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Abstract: The phenomenon responsible for the different apparent powers measured in a subsystem
of a three-phase star-configured system, based on the voltage reference point, was identified in this
paper using specific components of the instantaneous powers, as a result of applying the
conservation of energy principle to the entire system. The effects of the phenomenon were
determined using a proposed apparent power component referred to as the neutral-displacement
power, whose square is the quadratic difference between the apparent powers of a subsystem,
measured using two voltage reference points. The neutral-displacement power is a component of
the apparent power, which is determined using the values of the zero-sequence voltages and the
line currents in that subsystem. Expressions of the proposed power were derived using the
Buchholz apparent power formulations. The validation of the derived expressions was checked in
the laboratory and in a real-world electrical network, using a well-known commercial analyzer and
a prototype developed by the authors.

Keywords: apparent power, power measurement; instrumentation; neutral-displacement power;
neutral-point displacement voltage; power system

1. Introduction

In electrical power instrumentation, the apparent power measured by a power analyzer placed
at the point of common coupling (PCC) of two subsystems of a three-phase power system (Figure 1)
generally varies with the selected voltage reference point, a neutral point (N) of subsystem 1, a neutral
point (n) of subsystem 2, or a grounding (earthing) point (G). This phenomenon is relevant when
measuring, for example, the apparent power of one of the subsystems and the corresponding neutral
point (N or n) is not accessible, such as may occur in a star-connected three-phase motor with only
three terminals, or when the neutral points are far from the measurement point.
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Figure 1. Voltage reference points for apparent power measurement.

The apparent power of any part of a power system is, in our opinion, a formal quantity that
measures the combined effects of all the power phenomena in that part of the system. Hence, when
a power analyzer registers different values of the apparent power at the PCC of two directly
connected subsystems (Figure 1) based on the use of different voltage reference points, it suggests
the existence of various power phenomena with effects derived from the voltage reference point.
Therefore, if both subsystems in Figure 1 are star-connected with neutral points N and n, the power
analyzer would register the apparent power of subsystem 1 if N is used as the voltage reference point,
and that of subsystem 2 if n is used as the voltage reference point. If the grounding point G is used
as the voltage reference, the apparent power registered by the power analyzer would not be that of
either subsystem.

Investigating the phenomenon associated with the above effect of the voltage reference point, it
should be noted that, when the power system in Figure 1 is sinusoidal and balanced, the apparent
powers measured at the PCC of the two subsystems are independent of the point of voltage reference
(N, n, or G). This is because the reference points would have the same voltage. However, when
subsystems are unbalanced and/or distorted, there would be voltage differences between the above
three points [1,2], resulting in differing apparent powers measured when using them as the voltage
reference points. Since voltage differences between the different reference points are the neutral-point
displacement voltages [3], the neutral displacement phenomenon is responsible for the different
values of the measured apparent powers, according to the voltage reference point. The manifestation
of over-voltages and sub-voltages is the main known effect of this phenomenon.

The neutral-point displacement is a well-known phenomenon in power systems since the early
20th century. Boyajian and McCarthy [4] explained in 1931 the neutral displacement phenomenon,
which they referred to as neutral inversion. Additionally, Gates [5] analyzed in 1936 the phenomenon
caused by open circuits in power systems grounded through neutral earthing transformers and
Petersen coils. Many works found in the technical literature deal with the problems caused by the
phenomenon of neutral displacement in grounded systems [6-12]. Thus, several procedures of
detection [13,14] and correction [15,16] of the neutral displacement phenomenon were developed
over time.

The effects caused by the neutral-point displacement voltages were also studied in power
systems with compensating capacitor banks [17-19]. However, we did not find applications of the
neutral displacement phenomenon to power measurement in power systems, perhaps because the
power effects of this phenomenon are not so well known and, on many occasions, they are confused
with the apparent power in the neutral conductor impedance. Indeed, all the above studies focused
on measuring and reducing the neutral displacement voltages, but the powers associated with the
neutral displacement phenomenon were not formulated until now.
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Thus, the main novelty of this paper is to define the power expressions that measure the effects
of the neutral displacement phenomenon and apply them to the power measurement area. These
powers are defined in this paper under the consideration that the neutral-point displacement is able
to manifest energies, not only voltages, in powers systems, which were identified in specific
components of the source and load instantaneous powers as a result of applying the conservation of
energy principle to a three-phase star-configured power system, as described in Section 2 of this paper.

The effects of the energies caused by the neutral displacement phenomenon were eliminated in
the pass by many commercial power analyzers, using the line-to-line voltages instead of the line-to-
neutral (or line-to-earth) voltages in the measurement of the apparent powers, in order to avoid
variations derived from the voltage reference point. In our opinion, this solution engenders errors on
the values of the apparent powers. Fortunately, this solution is not currently used by the main
commercial instrumentation manufacturers, which allow the users to select the point of voltage
reference, even including grounded points. Thus, in Section 3, we examined the effects of the neutral
displacement phenomenon on the values of the apparent powers of star-configured sources and loads
using a proposed power that we refer to as the neutral-displacement power (S,,). In the present work,
the square of the neutral-displacement power is defined for each part of a three-phase power system
as the difference between the squares of the apparent powers of that part of the system measured
using two different voltage reference points. This definition was used to derive expressions of the
neutral-displacement power and its components using the well-known power formulation approach
proposed by Buchholz [20], which is the base of a few commercial power analyzers. Hence, the
explanation of the different values of apparent powers measured by the power analyzers depending
on the selected point of voltage reference can be considered as an application of the neutral
displacement phenomenon. Although the proposed power is used in a granted patent [21] and the
neutral-point displacement voltage is a well-known phenomenon, the neutral-displacement power is
not included in any standard [3,22,23] and it is not established by major approaches such as those
described in References [24-29].

