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Elisa Peñalvo López , Amparo León Vinet , Vicente León Martínez , Joaquín Montañana Romeu *, 
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A B S T R A C T   

The expressions of the powers that measure the effects of the energies manifested by the deterioration of the 
neutral conductor in low-voltage distribution networks are developed in this paper with the name of neutral- 
displacement powers. The expressions of these powers have been obtained by applying the Principle of En
ergy Conservation to the entire three-phase system and the use of Buchholz’s apparent source and load powers. 
Contrary to the traditional apparent powers of the neutral conductor, these new powers are not affected by the 
neutral currents and, therefore, their expressions can be applied to analyze the effects of the neutral conductor 
even though this conductor has been accidentally broken or disconnected. In the application example, based on 
the three-phase distribution network of a real industrial estate, it has been verified that the neutral-displacement 
powers reach a maximum value when the neutral conductor has been broken, while the traditional apparent 
powers of the neutral conductor are worth zero under those conditions. This result confirms that the neutral- 
displacement powers are more adequate quantities than the traditional ones to measure the impact that the 
deterioration and disconnection of the neutral conductor can cause in three-phase distribution networks.   

1. Introduction 

The neutral conductor is an essential practical element in low voltage 
three-phase distribution networks, with unbalanced and distorted loads. 
Its main mission is to maintain the zero-sequence unbalance load voltage 
factors (ratio between the zero-sequence and the positive-sequence 
voltages) with values similar to those measured in the sources at the 
point of common coupling (PCC). The neutral conductor is also a path 
for the circulation of 50–60 Hz fundamental zero-sequence currents 
(imbalances) and with a frequency different from the fundamental 
(distortions). 

These neutral currents gives rise to voltages between the source (N) 
and load (n) neutral points, which are determined according to Ohm’s 
Law. The phenomenon that gives rise to these neutral voltages was 
known as neutral inversion [1,2] in the earlies 1930s. Nowadays, these 
phenomena are known as neutral-point displacement [3,4]. Under 
normal operating conditions of the neutral conductor, the neutral 
displacement voltages (vnN) slightly increases the load voltages. How
ever, an increase in the neutral conductor impedance, either due to wear 
of the connections or due to accidental breakage, gives rise to high 

values of the neutral-point displacement voltages [5–7], which are 
responsible for the presence of over-voltages and under-voltages in the 
loads, causing malfunctions and to putting them out of service, in the 
most serious cases. 

The studies carried out on the neutral-point displacement phenom
enon since 1930 focus only on the analysis of the previous mentioned 
load voltage effects [8–10]. However, few works are known in the 
Technical Literature that suitably address the power effects of this 
phenomenon. Traditionally, the neutral apparent power (SN) defined by 
the product of the neutral-point displacement voltage (VnN) and the 
neutral current (IN) was used to determine the neutral conductor power 
effects. The expressions of the neutral-displacement power (Sn) and its 
components in the sources (Sns) and loads (Snl) were developed in 2017 
for the first time in the Technical Literature. In our opinion, these are as 
more suitable quantities than the neutral apparent powers to measure 
the effects of the energies caused by the neutral displacement phe
nomenon in three-phase systems, because they do not depend on the 
neutral current, but on the line currents, and, therefore, can also be 
applied in power systems with no neutral conductor. The 
neutral-displacement powers were applied in monitoring the state of the 

* Corresponding author. 
E-mail address: jmontanana@die.upv.es (J.M. Romeu).  

Contents lists available at ScienceDirect 

Electric Power Systems Research 

journal homepage: www.elsevier.com/locate/epsr 

https://doi.org/10.1016/j.epsr.2022.109014 
Received 4 February 2022; Received in revised form 5 September 2022; Accepted 19 November 2022   

mailto:jmontanana@die.upv.es
www.sciencedirect.com/science/journal/03787796
https://www.elsevier.com/locate/epsr
https://doi.org/10.1016/j.epsr.2022.109014
https://doi.org/10.1016/j.epsr.2022.109014
https://doi.org/10.1016/j.epsr.2022.109014
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsr.2022.109014&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Electric Power Systems Research 215 (2023) 109014

2

neutral conductor, in patent ES 2588260 B2 [11] and, subsequently, 
they have also been used to detect structural and accidental asymmetries 
(such as bar breakage and phase failure) in three-phase induction mo
tors, in patent ES 2712350 B2 [12]. Likewise, the neutral-displacement 
powers allowed us to establish the causes that physically and analyti
cally justify the different measured values of the apparent power, 
depending on the selected voltage reference point [13]. 

