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This paper proposes a new definition of non-fundamental effective apparent power based on an analysis
of instantaneous power flows. This new instantaneous power approach for the calculation of the non-fun-
damental effective apparent power extends, and adapts for new electrical conditions, the procedure
applied by IEEE Std. 1459 for the quantification of active and reactive power in single-phase systems.
This proposed approach is based on the analysis of per-phase and three-phase instantaneous power
flows when a three-phase four-wire balanced non-linear load is connected to an ideal power network
that supplies a set of positive-sequence fundamental voltages. The per-phase and three-phase instanta-
neous power flows caused by positive-, negative-, and zero-sequence harmonic load currents are
analyzed. The results obtained for the load zero-sequence harmonic currents disagree with the results
obtained when applying IEEE Std. 1459. As a consequence, a new definition of the effective quantities
is proposed. A comparison between the new definitions and IEEE Std. 1459 definitions is made in the

paper.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The presence of non-linear loads connected to the electrical
power network is increasingly common [1-8]. Industrial applica-
tions based on three-phase static converters and adjustable speed
drivers are examples of three-phase balanced non-linear loads that
produce distortion in the current waves. The flow of load harmonic
currents in the power network, together with reactive and unbal-
anced current components, produces the following effects [3-8]:
voltage distortion and flicker; low system efficiency; low power
factor; excessive neutral current; increase in power losses; distur-
bances to other consumers; malfunction of electronic equipment;
etc.

IEEE Std. 1459 [9] includes definitions for the measurement of
electric power quantities under sinusoidal, non-sinusoidal, bal-
anced, or unbalanced conditions. It is stated in the 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 deter-
mination of major harmonic polluters’. Some works [10-13] dis-
cussing instruments for the measurement of electrical power
quantities defined in IEEE Std. 1459 have appeared in recent years.
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In Ref. [14], the power quantities defined in IEEE Std. 1459 are
reformulated in the time-frequency domain by using the discrete
wavelet transform. IEEE Std. 1459 power magnitudes are also used
for the detection of major sources of waveform distortion [15]; or
for the definition of the reference currents of shunt-active power
compensators [16,17].

Some of the definitions proposed in IEEE Std. 1459 are still
under discussion. In Ref. [18], the author disagrees with the defini-
tion of non-fundamental power. In Ref. [19], the authors propose a
new definition of the unbalance power using an instantaneous
approach based on the well-established concepts used in IEEE
Std. 1459 for the definition of active and reactive power in sin-
gle-phase systems. This instantaneous approach is extended in this
paper to electrical systems with balanced harmonic currents, and
the result is a new definition of non-fundamental effective appar-
ent power and, consequently, a new definition of effective appar-
ent power.

There are several works in the literature in which instantaneous
power flows are used in the analysis of electrical systems [20-24].
In Ref. [20], the instantaneous power of a three-phase four-wire
distribution system with unbalanced, distorted source voltage,
and an unbalanced load was analysed. Supply voltages and load
currents are decomposed into several terms by using the symmet-
rical components and the complex Fourier series. The results of the
performed analysis enable the definition of the reference currents
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of a shunt-active power filter that supplies to the load all the
power terms that differ from the fundamental positive-sequence
active power (P7). No relation between instantaneous power flows
and power magnitudes is carried out in Ref. [20]. In Ref. [21,22],
instantaneous power flows are analyzed for three-phase unbal-
anced systems with sinusoidal voltages and currents. The sum of
the amplitudes of the instantaneous power oscillations in each
phase quantifies the various reactive powers identified in the
circuit. In Ref. [23], the physical meaning of the reactive power
in non-sinusoidal situations is analyzed and the instantaneous
powers for various single-phase cases are detailed. Three-phase
instantaneous power flows are also analyzed in Ref. [24]. In all
cases, there is a relation between the amplitude of the oscillations
and the reactive power magnitudes that quantify the power flow.
Works presented in Refs. [22-24] preceded IEEE Std. 1459, but
the analysis of the instantaneous power flows presented in Refs.
[22-24] is not applied to the definition of the power magnitudes
included in IEEE Std. 1459. This paper proposes a modification of
the approach used in Refs. [19,22-24] for the definition of a new
expression of the non-fundamental effective apparent power.

This paper starts with a summary of IEEE Std. 1459 power
definitions used in later sections. In Section 3 the harmonic compo-
nents of a balanced non-linear load are classified into positive-,
negative-, and zero-sequence harmonics. The instantaneous power
approach is then applied to each type of harmonic component, and
a comparison with results obtained by means of IEEE Std. 1459
power definitions is made. Differences are found when the load de-
mands zero-sequence harmonic currents. Section 4 presents the
expressions of the non-fundamental effective apparent power
and the effective apparent power obtained by means of the instan-
taneous power approach. Section 5 presents a comparison of the
main electrical quantities of a three-phase balanced circuit using
the approaches considered in the paper. The final section presents
a summary.

2. Power quantities in IEEE Std. 1459

For three-phase four-wire electrical systems the effective volt-
age (V,) is defined in (1) as a function of the rms voltages at the
point of measurement: voltages from line to neutral (V, — V, —
V.) and voltages from line to line (Vg — Vie — Vo). Ve is resolved
into a fundamental effective voltage (V1) and a non-fundamental
effective voltage (Vey) as follows:

2 2 2 2 2 2
Ve _ \/3(Va + Vb + Vc) :'S(Vab + Vbc + Vca) _ /v?1 + V§H~ (-l)

The subscript “1” represents the fundamental component of the
voltages or currents, and subscript H identifies the harmonic com-
ponents of the voltages or currents.