The derived neutral-displacement power expressions were experimentally verified in a
laboratory and using an actual installation of an electric company, as described in Section 4. The
experiments were carried out using the commercial power analyzer Fluke 437 Series II and our
prototype power analyzer SIMPELEC [30], which measures the apparent power according to the
Buchholz approach, as well as the proposed neutral-displacement power, more recently
incorporated. The conclusions drawn from the present study are finally presented in Section 5.

2. Power Phenomenon Associated with the Voltage Reference Point in a Three-Phase Star-
Configured System

This section demonstrates how the phenomenon of the displacement of the neutral point
manifests energies in the power systems, which are finally responsible for the variation of the
measured apparent power of a given part of a power system with the voltage reference point.

2.1. Use of Source and Load Neutral Points as Voltage Reference Points

Let us consider the three-phase four-wire power system illustrated in Figure 2. If at least one of
its subsystems, the source or load, is unbalanced and/or distorted and the neutral conductor
impedance is not negligible, a voltage drop could occur between the source and load neutral points
(N and n), the value of which can be determined using Kirchhoff’s second law. This voltage is the
neutral-point displacement voltage [3] and is responsible for the variation of the measured source
and load instantaneous powers with the voltage reference point.
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Figure 2. Power analyzer with the load neutral point as the voltage reference point.

The load instantaneous power of the system in Figure 2 can be expressed as follows:
Pi(t) = Vanla + Vpnip + Venlc- 1)

The value given by Equation (1) would be registered by a power analyzer placed at the PCC (4,
B, or C) of the system in Figure 2 if the load neutral point (n) is used as the voltage reference.
According to Kirchhoff’s second law, the line-to-neutral instantaneous voltages in the load phases
(Van, Vg, and v¢y) can be expressed as functions of the source line-to-neutral instantaneous voltages
(Van, Vg, and vey) and the neutral-point displacement voltage (v,,y), as follows:

Van = Van — Vnn»

Upn = UpN — Unn» 2)
Uen = Ven — Unn-
From Equations (1) and (2), we obtain
pi(t) = vania + venig + Venic — vin - (ia + i +ic). 3)

According to Fortescue’s theorem [31], the neutral-point displacement instantaneous voltage can
be expressed as the difference between the zero-sequence line-to-neutral instantaneous voltages of
the source (v4y0) and load (V4p0),

Unn = Vano — Vano, (4)
both for the fundamental frequency and harmonics, i.e.,
1 1
Vano = EZ(UANx + Vpnx + Venx)  Vano = EZ(VAny + Vppy t VCny)- (5)
x=1 y=1
The load instantaneous power can, thus, be expressed as

Pi(t) = Vania + Vpnip + Venic + (Wano — Vawo) * (ia + ip + ic) = ps(t) + pa (D). (6)

The first three terms in Equation (6) represent the source instantaneous power.
Ps(t) = vania + vpnip + Venic. @)

The value given by Equation (6) would be registered by a power analyzer placed at a PCC of the
system in Figure 2 if the source neutral point (N) is used as the voltage reference point.
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Because the voltage v,y, given by Equation (4), determines the displacements of the source and
load neutral points [3], the term in Equation (6),

Pn(t) = Wano — Vano) * (ig +ip + i) = pi(t) — ps(2), (8)

should be the neutral-displacement instantaneous power, which defines the load and source
instantaneous power differences. This power is necessary to satisfy the conservation of energy
principle and identifies the phenomenon associated with the variation of the apparent power
measured by a power analyzer with the voltage reference point (n or N).

From Equation (8), two components of the neutral-displacement instantaneous power can be
defined, namely, the load component,

Pi(t) = Vano - (ia + ip + ic), )
and the source component,
Pns(t) = Vano * (ia + ip + ic). (10)
These two components of the neutral-displacement instantaneous power satisfy the equation
Pn(t) = P () = Pps (D). (11)

Hence, the instantaneous power difference between the source and load of the system in Figure 2 is
exclusively due to the different neutral-displacement instantaneous powers of the two subsystems.

2.2. Using a Grounding Point as the Voltage Reference Point

This is the favored solution adopted and recommended by many manufacturers of power
analyzers for situations in which either the load neutral point (n) or the source neutral point (N) is
not accessible.

The instantaneous power registered by a power analyzer placed at the PCC of the power system in
Figure 3 when the grounding point (G) is used as the voltage reference point can be expressed as follows:

Ppec(t) = Vagia + Vpglp + Vegic (12)

The result of Equation (12) is different from the load and source instantaneous powers, in
general. Hence, the absolute error of the measured load instantaneous power when the grounding
point (G) is used as the voltage reference point instead of the load neutral point (n) is given by

P (®) = pi(8) = Dpec(®) = (Wano — Vago) * (ia + ip + i), (13)

where Vg, = Vo — Vago, according to Fortescue’s theorem; the load zero-sequence voltages (V4n0)
are determined by Equation (5), and v,z is the zero-sequence component of the set (v, Vg, Vcg). If
the grounding point is ideal, v,5, = 0, and Equation (13) can be simplified as

P (8) = Vano * (ia + i + ic) = pui(0). (14)
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Figure 3. Power analyzer with the grounding point (G) used as the voltage reference point.

Hence, the absolute error in measuring the load instantaneous power using an ideal grounding
point as the voltage reference point is equal to the load component of the neutral-displacement
instantaneous power.

Similarly, because vgy = V4no — Vago, the absolute error of the measured source instantaneous
power when the grounding point (G) is used as the voltage reference point instead of the source
neutral point (N) is given by

Prs(t) = ps(t) = Ppcc(®) = Wano — Vago) = (ia + i + ic), (15)

where the source zero-sequence voltage (v4yo) is determined by Equation (5). Likewise, if the
grounding point (G) is ideal, Equation (15) can be reduced to

Phs() = Vano " (ia + ip + ic) = Pns(t). (16)

Hence, the absolute error in measuring the source instantaneous power when the grounding
point (G) is used as the voltage reference point instead of the source neutral point (N) is the source
component of the neutral-displacement power.