In this paper, the meanings of neutral conductor and neutral path are 
used interchangeably to designate the device that interconnects the 
neutral points of the source and the load in three-phase systems. Last 
concept is more general than the first, since the neutral path includes the 
two operating states of the neutral conductor, namely: the usual one 

(Fig. 1a), with finite value impedance, generally very small, and the 
accidental one (Fig. 1b), of infinite impedance, when the neutral wire is 
disconnected or broken. 

The neutral path is the subsystem of the three-phase networks, whose 
operation gives rise to the energies that manifest because of the neutral 
displacement phenomena. In the three-phase network of Fig. 1a, the 
neutral conductor constitutes the neutral path. In the three-phase 
network of Fig. 1b, the neutral path is the open space between the 
neutral points of the source (N) and the load (n). In our opinion, the 
neutral path is a subsystem with its own entity, different from the 
sources (including the generator and lines) and loads. This consideration 
of the neutral path is necessary to adequately identify their energies and 

Fig. 1. Star configured three-phase systems: (a) with neutral conductor and (b) with no neutral conductor.  
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to correctly measure its effects. 
In the second section of this paper, the energies caused by the 

operation of the neutral path in three-phase star-star systems are char
acterized by an instantaneous power, differentiated from the instanta
neous source and load powers. This quantity has been called 
instantaneous neutral-displacement power and its expressions result 
from applying the Principle of Energy Conservation to the entire three- 
phase system. 

In the third section, the expressions of the neutral-displacement 
power and its components are established. These powers are able to 
measure the effects of the energies manifested by the neutral path 
operation. The expressions of the neutral-displacement powers have 
been obtained as the squared difference between Buchholz’s apparent 
source and load powers [14]. The neutral-displacement power compo
nents determine the exclusive effects of the neutral path operation on 
the sources and loads, as well as the responsibility of system imbalances 
and distortions in the neutral path effects. 

In the fourth section, the neutral-displacement powers obtained in 
the previous section are applied to the power analysis of the low-voltage 
distribution network of an actual industrial estate, during the breaking 
process of the neutral conductor. The fifth section is dedicated to the 
conclusions. 

2. Energies caused by the neutral path operation 

The energies manifested by the operation of the neutral path are 
identified in this section by means of instantaneous power components 
on the three-phase systems represented in Figs. 1, with star-configured 
sources and loads. 

The instantaneous power measured in the loads of the three-phase 
systems represented in Figs. 1 is expressed as follows: 

pl(t) = vRn⋅iR + vSn⋅iS + vTn⋅iT (1) 

Since instantaneous power is the quantity that defines the speed with 
which energy is transmitted in any subsystem, expression (1) identifies 
the energies present in the loads of the three-phase systems in Figs. 1. 

Applying the second Kirchhoff’s Law to the three-phase system of 
Fig. 1a, the instantaneous voltages of each phase of the source can be 
expressed as a function of the instantaneous voltages of each phase of 
the loads as: 

vRn = vRN − vnN vSn = vSN − vnN vTn = vTN − vnN (2)  

where vnN is the instantaneous neutral-point displacement voltage. 
Substituting these last equations in (1), it turns out that: 

pl(t) = (vRN − vnN)⋅iR + (vSN − vnN)⋅iS + (vTN − vnN)⋅iT

= vRN ⋅iR + vSN ⋅iS + vTN ⋅iT − vnN ⋅(iR + iS + iT) = ps(t) + pn(t) (3) 

The first addend of the second member of the previous equation is 
the instantaneous power of the source, 

ps(t) = vRN ⋅iR + vSN ⋅iS + vTN ⋅iT (4) 

This quantity identifies the energies present in the sources of the 
three-phase networks in Figs. 1. Therefore, the second addend, 

pn(t) = − vnN ⋅(iR + iS + iT) (5)  

is the instantaneous neutral-displacement power, which characterizes 
the energies that appear due to the operation of the neutral conductor or, 
in general, of the neutral path, when there is no neutral conductor. 

