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Abstract — This paper describes differences of two in LV electrical networks. Of course, these apphesc
approaches for voltage computation at the point ofommon  give the same results as computations using thhesep
coupling (PCC) in three-phase low voltage (LV) sysms. four—wire approach in case of symmetrical voltage a
The first approach is based on topology of three—wér three-  impedance conditions. But if there is any unbalanabe
phase system and the second one is based on fourewi LV four-wire system, three—phase four—wire approach
topology. The paper is aimed mainly for computationof  should be used for correct results obtaining. Bason is
supply voltage variations and voltage unbalance dugo  that the current flows in neutral wire in case of
unsymmetrical loads. The presented method is suitéd for unsymmetrical conditions. This current causes tiitage
engineers engaged in power quality evaluation. drop on the neutral wire impedance; hence the gelta

. ] ~ measured between phase and neutral could not be the

Keywords — Nodal analysis, power quality, voltage dyali same as the voltage computed through the singlseptra

evaluation, three-phase networks modeling three-phase three—wire modelling approach in real
conditions.
|. INTRODUCTION The three—phase four—wire computation method de-

. . e scribed in this paper is based on nodal analysisioslal
Many companies providing electricity distributioorf \sjage method for three—phase approach princiates
end customers are increasingly interested in powelity ;i troduced in the next chapter first.
level at the point of common coupling (PCC). One o#

important power quality parameters is magnitudehef
supply voltage or supply voltage variations. Thes
palraa?rr{eters dgetermine rﬁ?niymum agd maximum values ﬁk NODAL VOLTAGE METHOD (NVM) FOR THREEPHASE
voltage during the one week measurement and are SYSTEMS
described in IEC EN 50160 standard in detail. The distribution of voltage and current througheut
Validity of these parameters is often verified bylinear power network is normally carried out usimadal
measurement. But many engineers often neglect ttanalysis [1].
important power network parameters in case of more Application of the nodal voltage method in case of
detail analysis necessity, what causes failureyaisal three-phase systems is basically identical to its
It is very important to deal with the power quaktyen  application to single—phase networks, but it israpgate
in propositions of public distribution networks. &h to keep some additional principles in the topolabic
problem of the complex power quality analysis inpreparation.
distribution networks using mathematical methodsl an Also, the asymmetry inherent in transmission system
models is in the variable load determination inheaode. cannot be studied with any simplification using the
Load variations can be determined by long timesymmetrical component frame of reference, therefioee
measurement or by any approximation. It is impdrtan phase components are used.
assume the load variations in each phase in case ofThe NVM is based on the solution of equation (1):
approximation of the load time variability .
This paper deals with two approaches of the power
quality evaluation based on one week voltage [ous )= Yous) U bl (1)
measurement (or prediction) at the supply nodeplgugf
the transformer secondary) and the load variations
modelling based on long time measurement informatio  Consider the three—phase network shown in Fig. 1,
The main difference between these two approachés is which is a simple example of the network, wherelithe
assuming of phase-to-ground or phase—to—neutragal  impedance is considered only as a parallel cormectf
A lot of common used electric power Computationseries ofRL components, which values are equal for Z1,
software uses single—phase or three—phase three—w#2, Z3 and Z4.
approach to compute the nodal voltages or branakeris