From Equations (13) and (15), it can be noted that

Pa(®) = P (t) = pis () = pi () — ps(O). (17)

The neutral-displacement instantaneous power is the difference between the measurement
errors of the load and source instantaneous powers when the voltage reference point is another point
other than the load and source neutrals points, respectively.

3. Apparent Power Difference Due to the Selected Voltage Reference Point: Neutral-
Displacement Power

Let us consider the three-phase four-wire power system shown in Figure 2, where a power
analyzer is connected at the PCC between the source and load. It is well known that the values of the
source and load apparent powers registered by the analyzer match the actual powers of the two
subsystems when their neutral points (N and n) have the same voltage, as occurs when either the
neutral conductor impedance is zero or the system is sinusoidal and balanced.

However, when the neutral conductor has impedance, a difference can be observed between the
source and load apparent powers in unbalanced and/or distorted systems. This difference is due to
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the effects of the neutral displacement phenomenon and can be determined based on our proposed
neutral-displacement power (S,,). Using Buchholz’s apparent powers [20], the square of this quantity
must be, in our opinion, the quadratic difference between the load and source apparent powers
(S, and ),

S2 = §? — 52, (18)

The definition of the neutral-displacement power (S, ) in Equation (18) is consistent with (1) the
consideration of S, = 0 (i.e, §; = S;) when there is no displacement between the load and source
neutral points, and (2) the apparent power is not a conservative quantity; then, the apparent powers
of two or more subsystems cannot be arithmetically added or subtracted.

In this section, the expressions of the load and source neutral-displacement powers and their
respective components are established using the apparent power expressions of Buchholz [20]. It
should be noted that the expressions of the neutral-displacement powers derived from Buchholz’s
apparent powers are formally similar to the expressions of the neutral-displacement instantaneous
powers established in Section 2.

3.1.Neutral-Displacement Power Expression

Buchholz’s expressions of the apparent powers measured at the PCC of the load and source of
the system in Figure 2, using the neutral points of the load (n) and source (N) as voltage reference
points, respectively, are as follows [20]:

S = \/(VAZn + VB%n + VCZn) ) (Ij + Il% + IL%)'
(19)

S0 = | 0hy+ VA VR GF + I +12),

where the sets (Vy, Vn, Ven) and (Vay, Vay, Ven) represent the root-mean-square (RMS) values of the
load and source line-to-neutral voltages, respectively, and the set (I, I, I¢) represents the RMS
values of the line currents.

From Equations (18) and (19), we obtain

SE=[(Viy + Vin + V&) — (Viy + Vi + VD] - UF + 15 + 12). (20)

Equation (20) was applied to the following two well-known properties of Fortescue’s theorem [31]:
(i) For the fundamental-frequency (h = 1) and each harmonic (h # 1), the sum of the squares of
the RMS line-to-neutral voltages satisfies

Vin +Vign + Vén = 3+ (Viny + Ve + Vi), (21)

where the subscripts +,—, and 0 respectively indicate the positive-, negative-, and zero-sequence
components.

(ii) The positive- and negative-sequence line-to-neutral voltages have the same values for
directly connected loads and sources, i.e.,

Van+ = Vans  Van- = Van-. (22)
Based on the application, Equation (20) can be simplified as
Sa =3 (Vino — Viino) - UX + I5 + 12), (23)

where Vo and Vjy, are the RMS values of the load and source zero-sequence line-to-neutral
voltages, respectively, determined by the application of a Fourier series.

Vino = Z VAZnOy' Vano = Z VAZNOX' (24)
y=1 x=1
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It can be observed that Equations (18) and (23), which express the square of the neutral-
displacement power, are formally similar to Equation (8). The similarities are as follows:

(a) The square of the neutral-displacement power relates the same quantities using the same
terms as the neutral-displacement instantaneous power.

(b) Equation (8) involves the product of instantaneous voltages and currents, and Equation (23)
involves the product of the squares of the same voltages and currents.

In our opinion, these similarities indicate that the neutral-displacement power (S,,), determined
by Equations (18) and (23), measures the effects of the neutral-point displacement phenomenon on
the apparent powers, whereas Equation (8) identifies the phenomenon responsible for the effect.

According to Equations (18) and (24), the neutral-displacement power derived from Buchholz’s
apparent power can be expressed as follows:

Su= J5-57 = 3 o —Viw) GG+ 13412 25)

Equation (25) indicates that two components of the neutral-displacement power can be defined,
namely, the load component (S,;) and source component (S,s). The neutral-displacement power
components satisfy

Sy, = \/5,2” —S2. (26)
The first neutral-displacement power component,
Snt = Vano '\/3 R+ I+, (27)

is a measure of the portion of the load apparent power that is directly caused by the load neutral-
point displacement with respect to an ideal voltage reference point. Similarly, the second neutral-

Sns = Vano ’3 ' (Ij + Ié + I(?)' (28)

is an indication of the portion of the source apparent power that is directly caused by the source
neutral-point displacement with respect to an ideal voltage reference point.

displacement power component,

The foregoing expressions of the neutral-displacement power and its components are formally
similar, as enunciated above, to Equations (9)—(11) of the neutral-displacement instantaneous power
and its components. The proposed neutral-displacement power (S,,) and its components have the
same dimensions as the apparent power, and their unit is volt-ampere (VA).

