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Abstract—This paper deals with the useless active powers and
the reactive powers included in the unbalance power (Sy1), and
in the nonfundamental effective apparent power (S ) defined in
IEEE Standard 1459. Only the fundamental positive-sequence ac-
tive power (P;" ) must be delivered to loads under ideal supply op-
erating conditions. Fundamental negative- and zero-sequence ac-
tive powers (P; and P1°, respectively), and the harmonic active
power ( Prr) are considered useless active powers because they in-
crease the power losses in the load and in the distribution lines,
reducing the global efficiency of the electrical power systems. Sty
and S, are calculated in this paper for two cases, resolving the ef-
fective apparent power (S.) by means of the product between the
terms of the effective voltage (V.) and the effective current (I.).
It yields to expressions of some useless active powers and reactive
powers that differ from the definitions included in IEEE Standard
1459. New definitions of V_, I, and S. are proposed to avoid the
disagreements detailed in this paper. The new definitions are com-
pared with the IEEE Standard 1459 definitions by means of one
numerical example. Magnitudes calculated by means of the IEEE
Standard 1459 definitions present a general overvaluation that ar-
rives at a maximum of 83% for Sy;;.

Index Terms—Electrical power quality, IEEE Standard 1459,
nonactive powers, nonfundamental effective apparent power, re-
active powers, unbalance power, useless active powers.

I. INTRODUCTION

HE IEEE Standard 1459 [1] includes definitions for the

measurement of electric power quantities under sinu-
soidal, nonsinusoidal, balanced, or unbalanced conditions. The
analysis of nonsinusoidal and unbalanced electrical systems
is still under research, as demonstrated by works in the field
[2]-[6]. It is stated in the IEEE Standard 1459 introduction
that “the new definitions were developed to give guidance with
respect to the quantities that should be measured or monitored
for revenue purposes, engineering economic decisions, and
determination of major harmonic polluters.” Some works deal
with instruments for the measurement of the electric power
quantities defined in IEEE Standard 1459 [7]-[11]. In [12],

Manuscript received June 30, 2009; revised June 07, 2010; accepted
November 19, 2010. Date of publication January 17, 2011; date of current ver-
sion March 25, 2011. This work was supported by the Generalitat Valenciana
under Grant GVPRE/2008/343. Paper no. TPWRD-00427-2009.

S. Orts-Grau, F. J. Gimeno-Sales, and S. Segui-Chilet are with the Electronics
Engineering Department, Universidad Politécnica de Valencia, Valencia 46022,
Spain (e-mail: sorts @eln.upv.es; fjgimeno@eln.upv.es; ssegui @eln.upv.es).

N. Muiioz-Galeano is with the Electrical Engineering Department, Univer-
sidad de Antioquia, Medellin, Colombia (e-mail: nicolasm @udea.edu.co).

J. C. Alfonso-Gil is with the Department of Engineering of Industrial Systems
and Design, Universidad Jaume I de Castellén, Castell6 de 1a Plana 12071, Spain
(e-mail: jalfonso@esid.uji.es).

Digital Object Identifier 10.1109/TPWRD.2010.2096519

a new perspective for the IEEE Standard 1459 definitions is
introduced by using the stationary wavelet transform. The
IEEE Standard 1459 power magnitudes are also used in the
detection of the major sources of waveform distortion [13] or
in the definition of the reference currents of shunt active power
compensators [14]-[16].

Some of the definitions proposed in the IEEE Standard 1459
are still under discussion. In [17], the author disagrees with the
definition of nonfundamental power. In [18], the authors pro-
pose a new definition for unbalance power following an instan-
taneous approach based on well-established concepts used in
the IEEE Standard 1459 for the definition of active and reactive
power in single-phase systems. In the approach proposed in this
paper, the IEEE Standard 1459 power magnitudes are calculated
using the supply voltages and the load currents. After resolving
S., the different power terms are related to the power magni-
tudes defined in the IEEE Standard 1459.

The structure of this paper is as follows. After the introduc-
tion, a summary of the IEEE Standard 1459 power definitions
used in this paper is presented. The analysis focuses on the study
of unbalanced and nonlinear loads. In Section III, the IEEE
Standard 1459 power magnitudes are calculated by means of
the voltage and current components V, and I, for an unbalanced
linear load and a nonlinear balanced load. The comparison of the
IEEE Standard 1459 definitions with the power magnitudes ob-
tained by means of the proposed approach in this paper permit
highlighting some differences that raise doubts about the defi-
nitions of V, and I, included in the IEEE Standard 1459. Sec-
tion IV includes the new expressions of V, and I. that over-
come the presented problems. Section V includes a comparison
between the existing and new definitions by means of a numer-
ical example. This paper concludes with a summary of the main
points developed in this paper.