Transactions on Electrical Engineering, Vol. 2 (3D1No. 2 51
12 314 5 617 8 9110 11 12113
O @ gz bIT1 0 oy T N .
bz|o 1 0} i i i
030 o 1| e e |
xS R A B R A VT HE
bs|o -1 0i0 1 0! :
bs 0 110 0 1 i l
b7]-170 ot A R L
bglo -1 0 P01 0 ;
_ ] ) bylo o -1} P00 1 i
Fig. 1. Example of three-phase network — singlesptenuivalent bl-o--_-l---o---o--i----------E---------_E-l._-_o--_o_?_.
[4)=b11j0 -1 0} : P01 0 )
Impedances Z5, Z6 and Z7 represent the three-pha bi2jo 0o -1, L p 0 0 1§
loads with different connection, i.e. Z5 is the wye b13 -1 0 01 k i
connected load, Z6 is the delta—connected loadZanid bi4 0o-1 0 : i1
the grounded wye-connected load. bis| e !
One single way how to model such network is to P16 =110,
model it using the single—phase method as descFlme b17 i POy i
2. One can see the difference in number of nodeges big| .. e Sl 2 S i
Fig. 1 and Fig. 2. The reason is that there isrwde for b19 i E 100
each phase of the network in Fig. 2 instead of rode b20 ! ! P0o-1 0y
for all three phases as shows Fig. 1. Because tere b21] 5 5 P00 -1
three phases for each node in Fig. 1, the real rurob
nodes is: and [Yq is the diagonal matrix of three—phase
admittances and is determined by equation (5):
Ny =3x Ny + N, -2 (2)
where Ng; is the number of nodes of the three—phase w0 00000
equivalentNy; is the number of nodes of the single—phase 0y, 0 0000
equivalent model and\, the is number of the wye— 06 0y 0 0 0O
connected elements. [V,J=slo 0 0 Y 0 0 o0 (®)
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Fig. 2. Example of three-phase network — three-g@lkgsivalent
(three—wire)

The first step for the branch current and nodatags
calculation is to correctly determine the nodal @témce
matrix [Y], which can be obtained from equation (3):

MI=[A'T%] 4 ©)

where P\ is incidence matrix, for this case:

where Y; represents admittances of the three—phase
elements and they are determined by diagonal reato€
relevant branch admittances.[2]

I1l. DIFFERENCE BETWEEN THREEWIRE AND FOUR-WIRE
APPROACH

Principles of the nodal voltage method for the d¢hre
phase approach were described through the threm—wir
power system model in the previous chapter. This
approach can be used in case of the three—phatamsys
(mainly MV networks). But in the case of LV netwerk
four—wire systems are used mainly. Fig. 3 showstltlee
single—line schema of the common LV line supplytihg
LV customers. The customef} are often connected to
the line through the branch lineBL) in the place of the
pylon p. The line between each pylon is called the line
section [LS) and it is characterized by its impedance.

C; ©C4 C Cy

Cs-z

Network

22/0.4 kV
Dyg

C, Cs

Fig. 3. Single-line schema of common LV line suppyLV customers
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Each element in the single-line schema can be Phase-to-ground voliage at the last pylon
represented by a three—phase element in the thoee- _ |, o W\w Wl e ] W ‘W" M
four—wire approach. Fig. 4 shows an example of ltugpo 230 '“N”ﬂ“g%‘wwf <w ”W, ”'ﬁ"‘?q W"ﬁm ‘(‘%Wr—~‘u1‘,}%‘hwﬁr!‘ e
of a small LV network represented by the external Ezzo——‘y—v——“‘\h JU MQWWW%LW. UWJ 71
network impedance, three pylons (nodgsm and n), S ! ! ! !
three line sectionsLE,, LS, and LS;), five branch lines 210 - o - ‘ oo | PhaseA
(BI—l to BI—S) an_d ﬂvel customerq to CS) in the three- Phase-to-neutral voltage at the last pylon 7:2::::?
phase three—wire point of view. The topology of shaene 260 w . — ‘\‘ »
network in the three-phase four-wire point of viesv S 2aolyufy A‘W‘WW " WM‘WWW"”‘% il w P
shown in Fig. 5. The difference between these two % zulfil W\JWWM W”WQWW m' %VWM 'Wy ‘
approaches is in the existence of neutral impedamce gzoo i J,, AL AL },WJ,, 4=

each three—phase branch in Fig. 5. It does notematt ‘ ‘ ‘ ‘
. . . e 180

which approach is chosen for the voltages compmutati 0 200 400 600 800 1000

case of symmetrical conditions (symmetrical voltage Sample (10 min.)

source, br_anCh 'm_p_EdanceS and I(_)ads)- In case (Hig. 6 One-week voltage course at the same nodethie voltage—to—

unsymmetrical conditions (unsymmetrical voltagerseu ground and voltage—to—neutral point of view

or load) the the four—wire approach is much claseral

conditions.