3.1.1. Expressions of the Neutral-Displacement Powers Using Ideal Voltage Reference Points

An example of an ideal voltage reference point is the neutral point of a balanced star-configured
load with an infinite impedance in each phase, connected to an ideal ground with zero resistance
(Figure 3). The main attribute of such an ideal grounding voltage reference point (G) is a zero-sequence
line-to-ideal-reference point voltage of zero (V450 = 0), according to Fortescue’s theorem [31]. The
apparent power measured by the power analyzer at the PCC of the system in Figure 3 when the
voltage reference point is an ideal grounded point (G) can be expressed as follows, according to
Buchholz [20]:

Shee = \/ VE +VE+VE) (B +12+13), (29)

where the superscript i indicates that the apparent power is obtained using an ideal grounding point
as the voltage reference point. The quadratic difference between the load apparent power (S;)
measured using the neutral point (n) as the voltage reference point and the apparent power measured
at the PCC (S5.) can be determined as follows:
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. 2
SP = (Shee)” = [Vin + Vin + V&) — (Vig + Vi + VD] - U + I3 +12) = (30)

=3 (Vo — Vidoo) - UZ + 15 + 12).
Because a line-to-ideal grounding point voltage does not have zero-sequence components
(Vago = 0), according to Fortescue’s theorem, it is obtained using Equation (30).

. 2
J57 = (Shee)” = 3 Vi G + 41D = 50 o)

Hence, the load apparent power difference in the system in Figure 3 measured by the power
analyzer using either the load neutral point (n) or an ideal grounding point (G) as the voltage
reference point can be determined from the load component of the neutral-displacement power (S,,,).
Proceeding in the same way,

\’SSZ - (S;;CC ‘= \[3 ' VAZNO ' (Ij + Ilg + Icg) = Sns) (32)

the apparent power difference measured by the power analyzer at the source of the system in Figure 3

when the voltage reference point is either the source neutral point (N) or an ideal grounding point
(G), and it is determined by the source component of the neutral-displacement power (S,,;).

As it was observed in Section 3.1., a comparison of Equations (14) and (31) revealed some formal
similarities.

(1) Both equations contain the same quantities (voltages, currents, and powers).

(2) The quantities are instantaneous (Equation (14)), and they are the square of the RMS voltages
and currents or square of the powers (Equation (31)).

These similarities also apply to Equations (16) and (32). In our opinion, they suggest that the
neutral-displacement powers (S,,; and S,;5) given by Equations (31) and (32) quantify the effects of the
neutral displacement phenomenon identified by the instantaneous powers in Equations (14) and (16).

3.1.2. Expressions of the Neutral-Displacement Powers Using a Real Voltage Reference Point

A real voltage reference point (G') may be the neutral point of three star-connected quasi-
balanced large but not infinite impedances, or a grounding point with a non-zero voltage. The
grounding points in power systems are usually real.

A zero-sequence line-to-real grounding point voltage (Vo) generally has a small but not zero value.

If the voltage reference point (G') is a real grounding point, the apparent power measured by the
power analyzer at the PCC of the system in Figure 3 can be expressed as follows, according to
Buchholz [20]:

Spec = J (V2 + Vi +VE) - IR+ 13+ 12), (33)

where the superscript r indicates that the apparent power is determined using a real grounding
point as the voltage reference point. If the voltage reference is either a real grounding point (G') or an
ideal grounding point (G), the quadratic difference between the apparent powers measured by the
power analyzer at the PCC of the system in Figure 3 would satisfy the following, based on Equations
(30) and (34):

(Stee)’ = (Skee)’ = 3+ (Vg = Viso) - (2 + I3 + I2). (34)

Because the zero-sequence line-to-ideal grounding point voltage is zero (V450 = 0), whereas the
zero-sequence line-to-real grounding point is non-zero (Vo # 0), we have

2 . 2
(Spec)” = (Shee)” =3-V2ig - UZ + 15+ 12) = SEpec- (35)

The parameter S,,.. is the neutral-displacement power measured at the PCC using a real
grounding point (G').



Appl. Sci. 2020, 10, 1036 10 of 22

From Equations (19) and (33), the quadratic difference between the load apparent powers of the
system in Figure 3 measured by the power analyzer using the load neutral point (n) and the real
grounding point (G') as the voltage reference points, respectively, satisfies

2
Slz - (S;cc) =3 (VAZnO - VAzg’o) ' (If% + II% + 13) = Sr%l - Srzl,pcc- (36)

The load apparent power (S;) can thus be obtained in terms of the PCC apparent power (S;.), the
load neutral-displacement power (Sy;), and the PCC neutral-displacement power (S, ), as follows:

2
Si= \/(Sz;cc) + Sﬁl - Srzz,pcc- (37)

In the same way, the quadratic difference between the apparent powers of the source of the
system in Figure 3 measured by the power analyzer using the source neutral point (N) and a real
grounding point (G'), respectively, can be obtained from Equations (19) and (33) as follows:

2
552 - (Sgcc) =3 (VAZNO - VAZ(;’Q) ' (If + Ié + Ig) = Srzzs - S‘rzl,pCC' (38)

Hence, the source apparent power (S;) can be expressed as a function of the PCC apparent power
(Spcc) as follows:

2
55 = \/(SZ;CC) + 5%5 - S%,pcc' (39)

where S, is the source neutral-displacement power, and S, ;. is the neutral-displacement power
measured at the PCC.

4. Practical Experiments

The apparent power measurements of a commercial power analyzer (Fluke 437 Series II) and
our prototype power analyzer referred to as SIMPELEC [30] were tested in a laboratory and on real-
world electrical networks using the expressions of the apparent and neutral-displacement powers in
Section 3. The Fluke 437 power analyzer measures the apparent powers using the Buchholz
formulation, while our SIMPELEC analyzer measures the same apparent powers, as well as the
neutral-displacement powers in Section 3.

