TOKOB, a
TaK)Ke paccyrTaHa MaTpHIia y3noBsix moteHnuanos 8 MathCAD. B pa6ote nmokasaH nepexos
or TpéxdaszHoil cucTeMbl K OXHOGA3HOH, IMPHU STOM BCE PACUYEThI BBIMOJHEHBI LIS
omHo(azHOW cxeMbl. [l TONydYeHWsS TOYHBIX pPE3yJIbTaTOB BBIBEICHBI  (POPMYIIBI
mpeoOpa3oBaHusl TapamMeTpoB TpExQasHOH cucTeMbl B ogHO(A3HBIC, BKIIOYAs
mpeobpa3oBaHue MOTPEOIICMON MOIIMHOCTH HArPY3KH B KOMIUICKCHBIC CONPOTHBIICHUS.
PesynbraThl MoOnenmupoBaHHA ~TPENCTABICHBI B TaOnmyHON ¢opMe © B  BHIE
OpUCHTHUPOBAHHEIX TpadoB C yKa3zaHWEM NOTCHIHMAIOB Y3JIOB M HAIPABICHUH IMTOTOKOB
aKTUBHON MOIIHOCTH. IIpuBeneHB pe3ysbTaThl MOJEIUPOBAHUS ABYX BapHAaHTOB CHCTEM
antekTpocHaOkeHus. [IpennoxkeHHass METOIMKAa PEKOMEHIYETCs JUIs OICHKH NapaMeTpOB
CHCTEM D3JIEKTPOCHAOXKEHHS, BKIIIOYAIOIINX HECKOIBKO HCTOYHHMKOB 3JICKTPOIHEPTHH U
HECKOJIBKO y3JI0B Harpy3KH.

Knrwouegvie cnosa: cucrema 3IeKTPOCHAOKEHHS, MAaTEMAaTHIECKOE MOJICITMPOBaHHE,
METOJIMIKA PacyeTa, Y3JIOBEIC TOTCHITHAJBI, KOMIUIEKCHBIC aMILTUTY b,
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