Phase-to-ground voltage at the each pylon for sample No. 945
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Fig. 7 Voltage propagation through the same lipenfthe voltage-to-

Network ground and voltage-to-neutral point of view
Phase A! T®-C =L
Phase B!
Phase C;

i

Because the line was modelled as Rie-combination
T : instead of the pi-section (the line capacitancedse of
Neutral .y~ T YR H - LV line can be neglected), there was no capacitive

' element to increase the voltage in case of theoaod-|
phase, and so the Ferranti effect was not the measo
voltage increasing. Many engineers accreted such
increasing to error of measurement, but this isahwhys
the reason. The effect of higher phase voltagkeatihd of
_ _ _ line compared to the phase voltage at the beginoiirige
Fig. 5 Three-phase four-wire schema of network ign & line (secondary of the MV/LV transformer) can be
explained through next two pictures.

Fig. 6 shows an example of the course of a ten-tminu  Fig. 8 shows a simple LV network with an ideal
rms voltage in each phase during one week, cordpayte (Symmetrical) three—phase voltage source which is
three—wire and four-wire approach at the PCC oflaise  connected to the three—phase symmetrical loadeirfrtst
line pylon. The impedance variations of each loatew Case and the single-phase load is connected isettund
determined by one-week measurement at the specifi@se. For the simplicity we assume the resistieenehts
points of the LV line. One can see that the maxinand  ©nly. The voltage measurement at the PCC is shown i
minimum of the voltage during the same week isedéffit ~ Poth casesl, — blue arrows andJ, — red arrows).
from the three—wire or four—wire point of view. Fi§ Source voltage in Fig. 9 is represented by threekbl
shows the voltage at one given node (PCC) in ticades coloured vectors. The same voltage can be measired
The difference between the three—wire and four-wiréhe PCC in the case of no load, because no cuftoev
approach is clear also in the case of an areat.sEa. 7 In the circuit — no voltage drop occurs. In theecagien
shows voltages of each phase at the same timacht e there is the symmetrical three—phase load connettéte
pylon of the given line. Because the voltage memsent PCC (first case), the sum of all three phase ctsreil
at each point of the network is provided as théage—to— Pe equal to zero, so no current will flows throutie
neutral measurement, the results of the practicdmpedance of line neutral. Because no current fiallv
measurement often lead to the similar results awstin  through the line neutral, there will be no voltagiep on
the four—wire approach in Fig. 7, i.e. the phaséage in  the line neutral impedance and the voltage measatrtu
some phase increases with the length from the sour®CC will be symmetrical and in each phase it islema
(secondary of MV/LV transformer). than the source voltage (blue arrows in Fig. 9).
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The direction and magnitude of the neutral-ground
voltage at the PCC in such case represents thewyell
arrow in Fig. 9. Because there will be no zeroagdt in
the neutral of PCC, voltages measured between ephas
and neutral in such case will not be voltages betwe
phases and ground. Voltages measured between phases
and neutral at the PCC in the case of the singkeseload
are represented by the red arrows in Fig. 9. @Gmesee
that the rms voltage between the phase B and heasra
well as the rms voltage between the phase C andahaiti
the PCC is higher than the source voltage in thes@B
and C.

Phase A The reason of the voltage increasing in some phithe
Phase B the length from the source is the load asymmettyichv
g Y

Phase C causes the current flow through the neutral andhso

' | voltages between phases and neutral at differefit &€

! 1Zoad,2 not voltages between phases and ground. The phasor

1 1

! ’ direction of the voltage between neutral and ground
Neutral - I depends on the phasor direction of current flowimg

=0V Yemmo neutral.

Fig. 8 Three—phase symmetrical load and single-eplvasl connected CONCLUSION
to the ideal three—phase voltage source

Simplicity of three—phase four—wire networks to
single—phase or three—phase three—wire models &orym
kinds of power analysis is appropriate and givesiate
enough results. But in case of the power qualitfyasis,
these simplifications lead to incorrect conclusidiog to
incorrect computation approach. This paper was @itoe
show the difference between the three—phase thise—w
(common used) and four—wire approach in case of the
power quality evaluation in LV networks. The foutirav
model of LV systems should be used mainly for asedy
of voltage conditions in case of unbalanced or Ising
phase load propositions. The evaluation of datasored
in LV systems due to customer’s claim to worse powe
quality level also cannot be studied correctly with
four—wire modelling approach.
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