The laboratory measurements were performed on a Chroma programmable three-phase source
model 61,700 [32] under three different conditions: (1) sinusoidal balanced voltages, (2) sinusoidal
unbalanced voltages, and (3) non-sinusoidal balanced voltages. The real-world network measurements
were performed on the electrical network of a utility service using only the SIMPELEC analyzer, which
is described in the Spanish Granted Patent [30], whose main features are described below.

The hardware constitutes the following:

e Processor board: PCM-9581 On-board Intel Pentium (Advantech) [33].

e  Data acquisition: PCI-6220 of National Instruments, 16 bits, 16 Al, 250 kS/s [34].

*  Transducers: Voltage Hall Effect LV 25-P (LEM) with accuracy 0.9 % [35], AC Current Clamps
Fluke i5sPQ3, 5 A, accuracy 1% [36].

The firmware of the SIMPELEC analyzer is based on LabVIEW platform to measure the complex
RMS values (module and angle) of the voltages and currents, according to the following steps:

Step 1. Measurement of the line-to-neutral voltages and the line and neutral currents, using Hall
Sensors.

Step 2. Acquisition of samples of the line-to-neutral voltages and line and neutral currents from
the previous measurements, using a 40.96-kS/s-per-channel acquisition card.

Step 3. Calculation of the complex RMS (CRMS) values (module and angle) applying fast Fourier
transform (FFT) to the above samples.

Step 4. Calculation of apparent powers.

It is noted in Table 1 that the difference between the apparent powers measured by the Fluke
437 and SIMPELEC analyzers is due to the accuracy of the voltage transducers used by these
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analyzers. As it may be observed in Table 1, Fluke analyzer is an A-Class instrument and, therefore,
more accurate than the SIMPELEC. However, if we analyze the apparent powers measured in the
following examples, the maximum difference between these powers measured by both analyzers is
less than 0.15%. Thus, this accuracy may be negligible in determining the neutral-displacement
powers, which are much smaller than the apparent powers.

Table 1. Comparison of the transducer features used by the Fluke 437 series II and SIMPELEC

analyzers.
Voltage Current Clamp
Anal
nalyzer Accuracy % Accuracy %
Fluke 437-11 0.1 1
SIMPELEC 0.9 1

4.1. Laboratory Applications with Three-Phase Voltage Source

Figure 4 is a photo of the three-phase circuit used for the laboratory applications. The three-
phase voltage source (1) supplied an unbalanced load (5) consisting of De Lorenzo resistances [37]
with practical equivalent phase resistances of R, = 241.58 {2, R, = 419.31 2, and R, = 840.62 2. To
achieve significant differences between the source and load apparent powers, a neutral path was
formed by a resistance r, = 185.3302 (4). The Fluke 437 (2) and SIMPELEC (3) analyzers were series-
connected between the source and the load.

Figure 4. Montage of the testing circuit: (1) Chroma source; (2) Fluke 437; (3) SIMPELEC analyzer; (4)
neutral resistances and ammeter clamps; (5) load resistances.

4.1.1. Sinusoidal and Balanced Voltage Source

In this practical application, the source was adjusted to supply sinusoidal and balanced voltages
with an RMS phase-to-neutral value of 230 V. The voltages and currents measured by the Fluke 437
and SIMPELEC power analyzers for the circuit in Figure 4 are presented in Figures 5-7 using either
the source neutral point (N) or the load neutral point (n) as voltage reference points.
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Figure 5. Screenshots of the Fluke 437 power analyzer for a sinusoidal and balanced source: (a) source

voltage; (b) load voltage; (c) line current.

POWER & ENERGY POUER & ENERGY
Pu T 0:00:17 = Pur T 00234 7 =
L1 L2 L3 L2 3
!} 179.1 128.1 721 3794 1] 1483 1355 844 368.1
L1 Le L3 L1 L2 L3
UR 1798 1302 727 4048 VA 1483 1355 844 4123
L1 L2 L3 L1 L2 L3
var + 173 ¢ 233 + BB 26 var 0.1 12 17 27
L1 Le L3 L1 L2 L3
PF 1.00 098 089 054 PF 1.00 1.00 1.00 089
04705/19 13:15:05 230U 50Hz 38 WYE  EHS0160 04705/19 13:17:23 2300 50Hz38 WYE_ EN50160
oo W nown ¥ WG e
(a) (b)

Figure 6. Buchholz’s power screenshots of the Fluke 437 under balanced voltage supply using as
voltage reference the neutral point of the (a) source, and (b) load.
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Figure 7. Screenshots of SIMPELEC power analyzer during measurement of apparent and neutral-
displacement powers using as the voltage reference the neutral point of the (a) source, and (b) load.

Table 2 summarizes the line-to-neutral voltages and line currents measured by the Fluke 437 power
analyzer (Figure 5), as well as the source and load zero-sequence voltages and neutral current measured
by the SIMPELEC power analyzer. Figures 7a,b show the apparent and neutral-displacement powers
registered by the SIMPELEC power analyzer, according to Buchholz’s formulation.
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Table 2. Voltages and currents measured by the Fluke 437 and SIMPELEC (*) power analyzers for the
source and load of the tested circuit under sinusoidal and balanced voltage supply (V, = zero-sequence voltage,
Iy =neutral current).