Based on Fortescue’s Theorem [15], the neutral displacement 
voltage can be expressed as a function of the zero-sequence components 
of the phase voltages of the sources (vRN0) and of the loads (vRn0), as 
follows: 

vnN = vRN0 − vRn0 (6) 

Substituting this equation in (5), 

pn(t) = (vRn0 − vRN0)⋅(iR + iS + iT) = pnl(t) − pns(t) (7)  

two components of the instantaneous neutral-displacement power are 
determined. The first component, 

pnl(t) = vRn0⋅(iR + iS + iT) (8)  

characterizes the energies that are manifested in the loads of the systems 
represented in Figs. 1, due to the operation of the neutral path. The 
second component of the instantaneous neutral-displacement power, 

pns(t) = vRN0⋅(iR + iS + iT) (9)  

identifies the energies that occur in the sources of these three-phase 
systems, due to the operation of the neutral path. 

Note that the value of the sum of the line currents could have been 
replaced by the neutral current (iR + iS + iT = iN) in Eq. (5), or in sub
sequent ones (7), (8) and (9), as a result of applying the first Kirchhoff’s 
Law to the neutral points of the source (N) or of the load (n) in the three- 
phase systems of Figs. 1. This substitution would have been correct from 
the mathematical point of view, but it is inadequate to identify all the 
energies associated with the operation of the neutral path. Indeed, 
whether the sum of the line currents was substituted by the neutral 
current in Eq. (5), this equation would be reduce to pn(t) = vnN⋅iN, which 
is the well-known instantaneous neutral power. This quantity has two 
very important restrictions:  

• The first one is that it defines the active and reactive energies caused 
by the circulation of current through the neutral conductor, but none 
of its terms allows deducing the energies due to source and load 
imbalances and distortions, which will be established in the Sections 
2.1 and 2.2.  

• The second restriction is that this equation can only be applied to 
electrical networks with a neutral conductor, such as the one rep
resented in Fig. 1a, but not to systems with no neutral conductor, as 
Fig. 1b represents. 

Applying the equation pn(t) = vnN⋅iN to the three-phase system of 
Fig. 1b leads to inconsistencies such that no energy caused by the neutral 
path is manifested in three-phase networks without a neutral conductor, 
since this quantity should be zero (pn(t) = 0), as there is no neutral 
current (iN = 0). This result is not only very far from reality, since it is 
precisely in three-phase systems without a neutral conductor where the 
power effects of the neutral path are stronger, but it also violates the 
Principle of Energy Conservation. Indeed, compliance with this Princi
ple requires that the total energy in the set of three-phase systems in 
Figs. 1 be zero. This Principle is expressed in the following relationship 
between the instantaneous powers of the source, the load and the 
neutral path: 

pn(t) = pl(t) − ps(t) (10) 

If pn(t) = 0, the application of Eq. (10) to the three-phase system of 
Fig. 1b would determine that the instantaneous source power should be 
equal to the instantaneous load power (ps(t) = pl(t)). Last result is not 
general. It is only satisfied in sinusoidal and balanced three-phase sys
tems. However, when the systems are unbalanced and/or distorted, this 
result is wrong, because the load voltages (vRn, vSn, vTn) are different 
from the source voltages (vRN, vSN, vTN), due to the phenomenon of the 
neutral-point displacement, expressed by equations (2), and, thus, the 
instantaneous source and load powers are different in these systems. 

2.1. Energies of the neutral path in three-phase sinusoidal systems 

The voltages and currents in sinusoidal three-phase networks only 
have fundamental frequency components. Therefore, according to For
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tescue’s Theorem, the neutral-point displacement voltage in the three- 
phase systems represented in Figs. 1 is equal to the difference between 
the zero-sequence components of fundamental frequency of the source 
and load phase voltages, 

vnN1 = vRN01 − vRn01 (11) 

Consequently, the instantaneous neutral-displacement power in 
these three-phase systems can be expressed as: 

pn1(t) = (vRn01 − vRN01)⋅(iR1 + iS1 + iT1) = pnl1(t) − pns1(t) (12)  

and its load and source components are, respectively: 

pnl1(t) = vRn01⋅(iR1 + iS1 + iT1) (13)  

pns1(t) = vRN01⋅(iR1 + iS1 + iT1) (14)  

where (iR1,iS1,iT1) are the fundamental frequency components of the line 
currents. 

The previous instantaneous neutral-displacement powers identify 
the energies that manifest, at the fundamental frequency, due to the 
operation of the neutral path in the three-phase systems of Figs. 1. These 
energies of the neutral path are caused by the imbalances of the sources 
and loads, since the fundamental voltages of zero-sequence, vRNh1 and 
vRnh1, are due to the imbalances. 