II. POWER QUANTITIES IN IEEE STANDARD 1459

The IEEE Standard 1459 establishes new electric power
quantities for any situation of the electric power system. The
new power magnitudes are obtained by means of the resolution
of the effective apparent power in three-phase systems intro-
duced by Buchholz in [19]. The symmetrical components of
the supply fundamental voltages and load fundamental currents
are used in the IEEE Standard 1459 to define several funda-
mental power magnitudes. The importance of the fundamental
positive-sequence powers P1+ and Qf are recognized in [1]
and [7].

This section details the IEEE Standard 1459 power defini-
tions applied to some electric circuits. These power definitions
will be resolved in Section III of this paper by means of a new

0885-8977/$26.00 © 2010 IEEE
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Fig. 1. Three-phase four-wire electrical system under analysis.

approach that uses the supply voltages and load current compo-
nents. Fig. 1 shows the general three-phase four-wire electrical
system analyzed in this paper. The instantaneous supply volt-
ages (phase to neutral) are denoted by v,, vy, and v.. The ac
supply can feed the load with fundamental and harmonic sym-
metric or asymmetric voltage components. At the same time,
the three-phase load can be balanced or unbalanced and linear
or nonlinear. 7,, %3, and 7. are the instantaneous supply currents
demanded by the load, and i,, is the neutral instantaneous cur-
rent. It is considered an ideal line in the analysis, but the effect
of the unbalanced and nonlinear currents in the electrical system
is included in the supply voltages.

The effective voltage (V) is defined as a function of the
supply rms line-to-neutral voltages (V,, Vs, V.), and rms
line-to-line voltages (Vap, Vie, Vo) as follows:

- \/3(%2 VAV + (Vi + Vi +V2)

13 - (D

The effective current (I,,) is defined as a function of the phase
(1., Iy, I.) and neutral (1,,) rms currents as follows:

L:¢E+ﬁ+8+@.

3 (@)

The effective apparent power (S, ) is defined as follows:

Se=3V.I.. 3)

As indicated in [20], several concepts of the apparent power
can be found in the literature. An explanation of why V. and I,
are defined in this way is given in [21] and [22].

Power magnitudes for unbalanced linear loads and for non-
linear loads are detailed separately in the following subsections.
Section II-A summarizes power definitions for a three-phase un-
balanced linear load connected to a three-phase fundamental
asymmetric supply. Section II-B summarizes the IEEE Stan-
dard 1459 power definitions for a three-phase nonlinear load
connected to a three-phase asymmetric supply that also includes
harmonic components.
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A. Power Magnitudes for a Three-Phase Unbalanced Linear
Load Connected to a Three-Phase Fundamental Asymmetric

Supply

For this case, the supply voltages in Fig. 1 are not equal
(Vo # Vi # V.). V. coincides with the fundamental effective
voltage (V.1) because the supply voltage only contains funda-
mental components. Subscript “1” is used to identify the funda-
mental components. V. is calculated in [1, p. 18, Sec. 3.2.2.8] in
terms of the rms fundamental positive-, negative-, and zero-se-
quence voltages (V;, V7, and V°, respectively) as follows:

Vo=V = W*)“’ )+ G

“

The currents through the unbalanced linear load are not equal
(I, # I # 1. and I,, # 0). I, coincides with the fundamental
effective current (7,1). I is resolved in [1, p. 18, Sec. 3.2.2.8]
in terms of the rms fundamental positive-, negative-, and zero-
sequence currents (I35, I7, and I?) as follows:

2 _\2
L= L= (IF)" + (I7)” + 4(19)%, 5)
According to (3)-(5), S. corresponds to the fundamental ef-

fective apparent power (Se1)

Se = Sel =3 V;elleb (6)
The fundamental positive-sequence apparent power (S;7) is
obtained by the product of V;* and It, as follows:
St =3ViIy. @)
S;F exists in three-phase linear and balanced electrical sys-
tems. SfL is resolved into the fundamental positive-sequence

active power (P1+ ) and the fundamental positive-sequence re-
active power (Q7)

(51)" = (31t 1)* - ((cost)” + (sin6f)”)
+\2
1

2
= (PF)"+ (@) ®)
where 67 is the phase angle between V;" and I;". The unbal-
anced power (Sy1) is calculated by means of S, and Si" as
follows:

31 = (8e1)? - (87)° ©)

Sy is the power magnitude that quantifies the load unbal-
ances and the voltage asymmetries, including only fundamental
components of the voltages and currents.