Source voesen Load Currents (A)
RMS (V) Angle(®® RMS(V) Angle(®® RMS(A) Angle(°)
A-phase  230.27 0 189.83 5.5 0.782 5.5
B-phase  230.19 -120 239.47 -130.5 0.566 -130.5
C-phase  230.32 -240 267.92 125.5 0.316 125.5

Volly 0.04* 82.41 % 44.84 % 156.36 *  0.242/0.246*  -23.69 *

The source and load apparent powers in the third column of Table 3 were measured by the Fluke
437 and SIMPELEC power analyzers using the neutral point (N or n) of the corresponding subsystem
(source or load) as the voltage reference point. The source and load neutral-displacement powers in
the fourth column of Table 3 were measured by the SIMPELEC power analyzer (Figures 7a,b). The
fifth column of Table 3 gives the source and load apparent powers determined using the neutral point
of the opposite subsystem as the voltage reference point. As an example of how the values of the fifth
column were calculated, we wanted to determine Buchholz’s source apparent power, but the source
neutral point (N) was not accessible and, thus, we used the load neutral point (n) as the voltage
reference. The apparent power measured by the Fluke 437 power analyzer using n as the voltage
reference point was the load apparent power (412.3 VA, third column in Table 3), while the measured
load neutral-displacement power was 78.8879 VA (fourth column in Table 3). Thus, if the source
neutral-displacement power was known (0.0666 VA, Table 2), the source apparent power according
to Buchholz could be determined from Equations (25) and (26) as follows:

Table 3. Apparent and neutral-displacement powers measured by the Fluke 437 and SIMPELEC
analyzers for the test circuit. (*) Calculated using the neutral point of the opposite subsystem as
voltage reference point.

Reference Point Analyzer Apparent (VA) Neutral (VA) Apparent * (VA)

N Fluke 437 404.8 0.0666 404.68
SIMPELEC 405.126 0.0666 405.22
n Fluke 437 412.3 78.8976 412.41
SIMPELEC 412.827 78.8976 412.73

S, = Jsf — 52, + 52, = [(412.3)% — (78.8976)% + (0.0686)? = 404.68 VA.

This result is only slightly less than 404.8 VA, which was the real value obtained using the source
neutral point (N) as the voltage reference point. A comparison of the real values of the source and
load apparent powers measured by the SIMPELEC power analyzer (third column in Table 3) with
the values calculated using Equations (25) and (26) reveals that they are very close. This verifies the
validity of Equations (25) and (26). However, because the sources are generally quasi-balanced and
hardly distorted, their neutral-displacement powers are usually less than the load neutral-
displacement powers (Table 3). The source apparent powers can, thus, be estimated with great
precision exclusively from the measured load apparent and neutral-displacement powers. This was
also confirmed by the experimental results for the real-world electrical network (Section 4.1.4). The
procedure has significant potential in practical applications since it reduces the number of power
analyzers required to measure the apparent powers in different parts of a power system.
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4.1.2. Sinusoidal and Unbalanced Voltage Source

In this practical application, the source was adjusted to supply sinusoidal and unbalanced
voltages with a zero-sequence component of 38.66 V (Table 4). The load and neutral path resistances
were maintained at the same values as in the previous laboratory application. The source conditions
included displacement of the source and load neutral points with respect to the real grounding point
of the installation.

Table 4. Voltages and currents measured by the Fluke 437 and SIMPELEC power analyzers for
different voltage reference points (Vo= zero-sequence voltage, Iy= neutral current). PCC—point of

common coupling.

Source Voltage Load Voltage PCC Voltage Line Current
RMS (V) Angle(®) RMS (V) Angle(®) RMS(V) Angle(®® RMS(A) Angle(°)
A-phase 240.2 0 182.18 6.19 201.38 -0.05 0.748 6.19
B-phase 225.17 -106 230.62 -121.53 238.97 -114.97 0.545 -121.53
C-phase 225.3 -254 265.09 117.07 238.76 115 0.312 117.07
Volly 38.67 0.02 28.12 135.46 0.2 -136.52 0.334 -18.56

Table 4 summarizes the values of the voltages and currents measured by the Fluke 437 and
SIMPELEC power analyzers, which are represented in Figures 8 and 9a for different voltage reference
points, namely, the source (N), load (n), and real grounding point (G').
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Figure 8. Screenshots of the Fluke 437 power analyzer for sinusoidal and unbalanced source voltages:
(a) source voltage; (b) load voltage; (c) line current.
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Figure 9. Main screen of the SIMPELEC power analyzer using a real grounding point (G) as the
voltage reference point.

The apparent powers measured by the SIMPELEC (Figure 9) and Fluke 437 (Figures 10) power
analyzers are presented in the third column of Table 5. The neutral-displacement powers were
measured by the SIMPELEC power analyzer according to Equations (27), (28), and (35).
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Figure 10. Buchholz’s power screenshots of the Fluke 437 under unbalanced voltage supply using as
voltage reference the neutral point of the (a) source, and (b) load.

If the source and load neutral points (N and n) are not available for use as voltage reference
points, instrument manufacturers recommend the use of a grounding point (G) near the PCC.
However, this is only an approximate solution because the apparent power measured by a power
analyzer at the PCC using a grounding point as voltage reference is usually smaller than the apparent
powers measured using either the source or the load neutral points (N or n) as voltage reference
(third column in Table 4), especially when the source and load are unbalanced and/or distorted.
Nevertheless, source and load apparent powers (S5 and S;') could be determined (fifth column in
Table 5) very close to the real values (third column in Table 5) from the apparent powers measured
at PCC using the grounding point (G) as the voltage reference and the values of the neutral-
displacement powers (S,s and S,;) indicated in fourth column in Table 5, applying Equations (37)
and (39).

* 2 * 2
Sl = \[(Sgcc) + 51?11 - Srzl,pcc' and Ss = \[(Szgcc) + S‘rzls - S%,pcc-

Table 5. Apparent and neutral-displacement powers measured by the Fluke 437 and SIMPELEC
power analyzers for the PCC of the tested circuit with respect to the voltage reference point (N, n, or
G)). (*) Calculated from the powers measured at source and load using the grounding point (G) as
voltage reference point (ref. pt.).