The effective current (I.) is defined in (2) as a function of the
phase (I, — I, — I.) and neutral (I,;) rms load currents. I, is resolved
into a fundamental effective current (I,;), and a non-fundamental
effective current (I.y) as follows:

P+ L+ +E

I 3

=B + L. (2)
An explanation of why V, and I, are defined in this way appears in
Refs. [8,25]. The effective apparent power (S.) is defined as follows:

Se = 3Vel.. (3)

Replacing in (3) the effective voltage and current by their respective
fundamental and non-fundamental effective terms, the fundamen-
tal effective apparent power (S.1) and the non-fundamental effec-
tive apparent power (Sey) can be calculated as follows:

Sel = 3Vellel7 (4)
S =82 — 82 = (3Verlew)® + (3Venler)* + (3Venlen)*. (5)

Se1 and Sy are resolved in IEEE Std. 1459 into other power magni-
tudes. A summary of IEEE Std. 1459 appears in Ref. [25].

As indicated in Ref. [8], S,y evaluates the pollution due to
harmonics and can be used to determine the size of the selective
shunt-active power compensators when used for non-fundamental
compensation. It is suggested in Ref. [3] that S,y may become
important if utilities levy some form of harmonic pollution sur-
charge based on this power magnitude for customers with an
excessive harmonic current demand. These arguments reinforce
the importance of defining S,y correctly.

3. Instantaneous power approach to harmonic power
quantification

The instantaneous power approach was at first applied in Ref.
[19] for the calculation of unbalance power (Sy;) as defined in IEEE
Std. 1459. The study performed in Ref. [19] for an unbalanced
linear load that demands fundamental positive-, negative-, and
zero-sequence current components results in an expression of
the unbalance power Sy;x# that differs from the expression pre-
sented in IEEE Std. 1459. This modification yields a new value of
Se1 in Ref. [19]. The methodology proposed in Ref. [19] is now
extended for analyzing the quantification of S,y using the instanta-
neous power approach.

The line-to-neutral voltages (v,,) and the line currents (i)
described in Section 3.2.3 in IEEE Std. 1459 for a three-phase
non-sinusoidal balanced system can be written as follows:

V= V2S Vapsin(hont - 9,) + o) 6)
h=1

i = \ﬁilﬂ, sin(h(wit — @,) + B), (7)
h=1

where z denotes the three phases of the electrical system (z = a, b, ¢),
h is the harmonic order, V,, is the harmonic line-to-neutral rms
voltage, ¢, is the phase-angle between line-to-neutral voltages
(pa=0, @p=271/3, ¢.=4mn/3), oz is the phase-angle of the hth
harmonic voltage, w; is the fundamental angular frequency, I, is
the harmonic phase rms current, and B, is the phase-angle of the
hth harmonic phase current. The fundamental positive-sequence
voltage in phase a is selected as the phase origin.

Instantaneous power flows in three-phase four-wire circuits are
analyzed for a three-phase balanced non-linear load connected
through an ideal line to an ideal power network that only supplies
fundamental positive-sequence voltages (V7). The system under
analysis is represented in Fig. 1, where the point of common

Balanced non-

Idealline pcc _linear load
I:a i N :’+ Vaload |
=t TA
. A :
Ib | 1o I+ bload i
I E i i E+ Ve load -i
£ il :/—\55

In E\v/ _____________ /

Fig. 1. Electrical system under analysis.
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coupling of the load with the power network is designated as PCC,
Va = Vi = Vg = V7 and V7 is the origin of angles (o,; = 0). Under
these simplified conditions, the paper demonstrates that the
expression of the non-fundamental effective apparent power
obtained by means of the instantaneous power approach differs
from the definition included in IEEE Std. 1459. Taking into account
the previous assumptions, the line-to-neutral load voltages are ex-
pressed as follows:

Un = v} = V2V; sin(wit — ¢,). 8)

As indicated in Ref. [26], the relationship between the harmonic
order of the three-phase balanced non-linear load current compo-
nents and the rotation sequence, forn=0, 1, 2,...,00, is as follows:

o The three-phase phasors of harmonic orders h = 3n + 1 rotate in
the positive-sequence a — b — ¢ (0, —271/3, —4n/3) with an angu-
lar frequency equal to (3n + 1)w;.

e The three-phase phasors of harmonic orders h =3n + 2 rotate in
the negative-sequence a —c—b (0, —4x/3, —2n/3) with an
angular frequency equal to (3n +2)w;.

e The three-phase phasors of harmonic orders h =3n + 3 rotate in
the zero-sequence with an angular frequency equal to (3
n + 3)w;. The three phasors are in phase and without rotation.

Fig. 2 shows the phasor diagrams for positive- (Fig. 2a), nega-
tive- (Fig. 2b), and zero-sequence (Fig. 2¢) rotation harmonic load
currents with respect to the origin of angles (V). The different
variables, defined previously in (7) for the hth load harmonic
current component, are represented by their rotation sequences.
No direct current (DC) components are considered in the analysis
because IEEE Std. 1459 states that significant DC components are
rarely present in AC power systems. Furthermore, not even har-
monics are common in power networks [27].

