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Allocation of power losses and energy in the distribution network
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Abstract. The goal is to determine methods for calculating power losses in a three-phase four-wire low voltage
distribution network using measurements of a balance smart meter and consumer smart meters, and to establish the
factors influencing the power losses and their allocation among individual network wires, loads, and consumers. The
study involved examining three methods for determining power losses for current measurement snapshot. The first
method suggests calculating losses as the difference between the power supplied to the network and the total power
consumed. The second method calculates power losses using the contribution method. The third method, which in addition
to measurement information requires knowledge of the topology and parameters of the network components, determines
power losses based on the results of the state estimation method. The research proposes an algorithm for transition from
a four-wire distribution network modeling to a three-wire one. The algorithm allocates power losses of the neutral wire
among the phase wires. The findings indicate that the negative losses in the network with unbalanced phase loads are
caused by the presence at the nodes of the least loaded phase of higher voltage than the voltage at the power supply node.
The reason for higher losses in phases with minimal load is the uneven allocation of loads in the phases. In addition, the
study reveals that the power loss values obtained by the contribution method, i.e. directly from the measurements of smart
meters, are closer to the losses determined from the readings of the balance meter and consumer meters, compared to
the losses found from the state estimation results. The considered methods for calculation and allocation of power losses
are illustrated by an example of a real-world distribution network equipped with smart meters. The paper demonstrates the
examples of allocating total power losses between phase wires and a neutral wire, among phase wires only, and between
total loads at phase nodes and individual consumers in phases.
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Pa3HeceHMe NoTepb MOLLHOCTU U 3HEPruu B
pacnpenenuTenbLHON CeTu

A.U. KpynenéBa', E.B. bonoes?, U.WU. lony6?

"MHxeHepHbIl yeHmp «EepoCub3Hepeoy, e. Upkymck, Poccus
WHcmumym cucmem sHepaemuku um. J1.A. Menenmbesa CO PAH, e. Mipkymck, Poccusi
23 pkymckul HayuoHanbHbIl uccredosamerbCKull mexHU4Yeckull yHusepcumem, e. Mpkymck, Poccus