Reference Apparent Neutral (S, Apparent *
Point Analyzer I;E’A) VA) prA)
Source Fluke 437 389.5 65.406 389.2

(ref. pt. N) SIMPELEC 389.65 65.406 389.648
Load Fluke 437 386.4 47.562 386.49

(ref. pt. n) SIMPELEC 386.57 47.562 387.05
PCC Fluke 437 383.6 0.343 -

(ref. pt. G) SIMPELEC 384.12 0.343 -

Indeed, as an example that illustrates how the values of apparent powers of the source and load
could approximately be obtained from the powers measured using the grounding point (G) as the
voltage reference point (fifth column in Table 5), the apparent power of the source (S;) in the test
circuit of Figure 4 would have the following value, using the second above equation in which Sj.. =
384.12 VA is the apparent power measured by the SIMPELEC analyzer at the PCC (third column,
last file in Table 5) and the neutral-displacement powers of the source (S,s = 65.406 VA) and PCC
(Snpcc = 0.343 VA) are obtained from the fourth column in Table 5:

S; = J (s,;cc)2 + 52, — S2 00 = /384.122 + 65.4062 — 0.3432 = 389.648 VA.

This result would agree well with the real value of the apparent power measured by the
SIMPELEC power analyzer using the source neutral point (N) as the reference point (389.65 VA).
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4.1.3. Distorted Voltage Source

In this practical application, the three-phase source was programmed to supply balanced and
distorted line-to-neutral voltages formed by a 230-V 50-Hz fundamental-frequency harmonic and a
23-V 150-Hz third harmonic. The registrations of the Fluke 437 and SIMPELEC power analyzers are
shown in Figures 11 and 12. The load and neutral path resistances were maintained at the same values
as in the previous tests. The RMS results for the different parts of the circuit are presented in Table 6.
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Figure 11. Screenshots of Fluke 437 power analyzer showing the currents and Buchholz’s powers
measured under supply of distorted voltage: (a) source power, (b) load power, and (c) line and neutral

currents.
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Figure 12. Main screens of the SIMPELEC analyzer when the source is distorted and with
representation of the line-to-neutral voltage waves, using the voltage reference point as (a) the neutral
point of source (N), (b) the neutral point of load (n), and (c) a real grounding point (G).
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Table 6. Harmonic voltages and currents measured by the SIMPELEC power analyzer using different
voltage reference points (V, =zero-sequence voltage, Iy=neutral current).

Real Grounding Point

Source Voltage Load Voltage Line Current

Voltage
50 Hz 150 Hz 50 Hz 150 Hz 50 Hz 150 Hz 50 Hz 150 Hz
A-phase 230.0 23.0 189.69 9.536 231.2 0.275 0.78 0.04
B-phase 230.0 23.0 239.32 9.49 231.2 0.211 0.565 0.023
C-phase 230.2 23.0 267.85 9.5 231.3 0.211 0.315 0.011
Volly 0.07 23.0 45.08 9.508 0.07 0.23 0.246 0.071

The total RMS values of the voltages and currents in the tested circuit were obtained by applying
Fourier series to the harmonic components presented in Table 6. Hence, using Equation (24), the RMS
values of the zero-sequence line-to-neutral voltages at the source, load, and PCC for the use of a real
grounding point as the voltage reference point were respectively as follows:

Vano =+/0.072 + 232 = 23V, V40 =+/45.08%2 +9.5082 = 46.07 V,

Vaco =/0.072 + 0.232 = 0.24 V.

The apparent powers measured by the analyzers are presented in the third column of Table 7.
The neutral-displacement powers in the fourth column of Table 7 were measured at the PCC by the
SIMPELEC power analyzer using the neutral points of source (N) and load (n), as well as with a real
grounding point (G), as the voltage reference points, respectively, according to Equations (27), (28),
and (35).

Table 7. Apparent powers measured by the Fluke 437 and SIMPELEC power analyzers for the PCC
of the tested circuit with respect to the selected voltage reference point (N, n, or G). (*) Calculated in
source and load from the apparent powers measured at PCC using the grounding point (G) as voltage
reference point.

Reference Apparent Neutral (S,)) Apparent *
Point Analyzer IZEIA) VA) PFVA)
Source Fluke 437 405.7 40.42 405.8
(ref. pt. N) SIMPELEC 406.28 40.42 406.27
Load Fluke 437 411.7 80.95 411.83
(ref. pt. n) SIMPELEC 412.43 80.95 412.29
PCC Fluke 437 403.8 0.42 -
(ref. pt. G) SIMPELEC 404.27 0.42 -

The source and load apparent powers indicated in the fifth column of Table 7 were obtained
from the apparent powers measured at the PCC using a real grounding point (¢) and Equations (37)
and (39). Hence, for example, to calculate the load apparent power (S;) from PCC apparent power
(Spcc = 403.8 VA, Table 7, measured by the Fluke 437 power analyzer), the load and PCC neutral-
displacement powers (S,; = 80.95 VA, S, ,,.c = 0.42 VA) in Equation (37) should be used.

Sy = \[(55“)2 + 82 = SEpec = /403.8% + 80.952 — 0.422 = 411.83 VA.

This result is very close to the real value of 411.7 VA (third column of Table 7), measured by the
Fluke 437 power analyzer using the neutral point of the load as voltage reference. The general results
obtained for the tested circuit when it was supplied with the distorted voltage (Table 7) are
comparable with those obtained when the circuit was supplied by an unbalanced voltage (Table 5).
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4.2.. Real-World Electrical Network

This experiment aimed to also verify Equations (25) and (26) in real-world installations, and not
only in controlled conditions at the laboratory. Additionally, the experiment was used to prove that
measuring only the load powers is enough to determine the apparent powers of the source (the
transformer, in this case) with very good approximation.