2.2. Energies of the neutral path in three-phase non-sinusoidal systems 

The voltages and currents in non-sinusoidal three-phase networks 
have both fundamental and non-fundamental frequency components. 
The neutral-point displacement voltage (vnN) is determined by the zero- 
sequence components, at the fundamental (vRn01, vRN01) and non- 
fundamental (vRn0h, vRN0h) frequencies of the distorted voltages of the 
sources and loads, that is, according to Fourier’s series: 

vnN = vnN1 +
∑∞

h∕=1
vnNz = (vRN01 − vRn01) +

∑∞

h∕=1
(vRN0h − vRn0h) (15) 

Likewise, according to Fourier’s series, the fundamental frequency 
components (iR1, iS1, iT1) and non-fundamental frequency or distorted 
components (iRD, iSD, iTD) of the line currents satisfy that: 

iR = iR1 + iRD iS = iS1 + iSD iT = iT1 + iTD (16) 

If the three-phase systems represented in Figs. 1 are non-sinusoidal, 
the neutral-displacement power can be expressed, based on Eq. (7), as: 

pn(t) = pn1(t) + pnD(t)

= (vRnh1 − vRNh1)⋅(iR1 + iS1 + iT1) + (vRnh1 − vRNh1)⋅(iRD + iSD + iTD)

+ +
∑∞

h∕=1
(vRn0h − vRN0h)⋅(iR + iS + iT)

(17)  

where the instantaneous power pn1(t), expressed by Eq. (12), defines the 
energies of the neutral path due to the imbalances of the sources and 
loads, and: 

pnD(t) = (vRn01 − vRN01)⋅(iRD + iSD + iTD) +
∑∞

h∕=1
(vRn0h − vRN0h)⋅(iR + iS + iT)

(18)  

identifies neutral path energies caused by source and load distortions. 
The load and source components of the instantaneous neutral 

displacement power due to distortions are, respectively, as follows: 

pnlD(t) = vRn01⋅(iRD + iSD + iTD) +
∑∞

h∕=1
vRn0h⋅(iR + iS + iT) (19)  

pnsD(t) = vRN01⋅(iRD + iSD + iTD) +
∑∞

h∕=1
vRN0h⋅(iR + iS + iT) (20) 

If the three-phase systems of Figs. 1 were non-sinusoidal, but 
balanced, the first summand of Eqs. (17), (18), (19) and (20) does not 
exist. 

3. Power effects of the neutral path in three-phase systems 

The combined impact of all the energies present in any subsystem of 
an electrical network is determined by its apparent power. Nowadays, of 
the many expressions of apparent power known in the Technical Liter
ature, the most important are, in our opinion, the apparent power of 
Emanuel [16], which is included in the IEEE Standard 1459 [17], and 
the apparent power of Buchholz. In this section, Buchholz’s apparent 
power is used for determining the impact of the neutral path operation, 
because this quantity does not include effects of the neutral path in its 
expression. 

The apparent load power of the three-phase networks represented in 
Figs. 1 is, according to Buchholz: 

Sl =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
V2

Rn + V2
Sn + V2

Tn

)
⋅
(
I2

R + I2
S + I2

T

)√

(21)  

and the apparent source power is expressed as: 

Ss =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
V2

RN + V2
SN + V2

TN

)
⋅
(
I2

R + I2
S + I2

T

)√

(22)  

expressions in which (VRn, VSn, VTn) and (VRN, VSN, VTN) are the RMS 
values of the load and source phase voltages, respectively, and (IR, IS, IT) 
are the RMS values of the line currents in the three-phase systems of 
Figs. 1. 

Applying Fortescue’s Theorem, the load and source voltages of the 
three-phase systems of Figs. 1 can be expressed, respectively, as a 
function of their symmetrical components as follows: 

V2
Rn + V2

Sn + V2
Tn = 3⋅

(
V2

Rn+ +V2
Rn− +V2

Rn0

)
(23)  

V2
RN + V2

SN + V2
TN = 3⋅

(
V2

RN+ +V2
RN− +V2

RN0

)
(24)  

expressions in which the subscripts (+ , − , 0) denote the positive-, 
negative- and zero- sequence components, respectively, of these volt
ages. Substituting Eq. (23) in (21) and Eq. (24) in (22), squaring the 
apparent powers of the source and load and subtracting them member 
by member, the result is: 