Three-phase systems should be considered as one single path
through which electrical energy is transmitted to locations where
it is converted into other forms of energy [9]. Assuming only fun-
damental positive-sequence voltage exists at the PCC, the instanta-
neous power delivered by the three-phase power network to the
load (p) is calculated as the sum of the three per-phase instanta-
neous powers (p,) as follows:

00
p= Z Pz = Vgylan + Upyibh + Vich. 9)
z=ab,c
h=1

The instantaneous power per phase can be written as follows:

P =2V5 sin(@nt — @,) S Lysin(h(ont - @,) + fip). (10)
h=1

If the three-phase load is linear and balanced, then all the line cur-
rents are equal to the fundamental positive-sequence current
(I1 =lo1 = Iy =14 =17) and the phase shifts in the three phases
are equal (B4 = By = B = B7)- The instantaneous power flows
per phase exist due to the product of V] and [7 in each phase. From
(10), with h =1, the expression of the fundamental instantaneous
power per phase can be written as follows:

P = VilIi cos(B7)(1 - cos(2wit — 2¢,)) — V{17 sin(B7)
x sinw;t — 2¢,). (11)

Two terms are clearly distinguished in (11):

e The instantaneous per-phase fundamental positive-sequence
active power (p,) as defined in (12), is formed by a time-invari-
ant term and a sinusoidal oscillation. It is always positive and
has a positive mean value. The flow of energy per phase is uni-
directional from the supply to the load - and corresponds to the
energy delivered by the generator to the load. The angular fre-
quency of the sinusoidal oscillation is twice the fundamental
angular frequency:

Pra = V117 cos(B7)(1 — cos(2mnt —2¢p,)). (12)

e The instantaneous per-phase fundamental positive-sequence
reactive power (p;iq), as defined in (13), appears only when
the load includes some reactive parts. The current phase shift
introduced by the reactive load is the cause of the sinusoidal
oscillation that has a mean value equal to zero. It represents a
bidirectional flow of energy between the supply and load, with
an angular frequency of twice the fundamental angular
frequency:

Pag = ~V{I; sin(g) sinnt - 2¢0,). (13)

The sum of the three p,, is the instantaneous three-phase funda-
mental positive-sequence active power (p7,). It is demonstrated in
Ref. [19] that the sum results in a time-invariant value equal to
the positive-sequence active power (P ):

Y Paa=Pla= Y Vil cos(f)(1 - cos2wit —2¢,))

z=a,b,c z=a,b,c

= 3VI{ cos i = P;. (14)

The sum of the three p,,4 is the instantaneous three-phase funda-
mental positive-sequence reactive power (pj,). The sum results in
a nil power flow at any time instant:

70 _ 70 _ 70
Iy=1,5=1;

ﬂc?} = 1?3 = IBLUZ

Fig. 2. Phasor diagrams with representation of the different phase shifts for the balanced non-linear studied cases: (a) positive-sequence rotation harmonics; (b) negative-

sequence rotation harmonics; and (c) zero-sequence rotation harmonics.
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—ViI; sin(ff)sin2ont — 2¢,) =0.  (15)

Z Dz1q :p;rq = Z

z=ab,c z=ab,c

Because any mean value or sinusoidal oscillation characterizes py,,
the power flow is quantified by the fundamental positive-sequence
reactive power (Q7), with Q] defined as equal to the sum of the
three amplitudes of p,14 [19]:

QF =3V{I{ sin ] = max |p,,| + max |pyy,| + Max |pl- (16)
This definition applies the methodology used in IEEE Std. 1459 for
the definition of reactive power in single-phase systems with linear
loads ([9], p. 3, Sections 3.1.1.1-3.1.1.3); and is also used in Ref. [6]
for the calculation of Q. The same instantaneous power approach
is applied in Ref. [19] for the quantification of Sy, which includes
the power oscillations produced by fundamental negative- and
zero-sequence load currents. The analysis of the three-phase power
oscillations performed in Ref. [19] yields a new expression of Sy,
denoted as Sy;# and which differs from the expression proposed
in IEEE Std. 1459.

The same method is applied now to a three-phase balanced
non-linear load connected to an ideal power network that supplies
V7 at the PCC. The expression of the instantaneous power flow for
phase b for a three-phase four-wire electrical system connected to
a balanced non-linear load appears in Ref. [24] (Eq. (34)). From
(10), and for h > 1, the general equation of the per-phase instanta-
neous power is as follows:

P = Vi S L{cos((h — 1)(nt — @) + fia] — cos[(h+ 1)
h=1

X (1t = ;) + fanl}- (17)

The per-phase instantaneous power of the hth load harmonic
current component includes two parts:

e The first part is a time-invariant term that is constant for
a defined load, corresponding to the product of V; and the
rms value of the hth load harmonic current component
(Izh)-

e The second part is a time-variant term that includes the two
sinusoidal terms between brackets, with angular frequencies
(h —1)w, and (h + 1)w;.

The interaction of these sinusoidal terms produces different
waveforms depending on the harmonic sequence. In the fol-
lowing subsections, the per-phase and three-phase instanta-
neous power flows are analyzed for positive-, negative-, and
zero-sequence rotation harmonic currents. The analysis will
conclude with new definitions of S,y and S, that follow and
expand the methodology used in IEEE Std. 1459 for the defini-
tion of the reactive power in single-phase systems with linear
loads.