Pe3rome. Llej'lb — onpenenexHue CNocobOoB BbIYMCIEHNS] noTepb 3HEpPrun B Tpexd)asHon ‘-IeTpreXI'IpOBOﬂ,HOVI pacnpe-
AEnUTENbLHOW CETU HUBKOTO Hanps>XXxeHna ¢ UCnonb3oBaHNEM I/13MepeHI/1I;1 6anaHcoBoro MHTENNEKTyarbHOro c4eT4ynka n
MHTENNEeKTyalrbHbIX CYETHYNKOB n0Tpe6|/|Tene|7|, M yCTaHOBIEHNEe (baKTOpOB, BNUAKOLLKX Ha NOTEPU, a TakxKe pasHeceHne
noTepb Mexay oTaenbHbIMK NPOBOAAMU CETU, HArpy3kamu 1 I'IOTpe6VITeJ'IF|MM. AHanM3|/|pyeTc;| TpKn cnocoba pac4yeTa no-
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Tepb AN TEKYLLEro cpesa n3mepeHuii. B nepeom crocobe notepu onpeaensitoTcs kak pasHOCTb MOCTYNaKLWen B CeTb
MOLLHOCTM M MOLLHOCTY CyMMapHOro noTpebrneHns, BO BTOPOM pacyeT NnoTepb NPOM3BOAUTCS METOLOM aapecHocT. B
TpeTbem crocobe, AN KOTOPOro MOMUMO MHGhOpMaLMM 00 M3MepeHusix TpebyeTcs 3HaHWe TOMororMM U NapameTpoB
3MEMEHTOB CXEMbI CETU, MOTEPYU ONPEAENSOTCS MO pe3ynbTaTaM MeTofa OLEHWBaHUS COCTOSIHUS. [peanoxeH anroputm
nepexofa OT YeTbIPEXNPOBOAHOMO MOLENIMPOBaHIS pacrpenernuTeribHOM CETU K TPEXNPOBOLHOMY, 3aKITio4atoLLMIACs B pas-
HECEHMM NoTEPb MOLLHOCTY B HEMTpasibHOM NpoBoae Mexay dasHbiMu nposogamu. MokasaHo, YTo B ceTu ¢ HecbanaH-
CMPOBaHHBIMK Harpy3kamu a3 NpUYMHOA OTpULIATENbHBLIX NOTEPD SIBMISIETCS HanMuue B y3nax HauMeHee 3arpyKeHHoM
hasbl Goree BLICOKMX HAMPSPKEHWIA, YEM HaMpsiKkeHWe B y3re NUTaHusl. YCTAHOBMEHO, YTO MPUYMHON Gomnee BbICOKMX
notepb B hasax C MUHUMAIIbLHOW Harpy3koi SBMSIETCS HepaBHOMEPHOCTb pacrpedeneHus Harpy3ok B ¢asax. Kpome
TOrO, YCTAHOBIIEHO, YTO 3HAYEHUSI NOTEPb, MOSYYEHHbIX METOLOM afPECHOCTH, T.e. HEMOCPEACTBEHHO MO U3MEPEHUSIM
WHTENNEKTYanbHbIX CHETYMKOB, BNIVBKE K NOTEPSIM MO NOKasaHWsAM GanaHCOBOTO CYETYMKA U CYETYMKOB NOTpebuTeneit no
CPaBHEHMIO C NOTEPSIMU, HAMAEHHLIMM MO pe3yribTaTaM OLEHUBAHUSI COCTOSIHWS PeXXuMa ceTi. PaccMOTpeHHble MeToabl
pacyeta M pasHeCeHust NOTepb MPOUSITIIOCTPUPOBaHbLI HA NMpUMepe pearnbHON pacnpeaenuTenbHON CeTh, OCHaLLEeHHON
WHTENNeKTyanbHbIMW CYETYMKaMU, NPUBEAEHbI NPUMEPLI PA3HECEHUS CyMMapHbBIX NOTePb MOLLYHOCTU MeXay hasHbIMM
NPOBOAAMY W HeTpanbHbLIM NPOBOAOM, TOMNBKO MeXAy (asHbIMM NPOBOAAMM, MEXAY CYyMMapHbIMU Harpyskamu B yanax

728

a3 v otgenbHLIMK NOTpebuTenamm B dasax.

Knroyeeble cnoea: pacnpegenuTenbHaa CeTb, MHTENNEKTyalbHble CYETHUKN, NOTEPU aKTUBHOW MOLLHOCTH, pasHe-

CeHue noTepb

BbnazodapHocmu: PaboTa BbiNonHEHa B pamMKkax NpoekTa rocynapcteeHHoro 3aganus (Ne FWEU-2021-0001) npo-
rpammbl oyHOAMEHTanNbHbIX MccrnegoBaHuin PO Ha 2021-2030 rr.

Ansa yumuposarus: Kpynenésa A.U., bonoes E.B., lony6 W.W. PasHeceHne notepb MOLLHOCTM B pacnpegenurens-
How ceTu // iPolytech Journal. 2023. T. 27. Ne 4. C. 727-736. https://doi.org/10.21285/1814-3520-2023-4-727-736. (In Eng.).

EDN: PYGRDK.

INTRODUCTION

Large-scale introduction of smart meters in
low-voltage secondary distribution networks allows
measurement of energy consumed by loads and
of voltage magnitudes. Such information is the
main means for solving the problems of state
monitoring and for assessment of power losses and
their reduction that determine the efficiency of an
intelligent network.

The paper analyzes possible approaches to
determining energy losses from measurements of
smart meters and the factors affecting the allocation
of losses between phase wires and the neutral wire.
We show the possibility of allocating losses between
total loads or individual consumers connected
to phases of a three-phase four-wire secondary
distribution network.