S2
l − S2

s = 32⋅
[(

V2
Rn+ +V2

Rn− +V2
Rn0

)
−
(
V2

RN+ +V2
RN− +V2

RN0

)]
⋅
(
I2

R + I2
S + I2

T

)

(25) 

According to Fortescue’s Theorem, the positive- and negative- 
sequence components of the source and load voltages of the three- 
phase systems of Figs. 1 satisfy that: VRn+ = VRN+ and VRn− = VRN− . 
Therefore, the quadratic difference between the apparent powers of the 
load and the source is expressed as 

S2
n = S2

l − S2
s = 32⋅

(
V2

Rn0 − V2
RN0

)
⋅
(
I2

R + I2
S + I2

T

)
(26)  

being its value different from zero, in general, such that: 

Sn =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

S2
l − S2

s

√

= 3⋅
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
V2

Rn0 − V2
RN0

)
⋅
(
I2

R + I2
S + I2

T

)√

(27)  

must necessarily be the apparent power of the only subsystem different 
from the source and the load, that is, the neutral path. 

We have called this quantity (Sn) as neutral-displacement power and 
it determines the effects of the energies brought into play by the neutral 
path operation. This fact can be confirmed by the formal resemblance 
between equations (7), of the instantaneous neutral-displacement power 
(pn(t)), and (27), of the neutral-displacement power (Sn). Both powers 
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relate the same voltages and currents, with the difference that in (7) they 
are instantaneous values and in (27) squares of RMS values. 

The neutral-displacement power (Sn):  

• is not the traditional power of the neutral conductor (SN = VnN⋅IN);  
• does not depend on the flow of current through the neutral, but 

rather on the currents flowing through the source and load phases, so 
it can be used in three-phase star-configured systems with and 
without a neutral conductor, and 

• is equal to zero only in balanced and sinusoidal three-phase net
works, in which the zero-sequence source and load voltages satisfy 
that VRN0 = VRn0 = 0. 

From Eq. (27), two components of the neutral-displacement power 
can be firstly established. One of them, 

Snl = 3⋅VRn0

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
I2

R + I2
S + I2

T

)√

(28)  

determines the neutral path effects on the load. The second neutral- 
displacement power component, 

Sns = 3⋅VRN0

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
I2

R + I2
S + I2

T

)√

(29)  

quantifies the effects of the neutral path on the source. 
Note the formal similarity of these two components of the neutral- 

displacement power with the components of the instantaneous 
neutral-displacement power, expressed by Eqs. (8) and (9), which 
respectively characterize the energies manifested by the operation of the 
neutral path on the load and source of the systems represented in Figs. 1. 

Voltages and currents in the source and loads of unbalanced and non- 
sinusoidal three-phase networks, in general, have fundamental and non- 
fundamental frequency components. The RMS values of the source and 
load zero-sequence voltages are then obtained as: 

VRN0 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

V2
RN01 +

∑∞

h∕=1
V2

RN0h

√
√
√
√ VRnh =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

V2
Rn01 +

∑∞

h∕=1
V2

Rn0h

√
√
√
√ (30)  

and the RMS values of the line currents, 

IR =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

I2
R1 +

∑∞

m∕=1
I2

Rm

√
√
√
√ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

I2
R1 + I2

RD

√

IS =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

I2
S1 + I2

SD

√

IT =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

I2
T1 + I2

TD

√

(31) 

Substituting last equations in (27), (28) and (29) and separating the 
terms corresponding to the fundamental and non-fundamental fre
quencies, the expressions of the neutral-displacement powers (Sn1) and 
their components in the load and in the source at the fundamental fre
quency are expressed as follows: 

Sn1 = 3⋅
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
V2

Rn01 − V2
RN01

)
⋅
(
I2

R1 + I2
S1 + I2

T1

)√

=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

S2
nl − S2

ns

√

(32)  

Snl1 = 3⋅VRn01

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
I2

R1 + I2
S1 + I2

T1

)√

(33)  

Sns1 = 3⋅VRN01

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
I2

R1 + I2
S1 + I2

T1

)√

(34) 

These quantities measure the neutral path effects in unbalanced 
power systems, because they depend on the fundamental zero-sequence 
voltages (VRn01, VRN01), which are zero, respectively, when sources and 
loads are balanced. 