3.1. Power flows due to positive-sequence rotation harmonic current
components

The positive-sequence rotation harmonic currents demanded
by the balanced non-linear load correspond to h=3n+1 and
n > 0. These harmonic currents have the same phase-sequence as
V] (a — b — c). The superscript “+” is used to identify the currents
and powers in this case. The most important positive-sequence
harmonic currents present in the power network are the 7th
(n=2), and the 13th (n=4). Substituting h=3n+1 in (17), the
per-phase instantaneous power due to positive-sequence
harmonic currents (p},) is calculated as follows:

phH=Vi Y Li{cos|Bn) (it — @,) + ;] — cos[(3n + 2)
n=1
h=3n+1

(@t = @,) + Bal}- (18)

The two sinusoidal terms between brackets have (3n)w; and
(3n+2)w, angular frequencies, respectively, with a nil average
value in both cases. Therefore, the power flows produced by load
positive-sequence harmonic currents are considered as non-effi-
cient power flows. The three-phase instantaneous power caused
by positive-sequence harmonic current components (p; _,,) corre-
sponds to the sum of the three instantaneous powers calculated
using (18):

Pisp = Z P = Z %24 Z Ih{cos (3n)(wit — @,) + B

z=a,b,c z=ab,.c
h= 3n+1

—cos[(3n +2)(ant — @,) + L1} |-

Expanding the terms between brackets, the three-phase instanta-
neous power of the hth load positive-sequence harmonic current
component (p;) is written as follows:

pi=V7I} [{cos[3nwt+ B,] + cos[3nwit + B,,] + cos[3nwqt + B}
—{cos[(3n + 2)m1t + B4] + cos[(3n + 2)wt + ;]
+cos[(3n + 2)wnt +21/3 + B,] + cos[(3n + 2)wnt
—271/3 + L} (20)

The terms with (3n)w; angular frequencies are zero-sequence
components because the phase shifts of the balanced non-linear
load are equal (8., = B, = B:n)- The terms with (3n + 2)w; angular
frequencies are negative-sequence components (a — ¢ — b). Nega-
tive-sequence components are described in Ref. [28] as zero-sum
components because the sum of the three sinusoidal terms is equal
to zero at any time. This yields the following expression of the
three-phase instantaneous power of the hth load positive-sequence
harmonic current component:

py = 3V7I; cos[3nmit + ). (21)

A simulation of the circuit described in Fig. 1 is performed using
Matlab/Simulink for a balanced load that demands only the 7th har-
monic current component. The base voltage is V;, (V,, =V, =V]),
the base current is I (I,.. = I, = I3), and g, is established equal to
zero. The per unit (p.u.) base apparent power in the simulation is
defined as the product of the base voltage multiplied by the base
current:

Spu = V1L (22)

From (18), the per-phase instantaneous power for the studied case
is as follows:

D37 = Vil {cos[6(ant — ¢,)] — cos[8(wrt — ¢,)]}. (23)

Fig. 3 shows the two sinusoidal terms of (23) and the sum of both
the terms (p};) in the p.u. system for phase a (origin of angles):

The waveform represented in the top plot in Fig. 3 is the same as
in the b and c phases because the three power flows are zero-se-
quence components. The waveform represented in the middle is
the same in phases b and ¢ but with a negative-sequence
(a — ¢ — b). The sum of the two terms is represented in the bottom
plot in Fig. 3 and corresponds to (23) applied to phase a. The
maximum apparent power is smaller than 2 (p};|...), while the
minimum apparent power (p};|;,) is equal to —2.



N. Mufioz-Galeano et al./Electrical Power and Energy Systems 33 (2011) 1711-1720 1715

cos(6@,t)- cos(8ayt) - cos(8ayt) cos(6at)
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Fig. 3. Sinusoidal terms in (23) and p.u. instantaneous power flow in phase a for the
7th load harmonic current component.

P,[pul P [pu] P_[pu]

P, [pu]

-3
0  0.002 0.004 0006 0.008 0.01 0012 0014 0.016 0.018 0.02
Time[s]

Fig. 4. Instantaneous p.u. power flows in phases a-b-c (p;;) and the three-phase
instantaneous power (p; ) for the 7th load harmonic current component.

The three-phase instantaneous power, calculated as the sum of
the three per-phase instantaneous powers, is as follows:

py =3V L5 cos(6wnt). (24)

The three waveforms at the top of Fig. 4 are the per-phase instanta-
neous powers. The three waveforms are equal, with a phase shift
equal to 27/3 and a negative sequence (a — ¢ — b). The bottom
waveform corresponds to (24) and is a sinusoidal signal with an
angular frequency equal to 6m; and a maximum value equal to
3ViL.

Following the instantaneous approach presented in Ref. [19],
the quantification of the non-fundamental effective apparent
power (Senz) is performed using the amplitude of the oscillating
instantaneous three-phase power:

Seny = max |p7| = 3Vil7, (25)

where the subscript “#” denotes the magnitudes obtained by means
of the proposed instantaneous approach. The result obtained in (25)
is also equal to the sum of the three per-phase apparent powers that
multiplies the sinusoidal terms in (23). IEEE Std. 1459 uses the

amplitude of the oscillating instantaneous power to define the reac-
tive power in single-phase circuits ([9], Section 3.1.1.3).

Using (1)-(5) in the studied case, V, is equal to V7, I is equal to
I7, and S is equal to zero. The value of S,y following IEEE Std. 1459
is as follows:

Sen = Se = 3VIIL. (26)

For positive-sequence harmonic current components, the value of
Sen calculated by means of IEEE Std. 1459 in (26) is equal to the
value calculated using the instantaneous approach (Sens) in (25).