The problem of losses allocation between
consumers is not a new one. It emerged in the
late 1990s in connection with the development
of market relations in the electric power industry
when a need for determination of the share of
energy sources in power supply of specific loads
and for determination of losses occurring in the
networks during energy transmission that are to be
compensated by players of the electricity market
became obvious. An unambiguous solution using
matrix [1] and graph [2] algorithms that can also
be applied to an opened distribution network was
found to the problem of power flows allocation in
the transmission network. For a unique allocation of
power losses between consumers, the losses were
proposed to be determined as a difference between
power transmitted to a consumer from the power

source and power received by a consumer [3]. The
paper demonstrates that this method is also valid
for an opened distribution network, however, many
papers published recently analyze other possible
approaches to the allocation of losses between
phases of a distribution network or between phases
and a neutral wire [4—8].

The most important characteristics of a three-
phase four-wire network that distinguish it from
high-voltage networks are: operation of a network
as an opened one; imbalance of phase loads
that can be single-phase, two-phase, and three-
phase ones; the impedance ratio, as a rule, is
r’x>1 [9]; equal dependence of voltage on both
active and reactive power. To take into account
the imbalance of a secondary distribution network,
its three-phase four-wire model [10, 11] shown in
Fig. 1 is used.

a phase wires
U9 il 7b jijb

b-g b-n
U Uz Jf I c

Uc-g U/_C-n
Z,‘ n .Ijjn

< 1 - o
! U™ neutral wire J

grounc/

Fig. 1. The equivalent circuit for a section of a three-
phase four-wire network without a ground conductor
Puc. 1. Cxema 3ameuweHusi cekyuu mpexga3sHol
YembipexnpogodHol cemu 6e3  3asemsieHull
HelimpanbHO20 nposoda
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All the considered approaches to calculating
the power losses in the distribution network use
data on the average hourly measurements in the
supply node and in the load nodes of each phase
of active and reactive power of loads and voltage
magnitudes relative to a neutral wire [9] that are
synchronously made by smart meters [13, 14] over
a long period of time. That information is stored in
the protocols of Automatic System for Commercial
Accounting of Power Consumption (ASCUE) [12]
analogous to the Advanced Metering Infrastructure
(AMI) [14, 15].

METHODS FOR CALCULATION
AND ALLOCATION OF LOSSES
IN THE DISTRIBUTION NETWORK

Use of balance meter measurements. Under
the availability of a smart three-phase balance
meter in the power supply node of a distribution
network the difference between energy supplied
to each phase and total energy consumed by its
loads within an hour is the easiest way to calcu-
late hourly losses, total hourly energy losses in
the feeder being equal to total energy losses in
three phases. This method of loss calculation
does not require data on the parameters of the
network equivalent circuit, but requires information
about the topology of the distribution network and
information about the phases to which the smart
meters are connected [15-17]. It also does not
allow one to divide losses into technical and com-
mercial ones, losses due to electricity theft or due
to non-recorded power consumption, for example,
for lighting. However, should all the consumers
be equipped with smart meters, and should there
be no electricity theft, it is the difference between
energy supplied to the phase and total energy sup-
plied to consumers can, in our opinion, be the best
criterion for evaluating the approaches to alloca-
tion of total losses in the feeder between phases.

Calculation of losses based on the results
of state estimation. Use of the results of state
estimation that unlike the previous method requires
the availability of additional data on the parameters
of components of an equivalent circuit of a distri-
bution network is the most common way of loss
calculation.

In the simple iteration method used in the
paper, an iteration-based calculation of voltage
at each k-th iteration of state estimation includes
three stages [11, 18, 19].