In the same manner, the neutral-displacement powers (SnD) and its 
components in the load (SnlD) and in the source (SnsD) due to the 
exclusive effect of the distortions in the loads and in the sources can be 
expressed as follows: 

SnD = 3⋅

⎡

⎢
⎣

(
V2

Rn01 − V2
RN01

)
⋅
(
I2

RD + I2
SD + I2

TD

)
+

+
∑∞

z∕=1

(
V2

Rn0z − V2
RN0z

)
⋅
(
I2

R + I2
S + I2

T

)

⎤

⎥
⎦

1
2

=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

S2
nlD − S2

nsD

√

(35)  

SnlD = 3⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

V2
Rn01⋅

(
I2

RD + I2
SD + I2

TD

)
+
∑∞

z∕=1
V2

Rn0z⋅
(
I2

R + I2
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T

)

√
√
√
√ (36)  

SnsD = 3⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

V2
RN01⋅

(
I2

RD + I2
SD + I2

TD

)
+
∑∞

z∕=1
V2

RN0z⋅
(
I2

R + I2
S + I2

T

)

√
√
√
√ (37) 

These quantities are zero in sinusoidal power systems, in 
which VRn0D = VRN0D = 0 and the distorted currents are zero too. 

4. Application example 

The power effects caused by the deterioration of the neutral 
conductor of the Low Voltage distribution network of an industrial es
tate are analyzed in this section. The facilities of the aforementioned 
industrial estate are supplied by means of a Dyn11 three-phase distri
bution transformer, of the Ormazabal brand, with a power of 1000 kVA, 
transformation ratio 20 kV / 410 V and short-circuit impedance Zcc = 0,
010,086∠81,32∘ Ω, through an asymmetrical line, of resistances in each 
phase: r1 = 0, 0063 Ω, r2 = 0, 0026 Ω and r3 = 0, 011 Ω, being the 
resistance of the neutral conductor rn = 0, 011 Ω, as shown schemati
cally in Fig. 2. There are several reactive power compensators in this 
electrical network, which improve the power factor to practically one. 
The study has been carried out based on the measurements made on the 
transformer secondary, at a given moment of operation of the electrical 
network, using a Fluke 435 Series II network analyzer. 

The breakage process of the neutral conductor has been simulated 
using the Excel platform. The Excel program (Fig. 3) works by entering 
the nominal data of the transformer, the line and neutral resistances and 
the load impedances. The neutral-point displacement voltages (VnN) 
existing between the load and source neutral points are determined by 
applying the node analysis method to a three-phase circuit as Fig. 1a 
represents. From this value of VnN, voltages and currents in the sec
ondary windings, in the lines and neutral wires and in the loads are 
calculated by the Excel program, according to the second Kirchhoff’s 
Law and Ohm’s Law. 

The Excel program also provides the values of the apparent, active, 
reactive and neutral-displacement powers in the different subsystems of 
the distribution network, at the fundamental frequency (Fig. 3). 

Figs. 4 represents the voltage and current waveforms recorded by the 
Fluke 435 Series II at the PCC. Table 1 summarizes the RMS values and 
the angles of these voltages and currents up to the harmonics of 600 Hz. 
It is noted in Table I that non-fundamental harmonics have small values 
and harmonics with frequencies higher than 600 Hz are still much 
smaller than those indicated in Table 1 and, therefore, their power ef
fects are considered negligible. For this reason, the study presented in 
this Application Example focuses only on the fundamental frequency, 
that is, on analyzing the consequences of the deterioration of the neutral 
conductor with unbalanced sources and loads. 

The values of the complex impedances of the load (including the 
reactive compensation equipment), necessaries to simulate the neutral 
breakdown process in the Excel platform, are summarized in Table 2 and 
have been obtained by applying Ohm’s Law to the fundamental fre
quency voltages and currents of the phases, indicated in Table 1. 

Figs. 5a and 5b represent the growth and decrease of the load volt
ages, caused by the deterioration and breakage of the neutral conductor. 
With a 20-fold increase in neutral conductor resistance, the voltage on 
phase B of the load exceeds 245 V and the load protection devices would 
be activated, disconnecting this phase from the source. This fact strongly 
affects the load imbalances, which entail an increase in the value of the 
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voltage in the disconnected phase (B) and a reduction in the value of the 
voltages in the other two phases (A and C), as can be seen in Fig. 5b. 