The fundamental negative-sequence apparent power (S7 )
and the fundamental zero-sequence apparent power (SY) are
resolved by means of their corresponding active and reactive
parts as follows:

(PO +(Q) =06V )
(P))"+ (@) = (3vP1)".

(10)
(11
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The fundamental positive-, negative-, and zero-sequence ac-
tive powers (P, P;”, and P, respectively) are defined in the
IEEE Standard 1459 as follows:

Pt =3Vt I cos 6 (12)
P =3V I cosby (13)
PY =3V1Y cos 69 (14)

where 6", 67, and 69 are the phase angle between the voltage
and the current of the corresponding symmetrical components.
Pf‘ is the unique active power that is considered useful while
Py and P} are considered useless active powers due to the
power losses produced in the load and line wires [6], [9], [16],
[20], [22], and [23]. Instead of using the term ‘“non-active
powers” to denote the power magnitudes that are not desirable
in an ideal electrical system, the authors considered the term
“useless powers” to be more suitable, which includes all power
magnitudes that are not P;.

The fundamental active power (P;) is obtained as the sum of
the three fundamental active powers that are equal to the active
power (P), in this case

Py=Pr+ P +P) =P (15)

The fundamental positive-, negative-, and zero-sequence re-
active powers (Q7, Q7 , and QY, respectively) are produced by
the product of the currents that are in quadrature with their cor-
responding voltages and are defined as follows:

QF =3Vt I sindf (16)
Q7 =3V I7 sinfy (17)
QY =3V 1) sin 6Y. (18)

Q7, Q7. and QY are considered useless power flows because
they are not converted into any other kind of energy. The funda-
mental reactive power (1) is obtained as the sum of the reac-
tive powers that is equal to the conventional reactive power (Q)
in this case

Q1=QT +Q7 +Q! =Q. (19)

B. Power Magnitudes for a Three-Phase Nonlinear Load
Connected to a Three-Phase Nonsinusoidal Asymmetric Supply

In this case, the supply voltages include harmonic compo-
nents produced by the harmonic current components demanded
by the nonlinear load [24]. V. is divided in [1] into V,; and the
nonfundamental effective voltage (V.p) as follows:

VE=Vi+ Vi (20)
where the subscript “H”’ denotes the nonfundamental quantities.
Ve1 is composed by the fundamental positive-, negative-, and
zero-sequence terms of the supply voltages, as in (4). Vg is
composed by the nonfundamental voltages.

IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 26, NO. 2, APRIL 2011

Following the same approach for the currents, I, is resolved
into I.; and the nonfundamental effective current (1.7 ) as fol-
lows:

I2 =14+ 1%, 1)

1. is composed by the fundamental positive-, negative-, and
zero-sequence terms of the load currents, as in (5). I,z is com-
posed by the nonfundamental currents.

The nonfundamental effective apparent power (S.n) is de-
fined as follows:

S%y =8%2-8% = (3VulLg)* +(B3Vegla)?+ (B Veglew)?.

(22)

S.n is resolved in three terms. The first term is the current
distortion power (D.r)

D2 = (3Valn)®. (23)
The second term is the voltage distortion power (D.y/)
DXy = (3Vegler)® (24)

The third term is the harmonic apparent power (S.z ), as de-
fined in (25). S, g is resolved in the harmonic active power ( Py )
and the harmonic distortion power (D, ) as follows:

S%y = (3VenIn)? = Pi + D2y (25)

Py is considered a useless power since it produces losses in
the load and in the electrical system [6], [9], [20], and [22]. Py
is defined by means of the harmonic voltages and currents of the
same harmonic order that are in phase as follows:

PH = ?’ZVhIh COSG;L (26)
h#1

where the subscript “A” is used to denote the harmonic order
and 6}, is the phase angle between V}, and I},.

The active power (P) in the electric power system is obtained
as the sum (15) and (26)

P=P + Py. 27)

The harmonic reactive power (Q ) is defined as follows:

Qu =3 Vilysinfy.
Al

(28)

The conventional reactive power (@) in the electric power
system is obtained as the sum of (19) and (28)
Q=01 +Qn. (29)

In the following section, some of the power magnitudes de-
fined previously are calculated using the supply voltages and the
load current components. The analysis is performed over two

different circuits and yields differences with some of the defini-
tions included in IEEE Standard 1459.
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III. EFFECTIVE APPARENT POWER RESOLUTION BY MEANS OF
THE VOLTAGE AND CURRENT COMPONENTS

In this section, S, is resolved following an approach that uses
the supply voltages and load currents. The products of the dif-
ferent current and voltage components that appear after this res-
olution are related to the different power magnitudes defined in
Section II. Differences appear between the definitions of some
useless active powers and reactive powers included in IEEE
Standard 1459 and the expressions obtained by means of the ap-
proach proposed in this paper. To highlight these disagreements,
two different cases are analyzed in the following sections.