Nodal currents in phase wires and in a neutral
wire are determined first based on the measure-
ments of power and voltage [11]. Then voltages

I 2023.T.27.Ne 4. C. 727-736

ISSN 2782-6341 (online)

U,{’” =u f:’n"‘ﬂi f;m of phase f = a, b, ¢ wires
to ground and of a neutral n wire to ground are
determined based on the solution of an over deter-
mined system of a linear equation for phase wire
and a neutral wire [11]. Voltages of phase wires
to a neutral wire are finally determined as a vec-
tor difference between vectors of nodal voltages
of phase wires to ground and nodal voltages of a
neutral wire to ground U} =U,} —U,; [11].

Use of voltages of phase wires and “a neutral
wire to ground U "and of phase wires to a neu-
tral wire U, " allows independent consideration
of load flows both in a four-wire network and in a
three-wire network; in this case only currents If
in phase wires coincide in both representatlons of
the network [11].

Load flows P/, P/’ at the beginning and at the
end of sections j — j of phase wires and of a neu-
tral wire in the four-wire network that are computed
using conjugated complexes of currents +":" and
voltages of phase wires to ground and of a neutral
wire to ground [11] are equal to:

n «F.0 00
P,i/ = real (/ iU/ ),
P" = real (I*f'_'}Uf”)

J
Load flows P/, P at the beginning
and the end of sections / - j of a feeder are deter-
mined using voltages of phase wires to neutral

wire [11] and differ from load flows in phase wires
P!, P by the value /',;U7, I'L;U" that is
equal to a productlon of a conjugated complex of

current in section /7;-; by voltage of a neutral wire
to ground

(1)

P = real(l*f-jU/F"): real (I R )
pin = rea/(l*ff,U}"”)z real(l*,ff,-Uj Sk )

J
Power losses in the section using expressions

(1) are determined as

AP[" = Pfn P = real (I/f-n/ (U/f’" -u;” ))’ @)
and for expression (2) as

APL = PP = el 1010111007} 4)

The value of expression /*f,,-( 7 —U,-")
determines the difference between active power
losses in the phases of a three-phase three-wire
network and those in the four-wire network [11].

The value of expression determines the
difference between active power losses in the
phases of a three-wire three-phase network and
those in the four-wire network
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AP", = real (— I*ia—j(U,-n - U,-")— /*?—f(U/" - Uf)_
I't; (U,-" - Uf )): real (l*ff,'(U,.” - Uj” )) :
where conjugated current in a neutral wire equals

the sum of currents in phase wires with a negative
sign [18]

/*77/' = (I §

ai-j

()

i )=ttt ©

Thus, expression (6) allows one to allocate
losses in a neutral wire between phase wires.
Possibility of occurrence of negative values
of losses in separate sections of feeders and
total losses in separate phases is an important
peculiarity of such an allocation of losses in a
neutral wire.

CALCULATION OF LOSSES DIRECTLY
BASED ON READINGS OF SMART METERS

Calculation of losses based on the data of aver-
age hourly measurements of single-phase and
three-phase smart meters installed in the nodes
of consumers’ connection to a distributed feeder
is another possibility of using expression (4) for
determination of power losses [12, 20]. It should be
noted that voltage magnitudes in the load nodes
that are used in this method for losses calculation
are voltages to a neutral wire [12].

Total losses of active power in the phase in this
method are determined as a sum of losses that is
equal to difference between power supplied from
the supply node of a distribution network num-
bered as 1 to every load node /, and to load in the
i -th node

m m f-n
APf—n — Z(PL trans _ P,f) — Z[Lijf_n P’f _ P,»f] =

i=2 i=2

m f—n_ f-n (7)
Z[U1Uf—nip f] :

hence, for calculation of losses occurring during
transmission of average hourly power (energy per
hour) from node 1 of feeder supply to i-th load node
or to i-th consumer, simultaneous measurements
in each phase of voltage magnitude to a neutral
wire in nodes 1 and j, and active power of load in
the i-th node of the feeder or of the i-th consumer
are needed. Identification of phases of consumer
connection to feeders is a required initial stage of
such calculations.