Fig. 6a shows the increase in the neutral-point displacement voltages 
(VnN) between the load and source neutral points, as the neutral 
conductor deteriorates, as well as a decrease in the neutral current (IN) 
until phase B of the load is disconnected. Fig. 6b represents the strong 
increase of VnN and IN caused by the load imbalances when the protec
tion of phase B is activated, followed of a decrease of this current to zero 
when the neutral conductor has broken or been completely 
disconnected. 

Figs. 7a and 7b show that the values of the neutral displacement 
power (Sn), obtained in the Excel program according to expression (32), 
evolve according to the energy effects caused by the deterioration of the 
neutral conductor, unlike the traditional apparent power of the neutral 
(SN = VnN⋅IN). Indeed, it can be seen in these figures that the values of 
the neutral-displacement power (Sn) are much greater than those of the 
apparent neutral power (SN). Likewise, Sn increases with the deteriora
tion of the neutral conductor, reaching a maximum value when this 
conductor has broken, unlike what happens with the traditional 

apparent neutral power (SN), whose value is zero under these conditions. 
The nullification of the traditional apparent neutral power when the 
neutral conductor is disconnected or broken can suggest two erroneous 
conclusions. The first one is that there was no energy effects derived 
from the breakdown of the neutral conductor, contrary to what happens 
in practice, where power manifestations of great impact and very 
dangerous for the useful life of the loads are observed. The second 
conclusion that a value of SN = 0 could suggest is that, after the 
breakage of the neutral conductor, the apparent source and load powers 
are always equal (Ss = Sl). 

Last conclusion never occurs in industrial practice. As the three- 
phase networks are unbalanced and non-sinusoidal, the apparent load 
power is generally greater than the apparent source power (Sl > Ss). This 
fact is observed in Figs. 8 and is maintained even after the breakage or 
disconnection of the neutral conductor (Fig. 8b). 

The gradual decrease in the values of the apparent powers of the load 
(Sl) and of the source (Ss), obtained according to Eqs. (21) and (22), for 
small damages of the neutral conductor (Fig. 8a) can be explained by the 
decrease in useful power (fundamental positive active power, P+), 

Fig. 2. Scheme of the distribution network of an industrial estate and its different subsystems.  

Fig. 3. Screen of the Excel program for simulating the electrical network of the industrial estate.  
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which has the same value in the load and source. However, differences 
between apparent load and source powers must be attributed to the 
neutral-displacement powers, which always satisfy S2

n = S2
l − S2

s . 
According to all previously commented, it follows that the neutral- 

displacement power (Sn), obtained according to the expressions devel
oped in Section 3 of this paper, is a more suitable quantity than SN for 
measuring the power effects caused by the operation of the neutral 
conductor. 

Fig. 4. Waveforms of voltages (left), in Volts, and currents (right), in Amperes, recorded by the Fluke 435 at the PCC of the distribution network, with the nominal 
value of the neutral conductor resistance. 

Table 1 
Harmonics of voltages and currents measured by the Fluke 435 at the PCC of the distribution network, with the nominal value of the neutral conductor resistance.  

Freq. 
(Hz) 

Voltage A Voltage B Voltage C Current A Current B Current C 
RMS (V) Angle (º) RMS (V) Angle (º) RMS (V) Angle (º) RMS (A) Angle (º) RMS (A) Angle (º) RMS (A) Angle (º) 

50 231.97 178.85 236.24 59.90 231.49 -59.96 440.224 176.80 332.02 61.12 401.05 -62.57 
100 0.837 205.68 0.219 27.67 0.086 215.73 0.251 -88.58 0.674 214.33 1.557 -24.32 
150 3.558 227.30 3.278 237.60 3.052 244.28 25.705 -25.91 17.356 -4.35 15.573 -24.24 
200 0.475 -9.33 0.165 125.92 0.203 266.20 1.445 173.72 0.491 -8.42 1.603 154.88 
250 0.693 -55.85 0.679 61.76 0.810 243.63 25.168 135.54 23.478 267.30 24.373 23.90 
300 0.568 129.94 0.201 256.61 0.125 -22.35 2.139 255.53 0.218 228.36 3.189 263.91 
350 0.956 223.35 1.893 111.80 1.665 10.15 22.12 -60.20 22.94 191.80 24.208 79.67 
400 0.475 256.09 0.197 16.74 0.136 90.97 1.966 -5.44 0.253 152.60 2.812 -0.43 
450 1.318 -50.10 2.109 -47.69 2.369 -31.17 1.277 -23.51 4.547 51.04 4.59 94.01 
500 0.318 41.53 0.172 107.71 0.172 220.42 1.123 132.97 1.218 134.12 1.469 119.43 
550 0.458 -44.36 0.164 31.46 0.226 -53.55 3.07 29.14 2.197 179.03 5.437 -19.09 
600 0.277 198.14 0.127 209.99 0.229 -48.65 2.582 237.77 0.508 -62.71 2.933 248.30  

Table 2 
Complex load impedances at the fundamental frequency.  