3.2. Power flows due to negative-sequence rotation harmonic current
components

The instantaneous power approach is applied to negative-se-
quence harmonic currents demanded by the balanced non-linear
load. These harmonic currents correspond to h=3n+2 and n> 0,
with an a — ¢ — b sequence. The superscript “—” is used to identify
the negative-sequence currents and powers. The most important
negative-sequence harmonic currents present in the power
network are the 5th (n=1), and the 11th (n=3). Substituting
h=3n+2in (17), the per-phase instantaneous power due to nega-
tive-sequence harmonic currents (p,) is calculated as follows:

Pa=Vi S Lh{cos(3n+ 1)(@nt - ¢,) + ] - cos(3n
himr2
3) et @) + ). 27)

The two sinusoidal terms between brackets have (3n+1)w; and
(3n+3)w; angular frequencies, respectively, with a nil average
value, so the power flows represented by (27) are considered as
non-efficient. The three-phase instantaneous power caused by neg-
ative-sequence harmonic current components (pj ;p) corresponds
to the sum of the three instantaneous powers calculated using (27):

Phsp = Z D = Z

z=a,b,c z=ab,c

Vi f: I {cos[(3n + 1)(wnt — @,) + Byl
n=0

h=3n+2

—cos[(3n + 3) (it — @,) + fipl} |- (28)

Expanding the terms between brackets, the three-phase instanta-
neous power of the hth load negative-sequence harmonic current
component (p; ) is as follows:

Py = Vil [{cos[(3n + 1)wst + ] + cos[(3n + 1)ant — 270/3 + ]
+cos[(3n+ 1)wit + 27/3 + fg)} + {cos[(3n + 3) w1t + ]
+cos[(3n + 3)wit + By,] + cos[(3n + 3)wqt + Bl (29)

The terms with (3n+1)w; angular frequencies are positive-se-
quence components (a —b — c). They are zero-sum components
because the sum of the three sinusoidal terms is equal to zero at
any time [28]. The terms with (3n + 3)w; angular frequencies are
zero-sequence components because the phase shifts of the balanced
non-linear load are equal (f,, = f,, = B.,)- Simplifying (29), the
three-phase instantaneous power of the hth load negative-sequence
harmonic current component is expressed as follows:

Py = =3V I, cos[(3n + 3)mit + ). (30)

The circuit in Fig. 1 is now simulated for a balanced load that de-
mands only the 5th harmonic current component. The new base
current is I5 (I,u. = I; =I5) and f is equal to zero. The base appar-
ent power (S,..5) is equal to V7 -Is". From (27), the per-phase instan-
taneous power for the studied case is as follows:
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P, [pul P [pul P [pu]

P, [pu]

3 . . . . . . . .
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

Time [s]

Fig. 5. Instantaneous p.u. power flows in phases a-b-c (p;;) and the three-phase
instantaneous power (p5 ) for the 5th load harmonic current component.

Pz = VilLs{cos[4(nt — @,)] — cos[6(wrt — @,)]}. 1)

The three waveforms at the top of Fig. 5 are the p.u. per-phase
instantaneous powers. The three waveforms are equal, with a phase
shift equal to 27/3 and a negative sequence (a —c — b), with a
maximum apparent power (pjs|...) equal to 2 and a minimum
apparent power (pJ|.;,) near to —2. The three-phase instantaneous
power in this case is equal to (32) and is represented by the bottom
waveform in Fig. 5. It corresponds to a sinusoidal signal with an
angular frequency equal to 6w, and a maximum value equal to
3Vils:

Ps = Y pi=—3ViLzcos(6wt). (32)

z=ab,c

Following the instantaneous approach, the quantification of Seny is
achieved by using the amplitude of the oscillating instantaneous
three-phase power:

Ses = max|ps | = 3V;1;. (33)

The result obtained in (33) is also equal to the sum of the three per-
phase apparent powers that multiplies the sinusoidal terms in (31).
The value of S,y following IEEE Std. 1459 is as follows:

Sen = Se = 3V7I;. (34)

For negative-sequence harmonic current components, the value of
Sen calculated by means of IEEE Std. 1459 in (34) is equal to the va-
lue calculated following the instantaneous approach (Sen#) in (33).

3.3. Power flows due to zero-sequence rotation harmonic current
components

The instantaneous power approach is applied to zero-sequence
harmonic currents (h = 3n + 3 and n > 0) demanded by the balanced
non-linear load. The superscript “0” is used to identify the currents
and powers in this case. The most important zero-sequence har-
monic currents present in the power network are the 3rd (n=0)
and 9th (n = 2). The zero-sequence harmonic currents flow through
the lines and through the neutral wire, increasing the power losses
in the system and producing harmful effects in the electric system:
overcurrents and overheating in the neutral wire; increased losses
in distribution transformers; etc. [29,30]. Replacing h=3n+3 in
(17), the per-phase instantaneous power due to zero-sequence
harmonic currents (p%,) is calculated as follows:

P, [pul

P, [pul

P, [pul

2
0 0002 0004 0006 0008 001 0012 0014 0.016 0.018 0.02
Time [s]

Fig. 6. Instantaneous p.u. power flows in phases a-b-c (p%) for the 3rd load
harmonic current component.