Analysis of expression (7) explains occurrence
of negative power losses in the feeder’s sections.
Imbalance of phase loads in a three-phase
distribution network originates currents in a neutral

wire. The higher the imbalance of phase currents,
the higher will be the current occurring in a neutral
wire. Current increase in a neutral wire causes
increase of voltage in it and change in the voltages
of phase wires to a neutral wire. It is known [11] that
this voltage in the least loaded phase, especially
in its dangling node, may become higher than
voltage in the power supply node when difference
between voltages U,”"—U’™" and power losses
at estimation of its transfer from a supply node to a
node with higher voltage will be negative.

Determination of consumer’s load contribution
into total losses for every phase requires neither
the knowledge on topology nor on parameters of
an equivalent circuit. It suffices to have a list m of
consumers and readings of voltage and load for
each consumer. Should several smart meters be
installed on the supports of the main feeder, each
support can be assigned the number of a load
node, and then an average hourly total capacity of
load and average hourly voltage magnitude can be
computed for each phase.

It is this information on readings in the nodes
of each phase that is used for assessing the
contribution of losses in the phase into total losses
in the feeder. Lower requirements to observability
(lower that those to state estimation) are a peculiar
feature of such calculation of losses. Actually,
computation of active power losses does not
require knowledge on reactive loads, whereas
under the lack of measurements in some nodes
or at individual consumers one can assess only
losses related to power transfer to consumers
equipped with smart meters.

ILLUSTRATION OF THE WAYS
OF ALLOCATION OF LOSSES
IN A LOW-VOLTAGE DISTRIBUTION
NETWORK FEEDER

Methods for losses computation and allocation
are further exemplified by data taken from ASKUE
Protocols of a real feeder of a low voltage distri-
bution network for maximum winter and minimum
summer loads. There are 25 private houses with
three-phase and single-phase loads that are con-
nected to a feeder, Fig. 2. Average hourly values
of active and reactive power and magnitudes of
voltages in phases are measured by three-phase
and single-phase smart meters installed on nine
out of 11 supports of the main feeder. Average
hourly values of active and reactive power enter-
ing from the feeder supply node and voltage in the
supply node are measured by a balancing three-
phase meter. Phases of consumer connection to

https://ipolytech.elpub.ru
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Fig. 2. A feeder of a distribution network
Puc. 2. dudep pacnpedesumenbHoli cemu

the feeder were determined at the initial stage of
studies. It showed that 10 consumers are con-
nected to phase a; 13 consumers are connected
to phase b, and 12 consumers are connected to
phase c. Average hourly magnitudes of active and
reactive loads and average readings of voltages in
nine nodes of phases were calculated for meters;
phases b and c included eight load nodes, and
phase a included seven load nodes.

Fig. 3 shows current values in phases and in
a neutral wire that were obtained based on the
results of state estimation for the first section of a
feeder in the distribution network that is connected
to a power source for 40 hours of maximum loads.
Analysis of curves proved the imbalance of phase
currents, current of phase a being the maximum
one that causes high current in a neutral wire that
is comparable to currents in phases a and b.

Currents, A

1 4 7 10

13 16 19 22 25 28 31 34 37 40
Time, h

Fig. 3. Currents in phases and a neutral wire of the first
section of the feeder for 40 hourly slices of measurements
Puc. 3. Toku e ¢haszax u HelimpanbHOM npoeode nepeoli
cekyuu gpudepa 0ns 40-4acoebix CpPe308 UIMePeHUl

Ranging the average hourly power losses
(hourly energy losses) in phases and in a neutral
wire that were obtained based on the results of
state estimation, Fig. 4, coincides with ranging the
currents of phases the maximum losses for which
occur in phase ¢, and losses in phase a exceed
losses in phase b.