The first studied case corresponds to a three-phase unbal-
anced linear load connected to a three-phase asymmetric supply
that only contains fundamental voltage components. The first
case is focused on the fundamental active and reactive power
terms that are part of Syr1. The second case highlights the IEEE
Standard 1459 quantification error by means the calculation of
the harmonic active and reactive powers that are part of S,y
The load of case 2 includes a balanced linear part that only de-
mands fundamental positive-sequence active currents in parallel
with a balanced nonlinear load. The supply voltages include har-
monic terms of the same order than the harmonic currents, cor-
responding to the voltages that appear between load terminals
due to nonideal distribution line impedances.

These two cases do not correspond to real situations that can
appear in electrical power networks. They are selected to high-
light the quantification errors included in some IEEE Standard
1459 power definitions. The quantification errors can only be
demonstrated by means of the comparison between the results
obtained with the approach used in this paper and the well-
known active and reactive power definitions included in IEEE
Standard 1459. The two cases are selected due to a reduced
number of voltage and current components where the quantifica-
tion errors are demonstrated. A more realistic case that includes
all types of power magnitudes is presented later in this paper. It
highlights the differences between IEEE Standard 1459 defini-
tions and the proposed ones.

The subscript “_m” is used to distinguish the expressions ob-
tained in this paper that are mistaken and disagree with the defi-
nitions included in IEEE Standard 1459. Power magnitudes cal-
culated specifically for case 1 and case 2 are identified with sub-
scripts “_c1” and “_c2,” respectively. Expressions proposed by
the authors that redefine magnitudes included in IEEE Standard
1459 are distinguished by the subscript “#.”

Case 1: Three-Phase Unbalanced Linear Load Connected to
an Asymmetric Fundamental Supply: In this case, the three-
phase unbalanced linear load (Z, # Z, # Z.) demands fun-
damental positive-, negative-, and zero-sequence current com-
ponents (I, # I, # I. and I,, # 0), as represented in Fig. 2.
The current through the neutral wire corresponds to the sum of
the currents through the three lines. The neutral current includes
only the sum of the fundamental zero-sequence components be-
cause positive and negative currents are zero-sum components
[25]. The three-phase supply is asymmetric, including funda-
mental positive-, negative-, and zero-sequence voltage compo-
nents. The IEEE Standard 1459 power magnitudes for this case
are detailed in Section II-A.
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Fig. 2. Equivalent circuit of a three-phase unbalanced linear load connected to
an asymmetric fundamental supply.

Replacing (4) and (5) in (6) and expanding terms [18], S¢1 is
expressed as follows:

s3 =9 [(iFIf)’+ (D)’ 4 (1)’

+ (V) 4+ (V) 4 (v 10)?
1 1
by ) 4 g 00 1)

+2- (v 1)’ (30)

The first term in (30) appears in the expression of S i" in (7),

while the remaining terms belong to Sy1, which is expressed as
follows:

5’[2]1:9. [(V1+ _I;)2 +4. (V1+ 'I{))Z n (Vf 'Il+)2

1
VI e (1) 5 (I’

N2 2

o (VW) 42 (V1) 31)
The term V;~ - I; appears in the expression of S in (10)
while the term V- I appears in the expression of Sy in (11). A
different resolution of Sy is reported in [26]. The fundamental
zero-sequence apparent power obtained by means of (31), de-

noted as Sy ;, can be written as follows:

(50.0)" = (L) +(Q0.,)" = (3v2r? - 19) . @)

By means of the use of the voltage and current components
in the definitions included in IEEE Standard 1459, the expres-
sions of the zero-sequence active power (P ) and the zero-se-

quence reactive power (QY ,,,) included in (32) are as follows:

PP =V2(3V21Y cos 69) (33)
O =V2(3V 1) singY) . (34)
In the expressions of P, and QY , , the factor /2 disagrees

with the commonly accepted expression of P{ and QY [(14) and
(18), respectively] included in IEEE Standard 1459. To obtain
(14) and (18), all of the factors that multiply the power terms
between brackets in (30) must be equal to one. It is stated in
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Fig. 3. Power system with zero-sequence harmonic components.