P =Vi S Fyfcos((3n + 2)(ent — ) + %] — cos|(3n
n=0
h=3n+3
L a)ant— ) + ). (35)

The two sinusoidal terms between brackets have (3n+2)w; and
(3n+4)w, angular frequencies, respectively, with a nil average
value, so the power flows represented by (35) are considered as
non-efficient. The three-phase instantaneous power caused by the
zero-sequence harmonic current components (p? ,,) corresponds
to the sum of the three instantaneous powers calculated using (35):

oo

Phsp = Z po = Z Z

z=ab,c z=ab,c =1
h=3n+

{Cos[(3n + 2) (w1t — @,) + B3]

—cos[(3n +4)(ant — @) + F1} |- (36)

Expanding the terms between brackets, the three-phase instanta-
neous power of the hth load zero-sequence harmonic current
component (p?) is as follows:

ph = VI [{cos[(3n + 2)mnt + B3] + cos[(3n + 2)wit + 27/3 + Byy]
+cos[(3n + 2)wnt —27/3 + ]} + —{cos[(3n + )1t + %]
+cos[(3n + 4) it — 27/3 + BY] + cos[(3n + 4)wnt
+27/3 + B} ] 37)

The terms with (3n+2)w; angular frequencies are negative-se-
quence components (a — ¢ — b) and the terms with (3n + 4)w; angu-
lar frequencies are positive-sequence components (a — b — c). These
are two sets of zero-sum components that always equal zero [28]
when added. Simplifying (37), the three-phase instantaneous power
of the hth load zero-sequence harmonic current component is equal
to zero at any time instant:

p)=0. (38)

Circuit represented in Fig. 1 is now simulated for a balanced load
that demands only the 3rd harmonic current component. The new
base current is IS(I,.,. = I, = I9) and p% equals zero. The base appar-
ent power (S,..0) is equal to (V{19). From (35), the per-phase instan-
taneous power for the studied case is as follows:

pY = Vi1 {cos[2(w1t — @,)] — cos[4(wrt — @,)]}. (39)

The three waveforms in Fig. 6 are the per-phase instantaneous
powers. The three waveforms are equal, with a phase shift equal
to 2w/3 and a negative-sequence (a —c —b). The three-phase
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instantaneous power, calculated as the sum of the three per-phase
instantaneous powers, is equal to zero.

The problem that arises is that it is impossible to apply the same
instantaneous power approach used for positive- and negative-se-
quence harmonic currents because the three-phase instantaneous
power for zero-sequence harmonic currents equals zero. Other
examples of three-phase instantaneous power equalling zero are
reported in Ref. [19], corresponding to a three-phase linear load
that demands fundamental reactive positive-sequence currents,
or fundamental zero-sequence currents with a PCC voltage that
includes only V7. It is shown in (15) and (16) that the calculation
of Q; is achieved by summing the maximum value of the per-
phase power oscillations.

The criterion applied in Ref. [19] when the three-phase instanta-
neous power is equal to zero is modified here because the per-phase
power flows produced by the zero-sequence harmonic currents con-
tain two sinusoidal terms with different angular frequencies - and
the maximum of the sinusoidal function is not equal to the absolute
value of the minimum. The calculation of S,y using the instanta-
neous approach is made by adding the per-phase apparent power
that multiplies the sinusoidal terms between brackets in (39). This
calculation produces the following expression:

Sav. = Vi1l 4 ViI% + VIIE, — 3V (40)

If IEEE Std. 1459 is used in this case, then I% =13, = 1% = I and
I, = 3I3. Substituting in (2), the value of I is as follows:

042 042 042 042
L \/<13> 0 0+ Gy )

The value of S.y following IEEE Std. 1459 is as follows:
SeN = Se = 3VT212 (42)

By a comparison of expressions (40) and (42), it is concluded that
Sen calculated using IEEE Std. 1459 in (42) is twice the value calcu-
lated in (40) following the instantaneous power approach (Sens):

Sen = 2Sens. (43)

This result confirms the statement made in Ref. [18] about .. .the
definition of non-fundamental power S is flawed’. From the previ-
ously obtained results a new expression of the effective apparent
power is proposed in the next section in accordance with the stud-
ies performed using the instantaneous power approach.

4. Effective apparent power and non-fundamental effective
apparent power based on the instantaneous power approach

The instantaneous power approach is used only in the IEEE Std.
1459 to study the active and reactive power of a single-phase
linear system. The instantaneous power approach is extended in
Ref. [19] to the three-phase systems that include linear unbalanced
loads. The results obtained in Ref. [19] coincide with the power
quantities defined in Ref. [9] for P; and Q] but differ in the defini-
tion of Sy;. Following the same methodology, the instantaneous
power flows of balanced harmonic currents are analyzed. The
instantaneous power flows include sinusoidal terms that produce
complex oscillations, with different maximum and minimum
values for the waveform. From the analysis performed, it is found
that there are two types of three-phase oscillations:

e A sinusoidal oscillation that arises from the zero-sequence
terms included in the equations that represent the per-phase
power flows. This type of three-phase power flow is related to
positive-and negative-sequence harmonic currents.

¢ A nil oscillation that arises from the sum of zero-sum sinusoidal
terms (positive- and negative-sequences). This case appears in
the analysis of the three-phase zero-sequence harmonic
currents.

For positive- and negative-sequence harmonic currents, Seny is
calculated using the amplitude of the oscillating instantaneous
three-phase power, which yields the same result if the three per-
phase apparent powers that multiply the sinusoidal terms are
added. For zero-sequence harmonic currents, Seyz is calculated
following the new approach by adding the per-phase apparent
power that multiplies the sinusoidal terms.