An electrical network of the utility Eléctrica de Vinalesa SCV, Valencia, Spain, was used for this
practical experience. The waves of the line currents and source voltages, as well as the source and
load powers registered by the SIMPELEC power analyzer, are shown in Figures 13a, b. The network
power was supplied by a 400-kVA 20-kV/400-V Dynl1 three-phase transformer through a three-
phase four-wire balanced buried line of cross-section 25 mm? and length 28 m (from the transformer
to the load distribution panel). The power consumptions of each phase of the load are shown in
Figure 14. The line currents were distorted and strongly unbalanced (Figure 13b), while the voltages
were hardly distorted (Figure 13a).
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Figure 13. Main screens of the SIMPELEC power analyzer for measurement of the (a) source (with
representation of line-to-neutral voltages), and (b) load (with representation of line currents) of the
real-world electrical network.
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Figure 14. Screenshots of the active and reactive power consumptions in each phase of the load of the
real-world electrical network measured by the SIMPELEC power analyzer.

It should be noted that, as shown in Table 8, the apparent powers measured at the PCC when
the neutral point of the load (n) was used as the voltage reference point (58,385.30 VA) were slightly
higher than the apparent powers measured at the PCC using the source neutral point (N) as the
voltage reference point (58,382.40 VA). The differences between the measured apparent powers were
due to the neutral-point displacement of the load and source, caused by the non-negligible neutral
conductor impedance.
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Table 8. Apparent and neutral-displacement powers measured by the SIMPELEC power analyzer for
the PCC of the real-world installation with respect to the selected voltage reference point (N or n).

Reference Apparent Neutral (S,,)
Point (VA) (VA)
Source 58,382.40 107.19

(ref. pt. N)

Load 58,385.30 575.81

(ref. pt. n)

The source and load voltages show the effects of the neutral displacement phenomenon. While
the source voltages stayed quasi-balanced, with values around 230 V (Figure 13a), the load voltages
became unbalanced, with over-voltages greater than 231 V in phases A and B, and sub-voltages
(228.21 V) in phase C. The power effects caused by the non-negligible neutral conductor impedance
were determined by the neutral-displacement powers, which were 575.81 VA for the load and only
107.19 VA for the source (Table 8).

We knew the values of the apparent and neutral-displacement powers in the source and load
(represented in Table 8), because we measured these powers in both subsystems (source and load) of
the real-world installation. However, usually, the powers are measured at only one part (source or
load) of the power systems, making it difficult to measure two sides at once. In these cases, the
procedure proposed in this paper could be very useful, because it enables determining the source
apparent power, with great approximation, measuring only the load powers. Indeed the neutral-
displacement power of the source (S, = 107.19 VA, Table 8) was negligible in comparison to the load
neutral-displacement power (S,,; = 575.81 VA, Table 8), which is true in most power systems, since
the sources are usually more balanced and less distorted than the loads, as may be obtained from
Equations (25) and (26).

Sy = [S2 — 52 =,[58385.32 — 575.812 = 58,382.46 VA.

n

This result is very close to the measured value of the source apparent power (Ss = 58,382.4 VA,
Table 8). The findings of this example are of great practical significance, particularly for the possibility
of estimating the source apparent power of a system using only the powers measured in the load of
that system, because the source neutral point is inaccessible or to save measuring instrumentation on
the source.

5. Conclusions

The phenomenon associated with the apparent power differences measured in each subsystem
of a three-phase star-configured power system, depending on the point used as the voltage reference,
was examined in this paper. The phenomenon was determined to be due to the power effects caused
by the neutral-point displacement voltage difference between the different voltage reference points.

A proposed power that represents the effect of this phenomenon, referred to as the neutral-
displacement power (S,), was developed, and its expressions were derived based on Buchholz’s
apparent power. In each subsystem (source or load) of a three-phase star-configured power system,
the value of the neutral-displacement power is determined by the adopted voltage reference point.
When the voltage reference point is an ideal grounding point, the neutral-displacement power is zero,
and the measured apparent power has the minimum possible value, including when the subsystem
is unbalanced and/or distorted. If the voltage reference point is the neutral point of an unbalanced
and/or a distorted subsystem, the neutral-displacement power would be non-zero. This is because of
the existence of a voltage difference between the neutral point of the subsystem and the ideal
reference point, resulting in an increase in the value of the apparent power relative to the value
measured using the ideal reference point.

The apparent power measured by a power analyzer when a real grounding point is used as the
voltage reference point is slightly higher than that measured using an ideal grounding point as the
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reference point. This is because the neutral-displacement power for a real grounding point is non-
zero, although very small. The neutral points of quasi-balanced and barely distorted subsystems in a
three-phase power system can be considered as real grounded points. This enables the apparent
powers of the subsystems to be determined with great precision using any real grounding point as
the voltage reference point. This affords a practical means of measuring the apparent powers of the
subsystems when their neutral points are not easily accessible, because they are very far from the
measurement point, or when we want to save in power measurement instrumentation.

The apparent powers of unbalanced and/or distorted subsystems measured using real grounding
points as the voltage reference points instead of the neutral points of the subsystems contain errors, the
magnitudes of which increase with increasing imbalance and/or distortion of the subsystems.
Nevertheless, the errors can be avoided using Equations (37) and (39), presented in this paper, as
demonstrated by the second and third application examples considered in the present study.

The Buchholz apparent powers of most power sources can be determined with great precision
by measuring only the load powers and using Equations (25) and (27). This was also demonstrated
by the first and fourth (real-world) application examples considered in our study. This procedure is
based on the fact that the power source of an electrical system is usually less unbalanced and distorted
than the load, and the neutral-displacement power of the former is, thus, not as influential as that of
the latter.
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