Additions to hourly energy losses in phases of

1.5
1.3

§1‘1 e —'

0.9
Q

20.7

0.5 1A /\A\\/\—\, A
50.3 /! ~\‘\>‘ / 'hl NV

"_'._. — A
K\ T

g, é{:
v Y
o s (s y

0.1 —_
0.1 T T T T T T T T T T T T 1

1 4 7 10 13 16 19 22 25 28 31 34 37 40

Time,h
Fig. 4. Hourly energy losses in phases and a
neutral wire of the feeder for 40 hourly slices of
measurements
Puc. 4. Yacoeble nomepu 3Hepauu 8 ¢hazax u
HelimpanibHOM npoeode ¢hudepa 0s1s1 40-yacoebix
cpe30e usmepeHul

a low-voltage feeder that are totally equal to energy
losses in a neutral wire are shown in Fig. 5, thus,
positive additions correspond to a highly loaded
phase ¢, whereas negative additions belong mainly
to phases a and b.

0.6 ( ——— b ceee q

0.5 -
0.4 % )
2 P
~0.3 4+— — LA
o2 IR
201 Time, h LR
e -
o0 0 1 4 74} 10 1|3 1|6 /\2|2 2|5 2|8 /~\3]4 3|7 4|0
Q -—I; V‘—A‘ F— =
S L Y e Ao AN KT

TS L A%
AN ~

02 L’ \/

0.3

Fig. 5. Allocation of hourly energy losses in a neutral
wire between phase wires when a four-wire network
is represented as a three-wire one
Puc. 5. Pa3HeceHue 4Yacoebix nomepb 3Hepauu 8
HelimpanbHoM nnpogode mexdy ¢hazHbIMU Npogodamu
npu npedcmaeneHuu Yemblpexnpo8oGHoOl cemu Kak
mpexnpoeodHoUl

Hourly energy losses in phase wires that were
obtained after re-allocation of losses in the neutral
wire between them following expression (4) are
given in Fig. 6, which shows that the phase with
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maximum losses coincides with a phase with
maximum current.
Closeness of losses in the most loaded phase
C chosen for comparison to losses determined
for this phase using readings of the balance meter
proves validity of allocation of losses in the neutral
wire between phase wires Fig. 6.
24

—_
e

N
!

o

Ener% losses,i<Wh

17 21
Time, h

Fig. 6. Hourly energy losses in phases a, b, c for the case of
three-phase representation of feeder for 40 hourly slices of
measurements; cb—energy losses in phase determined using
readings of a balance meter; c-m and c-m1—energy losses in
phase determined directly based on measurements of smart
meters using average loads and voltage magnitudes in the
feeder nodes, and loads and voltages of individual consumers

Puc. 6. Yacoebie nomepu sHepa2uu 8 ¢ghasax npu mpexghazHom
npedcmaenexuu ghudepa Ansi 40 4acoebix cpe3oe usmepeHul,
cb-nomepu aHepauu 8 ghase ¢, HalideHHbIe C UCMOo/Ib308aHUEM
nokasaHuli 6anaHcCHO20 cyem4uka; c-m u c-m1-nomepu
3Hepauu e ¢hase c, HaliOeHHbie HernocpedcmeeHHO Mo
U3MepeHUsIM UHmMeJlsIeKmyanbHbIX CYemM4uKog Mo CpeoHUM
Hazpy3kaMm u MoOysisIM HanpsieHuli 8 y3nax ¢pudepoe u no
Hazpy3KaM u HanpsiXeHusim omaAesibHbIX nompe6umenel

Fig. 7 shows, for comparison, hourly power

negative power losses is the main property typical
of a distribution network that is discussed in many
papers [5-8].
The second peculiar feature of a distribution
network is availability of higher losses in the
minimum loaded phase (i.e., in the phase with
minimum total load) than losses in the phase with
higher total load. Losses in the distribution network
are due toirregularity of loads in phases when loads
at the end of a phase are higher than loads at its
beginning. Power losses in the wire with uniformly
distributed load are three times lower than power
losses at the same load applied at the end of the
wire [21]. Presence of maximum total losses in
phase a with minimum total load is illustrated by
graphs in Fig. 8 and Fig. 9.
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Fig. 7. Hourly energy losses in phases for the case of
three-wire representation of a four-wire network
for 40 slices of measurement at the minimum load
Puc. 7. Yacoeble nomepu 3aHepauu 8 ¢hazax npu
mpexnposodHoOM npedcmaesieHuU YembIpexnposodHol
cemu 9ns 40 cpe3oe usmepeHull pexxuMa MUHUMaJlbHbIX
Haepy30K
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Fig. 9. Hourly energy losses in the feeder phases within
40 hours