ZA ZB ZC 

Module (Ω) Angle (º) Module (Ω) Angle (º) Module (Ω) Angle (º) 
0.527 2.05 0.711 -1.2 0.577 2.6  

Fig. 5. Variation of the voltages in the load phases when the neutral conductor deteriorates: (a) before and (b) after the protection of phase B of the load is activated.  
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Fig. 6. Variation of the neutral-point displacement voltages, in Volts, and the neutral current, in Amperes, when the neutral conductor deteriorates: (a) before and 
(b) after protection of phase B of the load is activated. 

Fig. 7. Variation of the traditional apparent neutral power (SN) and the new neutral-displacement power (Sn) in the process of breakage of the neutral conductor.  

Fig. 8. Variation of the apparent source and load powers (Ss, Sl), in VA, as well as the fundamental positive-sequence active power (P+), in W, when the neutral 
conductor is deteriorated: (a) before and (b) after activating the protection of the phase B of the load. 
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Figs. 9a and 9b represent the evolution of the fundamental compo
nent of the neutral-displacement power and its components in the source 
(Sns) and in the load (Snl), obtained according to Eqs. (32), (33) and (34). 
It is noted that: 

• the neutral-displacement source power (Sns) decreases as the dete
rioration of the neutral increases, which confirms the fact, well 
known in industrial practice, of the very small incidence of this 
conductor on the sources;  

• the breakage of the neutral conductor, on the other hand, gives rise 
to strong increases in the neutral-displacement power in the load 
(Snl). This fact has also been well known in industrial practice, but 
until today, it was attributed to the effect of over-voltages on the 
load, and now we know that it is a consequence of the energies that 
appear in the load due to the deterioration of the neutral conductor, 
which are determined by the Snl component. 

Likewise, it is observed in Figs. 9a and 9b that the values of the 
neutral-displacement power (Sn) and its load component (Snl) have 
values very close, which is all the more evident as the deterioration of 
the neutral conductor increases. This fact has very important practical 
applications, namely:  

1) the simplicity in measuring the power effects of the deterioration of 
the neutral conductor, which can be carried out in the loads, 
avoiding the difficulty of measuring in the neutral conductor itself, 
which is not always possible; and  

2) the facility to carry out preventive maintenance of the state of the 
neutral conductor, monitoring only the increase in the component in 
the load of the neutral-displacement power (Snl). 

5. Conclusions 

The neutral-displacement powers (Sn) and their components, devel
oped in this paper, measure the power impacts caused by the deterio
ration of the neutral conductor of three-phase networks better than the 
traditionally used apparent neutral powers (SN = VnN⋅IN), since the 
neutral-displacement powers: 

• Are directly related to the energies that are manifested by the dete
rioration of the neutral conductor, because their expressions have the 
same terms (products of voltages and currents) as the expressions of 
the instantaneous neutral-displacement powers, characteristics of 
these energies.  

• Its expressions are independent of the neutral current, unlike what 
happens with the traditional apparent neutral power. For this reason, 
these new powers can be used to measure the power effects of the 
neutral conductor in each state of its operation, from its nominal 
conditions to its breakage or disconnection. 

• Their value increases as the breakage of the neutral conductor ad
vances and they reach their maximum value when this conductor is 
totally disconnected, unlike what happens with the traditional 
apparent neutral powers, whose value is zero in these conditions.  

• Have components that determine the exclusive power effects of the 
deterioration of the neutral conductor on the sources and on the 
loads. For this reason, the use of these new powers explains why the 
effects of the deterioration of the neutral conductor are usually very 
important in the loads and are practically negligible in the sources.  

• Justify the different values between the apparent powers of the 
sources and the loads in three-phase networks, according to the 
equation S2

n = S2
l − S2

s .  
• Enable the early detection of breaks or untimely disconnections of 

the neutral conductor (preventive maintenance), with great 
simplicity, avoiding the practical difficulties of measuring the 
neutral conductor itself, by measuring the neutral-displacement 
powers in the loads. 
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