If more than one harmonic current component is demanded by
the load, some interactions appear between instantaneous three-
phase powers. Comparing (24) and (32), the angular frequency in
both equations is the same, but the phase shift is 180° between both
waveforms. If the rms values of the 5th and 7th harmonic current are
equal, it results in a nil three-phase oscillation. Reduction of har-
monic content in supply lines by means of interaction between sin-
gle-phase and three-phase non-linear loads is described in Ref. [31].
As a consequence, the calculation of S,y using the proposed instan-
taneous power approach is made for all types of harmonics by add-
ing the per-phase apparent power that multiplies the sinusoidal
term of the instantaneous expression.

Under the conditions established in the analysis, it seems clear
that expression (2) is invalid if the instantaneous power approach
is followed. Differences are produced by the inclusion of the neu-
tral current in the calculation of (2). Using the instantaneous
approach, the definition proposed for the effective current (I4) is
as follows:

P+P+P
Loy = |2 (44)

For the sake of brevity, the study of an electrical system that in-
cludes harmonic voltages at the PCC using the instantaneous power
approach is not included. The study results in an effective voltage
(Vex) defined as follows:

2 2 2
Vey = M. (45)

With (44) and (45), the expression of the effective apparent power
following the instantaneous approach (S.x) is as follows:

Sep = Wepley = V2 + V2 + V2 /R4 B 4 . (46)

The results obtained with (46) coincide with the results obtained by
means of (25), (33), and (40). Following the definitions proposed in
(44)-(46) the new effective voltage (V.4x) and current (I,%) are as
follows:

Ver =/ (VD)2 + (VD)2 (47)

ley = \/(I;)? + (I))°. (48)

These new definitions yield new expressions of the effective appar-
ent power (S.#) and the non-fundamental effective apparent power
(Sens) as follows:

82, = (Vi) + (VI + (VL") + (VOID)?],

2 2@ (49)
Se# = (Pl) +SeN#7
Sivy = I(VIIN? + (VaI;™)? + (VaI)?). (50)
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As is performed in IEEE Std. 1459, Sens is resolved as follows in the
current distortion power (D), the voltage distortion power (D,y),
and the harmonic apparent power (Sey):

D = (3ViIy)?, (51)
DZ, = (3VpIy )%, (52)
Soy = 3Venlen)> = BVHI). (53)

Sen is resolved into the harmonic active power (Py) and the har-
monic distortion power (D.y) as follows:

Sty = (3Venlen)* = Py, + Dy;. (54)

5. Comparison of the non-fundamental effective apparent
power definitions

The electrical circuit represented in Fig. 7 is analyzed comparing
IEEE Std. 1459 definitions with the quantities proposed using the
instantaneous approach. The load is balanced and includes a linear
part (denoted as R) in parallel with a non-linear distorting load
(denoted as D). The linear load only demands fundamental posi-
tive-sequence active current components (i;7,i;7,i;%), with an
rms value equal to I;* in the three phases. The non-linear load only
demands zero-sequence current components (i), + io, + i), with
an rms value equal to I? in the three phases. The neutral current
is equal to the sum of the three harmonic zero-sequence current
components (iy, + iy, + i), with an rms value equal to 3I9.

The supply voltage includes the fundamental positive-sequence
voltages (v7,, v;,, v1.) plus several harmonic zero-sequence com-
ponents (29,, 9, 29 ) 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 fundamen-
tal positive-sequence voltages is V7, while the rms value of the
zero-sequence voltage components is V{. Following IEEE Std.
1459 definitions, V, is calculated by means (1) as follows:

Ve =V + 5 (V)2 (55)

Replacing in (2) the values of the load currents defined previously, I,
is equal to:

le = \/(I7)? +4(I)*. (56)

Substituting (55) and (56) into (3), and expanding terms, S, is writ-
ten as follows:

1
Se = O(VIL™) +4(VIIR) +5 (Vil*)* +2(VaL)") (57)
The first term in (57) corresponds to P; because it is obtained using
the product of the fundamental positive-sequence voltage with the
fundamental positive-sequence active current. The remaining terms
in (57) are part of Sen:

1
Sen = 9|4V +5 (VRli")* +2(Vily)* . (58)

The first term in (58) includes the product of Vi and I and corre-
sponds to the current distortion power (D). Rearranging terms,
D.; can be expressed as follows:

D = 3V (21))* (59)

where Iy in (5) is equal to 217 in this case. The second term in (58)
includes the product of V9 and I} and corresponds to the voltage
distortion power (D.y). By rearranging terms, D,y can be expressed
as follows:

+ 0
v, +v t+a )
la -ﬁa lla + lha A RIID
e _—
—_l
+ 0
Vlb + V/lh IJ’G + lfb
+ ; b R/ID
[ ~\ 1
U
+ 0 ++a -0
Vie + Vie b + he
i+ ¢ RID
L= ™
—_l
.0, 0,0
Ly = byl Tl n

Fig. 7. Electrical power system under analysis.