[17] that “the definition of non-fundamental power S is flawed.”
After the analysis was performed previously, the previous state-
ment can be extended to include a fundamental power magni-
tude Sy1.

The remaining power magnitudes defined in IEEE Standard
1459 (P, P{, Qf , and Q7 ) coincide with the expressions ob-
tained by means of the use of the voltage and current compo-
nents. Nevertheless, it is necessary to modify the definitions in-
cluded in (4) and (5) as they appear in (35) and (36) to reach
an agreement in the definitions included in IEEE Standard 1459
with the results obtained by means of the voltage and current
components

Vg = \/ (Vi) + (vi) + (v2)? (35)

Ly = \/(11+)2 +(I7) + (19

The expressions obtained for this case show that the funda-
mental zero-sequence current is over valuated in (5) by a factor
of 4 while the fundamental zero-sequence voltage is under val-
uated in (5) by a factor of 1/2. These factors result in a value
of Sy that does not quantify the unbalance phenomenon cor-
rectly. The product of (35) and (36) yields the expression of the
new fundamental effective apparent power (S.14) that contains
the same terms as (30), but with all factors equal to one.

Case 2: Three-Phase Balanced Nonlinear Load Connected to
a Three-Phase Nonsinusoidal Symmetric Supply: The circuit
analyzed in this case is represented in Fig. 3. The load is
balanced and includes a linear part (represented by the resistance
R) in parallel with a nonlinear distorting load (denoted as
D). Harmonic orders of voltage and current components in
balanced systems can be classified according to the rotation
of the corresponding phasors [14], [27]. Harmonic current
components of an order equal to 3n+3 (withn = 0,1,...,00)
are in phase (with any rotation sequence) and are denoted
as zero-sequence components. To simplify the analysis, it is
assumed for this case that the nonlinear load demands only
zero-sequence current components (79, 49,.4% ), with an rms
value equal to I} in the three phases. The resistances demand
only fundamental positive-sequence active current components

(if it if®), with an rms value equal to I;7* in the three

(36)
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phases. The neutral current is equal to the sum of the three
line zero-sequence current components (i5, +14%, +4% ), with
an rms value equal to 3 Ij.

The supply voltage includes the fundamental positive-se-
quence voltages (vy,, v, vi") plus some harmonic zero-se-
quence components (v9,, v, v9,) that appear due to the flow
of the harmonic zero-sequence current components through the
distribution lines. Under this condition, the harmonic order of
the current and voltage harmonic components is the same. The
rms value of the fundamental positive-sequence voltages is V',
while the rms value of the zero-sequence voltage components is
V,?. For this case, V, is calculated by means of (20) as follows:

1
Ve = \/(V1+)2 + ) (V}?)Q (37
Replacing the values of the load currents in (21) defined pre-
viously, I, is equal to
_ +a)2 0)2
L=/ (07)" +4(17)" (38)
Substituting (37) and (38) into (3), and expanding the terms,
S, is written as follows:

520 | (V1) (V)P (V) 2 (V1))

(39)
The first term in (39) corresponds to P1+ , and is obtained
by the product of the fundamental positive-sequence voltage
with the fundamental positive-sequence active current. The re-
maining terms in (39) are part of S.n
2 1002, L0 4a)2 0702
Sen =9 |4V IR)" + 5 (Vi LT)" +2(Vi'In) ™| - (40)
It is possible to identify the power magnitudes in (40) and
detailed in (23)—(25). The first term in (40) includes the product
of V" and I ? and corresponds to D.r. By rearranging the terms,
D, can be expressed as follows:
D% = 3V (219))%. (41)
The expression of I, in (23) is equal to 2 - I in this case.
The second term in (40) includes the product of V,? and I}

and corresponds to D.y . By rearranging the terms, D,y can
be expressed as follows:

2
1

o= (0 (75%) %)

The expression of Vg in (24) is equal to ((1/v/2) - V}?). The

last term in (40) includes the product of V,? and I? and corre-

sponds to S, . By rearranging the terms, S, can be expressed
as follows:

(42)

2
S%y = (3 VemlLn)? =2 (3V2ID)". 43)
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As detailed in (25), S. g can be resolved by means of Py and
D.p. Since (43) includes harmonic voltage and current compo-
nents of the same order, S. g is resolved as follows:

$2y =2 (3V019)? ((cos 69)° + (sin 92)2) L4
The useless harmonic active power included in (44) is de-
noted as Py _,, and is expressed as follows:

Py = V2 (3VT)) cos6)) . (45)
The other term in (44) corresponds to D,z and in the case
under analysis, it corresponds to a harmonic reactive power that
is expressed as follows:
Derr = Qu_m = V2 (3V I} sin6}) . (46)
Expressions (45) and (46) do not coincide with the commonly
accepted expressions of Py and ) g written in (26) and (28), re-
spectively. The differences are due to the factor /2 that multi-
plies the remaining terms that appear in Py and ) zr. This factor
is responsible for the increase in the nonfundamental power

quoted in [17]. To correct these errors, it is necessary to modify
(37) and (38) as follows:

Voo =/ (Vi) + (V0)° (47)

a2
I oo =/ ()" + (I9)°. (48)

These expressions yield to new expressions of the effective
apparent power (S._.2) and the nonfundamental effective ap-
parent power (Sen_c2)

820 =9 [(ViF )" + (Vi 1) + (V1) + (V1))
(49)

2 — +70\2 07+a\2 070\2
S =9 [ (VL) + (VL) + (V)] 60y

The expressions of Se_.o and S, x_co contain the same terms
as that of (39) and (40), but all of the factors that multiply the
terms between brackets are equal to one. The last term in (50)
includes Py and Qg as defined in (26) and (28), respectively,
avoiding the erroneous factors found in (45) and (46).

The analysis of these new expressions yields new definitions
of the effective voltage and current valid for all kinds of situa-
tions in the electrical system.

IV. EFFECTIVE QUANTITIES IN UNBALANCED
AND NONLINEAR SYSTEMS

The IEEE Standard 1459 states in its introduction that “This
trial-use standard is meant to provide definitions extended from
the well-established concepts.” Two different approaches are
used in the IEEE Standard 1459 to obtain new definitions. The
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first approach uses some voltage and current components to
define power magnitudes. For example, the fundamental pos-
itive-sequence voltage and current are used to define P;" and
Qf, as seen in (12) and (16). The second approach uses the sub-
traction of some fundamental power magnitudes to some effec-
tive power to obtain a new power magnitude. Examples of this
second approach are the definitions of Sy, as in (9), and S, N,
as in (22).

The approach used in this paper to calculate Sy7; and S,y in
the studied cases is based on the use of the voltage and current
components in the expressions of S.. The number of voltage and
current components in the analysis of Sy is limited to six, cor-
responding to the fundamental positive-, negative-, and zero-se-
quence voltage and current components. The case of a balanced
nonlinear load that demands harmonic zero-sequence current is
selected to limit the number of voltage and current components
when S, is analyzed. The flow of current through the neutral
wire is the common feature between the two studied cases.

After resolving S, by means of the voltage and current com-
ponents, problems arise with some commonly accepted power
magnitudes such as the harmonic active power and the fun-
damental zero-sequence active power. The problems come up
when zero-sequence components of voltage and current exist in
the power system. In all of these cases, the expressions of the
power magnitudes include a factor that yields to expressions of
the power magnitudes that do not coincide with the commonly
accepted power magnitudes.

After the results presented in cases 1 and 2 for two different
three-phase four-wire electrical systems, it is necessary to
modify the definitions of V, and I, included in IEEE Standard
1459. To remove the erroneous factors, the proposed definitions
of the effective voltage V.4 and the effective current I.4 are

as follows:
V2 V2 V2
Vs# — a + b + c
V 3
2+ 12+12
Ie# = f.

With (51) and (52), a new expression of the effective apparent
power (Sey) is obtained

(51

(52)

S2, =9VEI2, = (V24 V2 +V2) (2+ 2+ 1%) (53)

which yields to a new expression of the fundamental effective
apparent power (Se14)

552,1# = 91/;.21#131# =(VA+VA+V3) (I +Ih +17) .

(54
Se14 can be expressed by means of the fundamental symmet-
rical components [28] as follows:

St =((v) )+ (W)?) - () + (1) + (1)) -

(55)
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With the proposed expressions of V4, .4, and Sc4, the def-
initions of the new unbalance power (Sy14) and the new non-
fundamental effective apparent power (Sen ) are as follows:

2
Stig =Sap — (57) (56)
2 _ Q2 2
Seng = Seg — Serg
=9 [(Verglen#)” + Venplerg)’
+(Verglony)?] - (57)

All of these power quantities obtained from (51) and (52) pro-
vide a numerical result that is smaller than that obtained using
the definitions included in IEEE Standard 1459. The different
active and reactive power terms calculated by means V.4 and
1.4 agree, for any case, with the well-known definitions in-
cluded in IEEE Standard 1459.