Puc. 9. Yacoeblie nomepu 3Hepeuu e ¢hpazax ¢pudepa e
meyeHue 40 4

Inconsistency of total loads and losses is due to
irregularity of total phase loads that for phase a are
the lowest at the beginning of a feeder Fig. 10, and
the highest at the end of a feeder Fig. 11.

For confirming the coincidence of results on
allocation of total losses between phases based on
the results of state estimation and a balance meter
with directly measured losses using expressions (7)
for m loaded nodes and for mi consumers, where
ml>m, the latest losses in the most highly loaded

phase in the mode of maximum load were added
to graphs Fig. 6.
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Fig. 11. Average hourly values of total loads of phases at the
end of a feeder within 40 hours
Puc. 11. CpedHeyacoeble 3Ha4eHUs] CyMMapHbIX Ha2py30K
¢ha3 e KoHue ¢pudepa 8 meveHue 40 4

Analysis of graphs shows that losses by
consumer loads are most close to the test estimate
of losses measured by a balance meter, then
come losses by loads of nodes and, finally, losses
determined using the results of state estimation.
When comparing losses, the sequence indicated
goes with total values of losses for the phase ¢
within 40 hours and are equal to 1146 kWh,
1.068 kWh, 1.067 kWh, 1.030 kWh.

Possibilities for determining the contribution
of individual loads into total losses have been
illustrated for the conditions of minimum summer
loads in Fig. 12 as a daily curve with accumulation
that represents allocation of hourly energy losses
in phases a, b, ¢ between loads of the phase
nodes and loads of houses connected to the
phases, respectively. Hourly energy losses during
its transmission from the supply node to every load
node were determined based on measurements of
loads and voltage magnitudes using expression
(7). For example, losses caused by power transfer
to load of node 11 of phase c include losses that
occurred during power transfer to loads of houses
24 and 25.

CONCLUSIONS

The research solves the problem of determina-
tion of total power losses in a three-phase four-wire
distribution network and allocation of those losses

I 2023.T.27.Ne 4. C. 727-736
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Fig. 12. Allocation of hourly energy losses in phases
a, b, ¢ between loads of the phase nodes and loads of
houses connected to the phase, 3—11-phase nodes;
1-25-houses number

Puc. 12. PasHeceHue yacoebix momepb 3Hep2uu e
¢haszax a, b, c mexdy Hazpy3kamu y3/108 U Hazpy3Kamu
domoe, nodkrYeHHbIX K ¢hase, 3—11 Homepa y3108;
1-25 Homepa domoe

between phase wires and a neutral wire, between
phase wires only, and between loads or individual
consumers connected to phases of a distribution
network.

A method for allocation of losses in a neutral
wire between phase wires is proposed that allows
substitution of four-wire representation of a net-
work by a three-wire one during load flow and
power losses computation.
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The paper shows that losses computed directly
based on readings of smart meters using total
loads in the feeder nodes and loads of separate
consumers are closer to losses determined using
a balance meter than losses determined using the
results of state estimation.

losses in them has been proposed. The cause of
occurrence of higher losses in the feeder phase
with minimum loads than in the phases with maxi-
mum loads that is due irregularly distributed loads
has been investigated.

All the results obtained are exemplified by 40

A new idea on the conditions for occurrence
of negative losses in the feeder phases with imbal-
anced loads leading to reduction of total power

slices of measurements taken from real protocols
of a distribution network for different loads.
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