V. RESULT AND DISCUSSION

A three-phase unbalanced nonsinusoidal system is analyzed
in IEEE Standard 1459 [1, p. 33, Annex A.3]. The Appendix
includes a summary of the voltages and currents in the elec-
trical system under analysis. The values represent a distribution
system that includes all types of useless powers as, in fact, oc-
curs in real electrical systems.

Using the equations defined in IEEE Standard 1459 and
the Stokvis—Fortescue transformation, some calculation errors
found in Annex A.3 in IEEE Standard 1459 are reported in the
Appendix and in Table I. The two main errors V;* and V,? are
highlighted.

Table I shows a comparison between the main electrical mag-
nitudes in the system under the IEEE Standard 1459 approach
and the approach proposed in this paper. Magnitudes that give
the same value under both approaches are in the middle of the
two columns. The current and power magnitudes calculated by
the IEEE Standard 1459 definitions present, in the example, an
overvaluation that varies between 13% for S, g to 83% for Syr1,
with a47% increase for S, with respect to S . Table II presents
the variation of the different magnitudes according to the ap-
proach used in their calculation. Effective voltages with the new
approach are slightly higher than those calculated by means of
IEEE Standard 1459. The factors 1/2 in (4) and 1/ V2 in (42) are
responsible for an undervaluation of the zero-sequence funda-
mental and harmonic voltages in the IEEE Standard 1459 defi-
nitions. It results in a D,y 4 that is greater by the proposed ap-
proach in this paper than by the means of IEEE Standard 1459.

The power factor and total harmonic distortion are merit fac-
tors of the electrical system. IEEE Standard 1459 defines the ef-
fective power factor (Pr. ), the fundamental positive-sequence
power factor (Pj; ), and the equivalent total harmonic distortion
(THD,y and THD,j) as follows:

Pro = S% (58)
P}, = % (59)
THD,y = V“;’ (60)
THD,; = Illj . ©1)
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TABLE I
MAGNITUDES OF THE THREE-PHASE UNBALANCED NONSINUSOIDAL
SYSTEM UNDER ANALYSIS

IEEE 1459 New Approach (#)
V, (V) 280.25 282.02
Vo (V) 278.46 278.50
Vorr (V) 31.72 44.39
1,(A) 165.13 111.64
1,1 (A) 107.40 79.02
L (A) 125.43 78.86
I, (A) 63.38
I (A) 21.52
1,°(A) 42.00
Vit (V) 278.41
v, (V) 0.66
7% (V) 7.48
S, (va) 138839.10 94456.83
S, (va) 89721.70 66023.58
S;" (va) 52939.75
P, (W) 51867.53
0" (va) 10600.75
Sy (va) 72438.70 39452.45
Sy (va) 105954.30 67549.83
Ser(va) 11934.99 10503.33
D,;(va) 104782.78 65893.12
D,y (va) 10219.50 10524.13
P (W) 51329.87
Py (W) 25253.44
Py (W) 26470.36
Pci (W) -0.13
P (W) -35.24
P,% (W) -108.63
Py (W) —393.80
THD, (%) 116.79 99.80
THD,y (%) 11.39 15.94
Py 0.370 0.543
P 0.980
Py 0374 | 0.549
TABLE 11

FACTORS OF VARIATION BETWEEN MAGNITUDES FOR THE THREE-PHASE
UNBALANCED NONSINUSOIDAL SYSTEM

Vo= 0.99 Vop V=099 Vorz | V= 071 Vorre
T = 1.48 1,4 T = 1.36 1,13 Lot =1.59 Lygs
S, = 1.47 S,z S,1=136Sus | Sui=1.83 Syis

SeN =1.56 SfN#
D, =159 Doty | Doy =0.97 Dy | Sy =1.13 Sppys

A new merit factor introduced in [6] and [20] is denoted here
as the total power factor ( Ppr). Prr measures the relationship
between the active power under ideal operating conditions (P1+ )
and S,

Py
S,

Ppr = (62)

The merit factors also present some variations between both
approaches. By means of the IEEE Standard 1459 definitions,
the THD. is 1.17 times higher than THD.74. The THD.y
is 0.71 times smaller than THD .y 4, the power factors Pr and
Ppr are the worst per the IEEE Standard 1459 approach, and
only P;:l is equal in both approaches.
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TABLE III
VOLTAGES AND CURRENTS FOR THE THREE-PHASE UNBALANCED
NONSINUSOIDAL SYSTEM UNDER ANALYSIS

h Voltage phasors (Vi) Current phasors (A,ys)
V1 =271.03£-0.74° 1,1 =99.98£-22.00°
Vi, =283.19£-121.20° I,y =93.47£-120.80°
: V., =281.13£+121.30° 1,=0£0°
1,,|=178.08
Vi3 =27.86£+6.76° I3 =68.822+100.00°
Vi3 =28.53£+6.28° Iy =79.752+99.49°
’ V.3 =23.55£+9.70° I3=020°
7,3=21.00
Vs =13.33£+142.30° I,5=34.89£-175.00°
Vs =15.69.2 +167.40° Is = 42292 465.09°
: V5 =11.65£+157.70° 1,5=0£0°
1.4 =63.26
V7 =20.16£+146.70° 17 =27.882-65.00°
Vyr = 23252 +125.20° 17=45.80£-167.90°
7 V5 =17.832+136.50° 1,=020°
14=67.73
Vg =23.414 —47.40° 19 =5.922+48.00°
Vg =29.94£-49.19° Tpo = 40582 +41.89°
’ Vi =2227/-47.35° Ig=0£0°
1,0/ =65.73

VI. CONCLUSION

The resolution of S, by means of the electrical system volt-
ages and currents permits calculating some power quantities that
are a function of other power quantities in IEEE Standard 1459.
Power magnitudes that include fundamental and harmonic zero-
sequence components yield expressions of active and reactive
powers that are in disagreement with well-established defini-
tions. The problems arise as factors that multiply the commonly
accepted definitions.

If the expressions of the effective voltage and current are
modified to eliminate these factors, new expressions of the ef-
fective voltage and current are defined. Some power magni-
tudes included in IEEE Standard 1459 are redefined in this paper
while others are kept equal. The results obtained with the new
definitions are compared with the existing ones by means of one
of the examples included in IEEE Standard 1459. Current and
power quantities following IEEE Standard 1459 definitions al-
ways produce higher results, with a 47% of increase for S, and
an 83% increase for Syy; with respect to the quantities obtained
by means of the proposed definitions. Only P;Jl remains equal
under both approaches while the remaining power factors result
in the worst values when IEEE Standard 1459 definitions are
used.

The analysis performed in this paper gives an explanation for
the overvaluation of some of the IEEE Standard 1459 power
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Fig. 4. Phase-to-neutral voltages (top), line currents (middle), and neutral cur-

rent (bottom) waveforms in the electrical system under analysis.
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Fig. 5. Harmonic spectrum of voltages (top) and currents (bottom) in the
system under analysis.

quantities. The modifications performed in S.x maintain the
definition of the fundamental positive-sequence powers P1+ and
Qf as they appear in IEEE Standard 1459. The resolution of
Sey for unbalanced and nonlinear loads also contains an unbal-
ance power (Sy1) and a nonfundamental effective apparent
power(Seny). With the new definitions, the useless active
powers (P, , P, and Py), obtained after resolving the power
definitions, agree with the commonly accepted expression for
these magnitudes.

APPENDIX

Table III shows the voltages and currents phasors in the
system under analysis, both expressed in rms values. The
values correspond to the three-phase unbalanced nonsinusoidal
system analyzed in IEEE Standard 1459 [1, p. 35, Annex A.3].
The load in phase c is disconnected, thus increasing the load
current unbalance. The voltages are measured between phase
and neutral.
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The phase-to-neutral voltages are represented in the top plot
at Fig. 4. The order of the waveforms is a — b — c. The origin
of angles is wt = 0, with a fundamental frequency of 60 Hz.
The load-current waveforms are represented in the midplot, and
neutral current is represented in the bottom plot. Current through
line c is equal to zero at any instant.

Harmonic content of the phase-to-neutral supply voltages
(top plot) and the supply currents (bottom plot) are represented
in Fig. 5. For each harmonic order, the bars represent phases
a — b — ¢ (from the left). Since the current through line c is
equal to zero, only two bars appear in the current spectrum.

Some of the values included in Table III are different from
their corresponding values in [1, Table A.5] because some mis-
takes exist in the example presented in IEEE Standard 1459. The
erroneous terms are the following: the phase angle for the fifth
harmonic component ((y5) is equal to —65.09° and I,,1 (%) is
equal to 126% (equivalent to 125.93 A). Also, some values in-
cluded in Table I are modified with respect to the values included
in Annex A.3 of IEEE Standard 1459 because there are some er-
rors in the calculations. The corrected terms are as follows. V;©
is equal to 278.41 V instead of 288.49 V, and V? is equal to 7.48
V instead of 2.98 V. Small calculation errors also exist in V|,
S., and all of the active powers.
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