1 2
ot = (3(5vi)ir). (60)
where Vey in (5) is equal to (1/v2)-V}. The last term in (58)
includes the product of VY and I? and corresponds to the harmonic
apparent power (S.y). By rearranging terms, S.y; can be expressed as
follows:

S2y = (3Veulew)? = 2(3VII0)2. (61)

Because (61) includes harmonic voltage and current components of
the same order, Sy is resolved in this case as follows:

SZ, = 2(3VPI0)?((cos 69)* + (sin 62)?). (62)

The harmonic active power included in (62) is denoted as Py, and is
expressed as follows:

Py = V2(3VOID cos 09). (63)

“w,n

The subscript “x” denotes the magnitudes obtained by resolving
IEEE Std. 1459 definitions that do not coincide with commonly
accepted magnitudes. The other term in (62) corresponds to D.y
and in the case under analysis the term corresponds to a harmonic
reactive power, denoted as Q-, that is expressed as follows:

Denr = Q- = V2(3VIY sin6). (64)

Expressions (63) and (64) do not coincide with the commonly ac-
cepted expressions of Py and Qy included in IEEE Std. 1459:

Py =3 Vylycos Oy, (65)
h#1

Qu =3 Valysinoy. (66)
h#1

The differences between (63) and (65), and (64) with (66), are pro-
duced by the factor v/2 that is multiplying the remaining terms that
appear in Py and Q.

The expressions of S,z and Senz in (49) and (50) contain the
same terms as S, and S, in (57) and (58); except that all the factors
that multiply the terms between brackets are equal to one. Py and
Qy included in the last term in (50) match with (65) and (66)
respectively, so avoiding the erroneous factors found in (63) and
(64).

6. Analysis of power quantities in a three-phase circuit

A three-phase circuit is analyzed using MathCad software to
compare IEEE Std. 1459 voltage, current, and power magnitudes
with the magnitudes derived from the instantaneous power ap-
proach proposed in this paper. The line to neutral supply voltages
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Table 1
Voltages and currents for the three-phase balanced system under analysis.

h Voltage phasors (Vims) Current phasors (Arms)
1 Voy = 23020 Iy = 10/0°

Vy =230/ — 120° Iy =10/ —120°

Ve = 2307 +120° Iy = 102 +120°
3 <

Vas = Vi = Vg = 34.520° Iy = Iy = I = 1.520°

Table 2
Magnitudes for the three-phase circuit under analysis.

IEEE 1459 Instantaneous approach (#)
Ve (V) 231.3 2325
Ver =V{ (V) 230
Ve (V) 24.4 34.5
I. (A) 10.44 10.11
It =17 (A) 10
Ien (A) 3 1.5
Se (va) 7244 7055.2
Se1=51" (va) 6900
Py (W) 6900
Sen (va) 2206.5 1471.9
Ser (va) 219.5 155.25
Der (va) 2070 1035
Dey (va) 731.8 1035
P (W) 7055.2
Pa1 = Pg1 = Pc1 (W) 2300
Py (W) 155.2
Table 3

Factors of variation between magnitudes for the circuit under analysis.

V. =0.99 V.4 Vo = 0.71 Vg
I.=1.03 Ly Loty =2 Leps
Se=1.03 Ses Sen=1.5 Sens
Der=2 Do Dey=0.71 Deys Serr=1.41 Sos

and the load currents used in the analysis appear in Table 1. The
line to neutral rms supply voltages is 232.5 V, and the rms current
lines equal 10.11 A in the three phases. The neutral current equals
45A, and is produced only by the third harmonic current
component.

Table 2 shows a comparison between the main electrical mag-
nitudes in the system using the IEEE Std. 1459 approach and using
the approach proposed in the paper. For the case of analysis, the
following magnitudes defined in IEEE Std. 1459 are equal to zero:
17,19,V V%, Qf,Su:, Py, and PY. Magnitudes that give the same
value using both approaches are in the middle of the two columns.
Current and power magnitudes calculated using the IEEE Std. 1459
definitions reveal in the example an overvaluation that varies
between 3% for S, to 100% for I.; and D;. The value of I does
not correspond to any harmonic current component flowing in
the circuit.

Table 3 presents the variation of the different magnitudes -
while taking into account the approach used in their calculation.
Effective voltages with the new approach are higher than the volt-
ages calculated using IEEE Std. 1459. The factor 1/v2 in (60) is
responsible of an undervaluation of the zero-sequence harmonic
voltages in IEEE Std. 1459 definitions. It results in a Dy that is
greater when using the approach proposed in this paper than when
calculated using IEEE Std. 1459.

Power factors are used as a merit factor of the electrical system.
IEEE Std. 1459 defines the effective power factor (Pr) and the
fundamental positive-sequence power factor (Pf;) as follows:

P
Ppe = 5. (67)
-+
Py =1 (68)
S]

The total power factor (Pgr) introduced in Refs. [32,33] measures the
relationship between the active power under ideal operating condi-
tions (P;) and S,:
Py

Prr = 5, (69)
Using the instantaneous power approach, the effective power factor
(Pre#) and the total power factor (Pgr#) are redefined using Sex in
(67) and (69). For the case under study, P, is equal to one for both
approaches. Following IEEE Std. 1459 definitions P =0.97 and
Prr=0.95; while Pgx=1 and Pry = 0.97. Following the proposed
definitions, only Prr» shows that an inefficient phenomenon exists
in the circuit. Pr# and Pgre calculated using the proposed power
quantities produce better results than those obtained using IEEE
Std. 1459 definitions.

7. Conclusion

IEEE Std. 1459 applies an instantaneous power approach only
for the quantification of active and reactive power in single-phase
systems. The remaining IEEE Std. 1459 power quantities are ob-
tained by resolving the effective voltage, current, and apparent
power into different terms. As is demonstrated in this paper, the
application of IEEE Std. 1459 definitions to an electrical circuit with
a harmonic neutral current component yields an expression of the
harmonic active power that disagrees with the expression included
in the IEEE Std. 1459.

The instantaneous power approach is extended in this paper to
propose a new definition of the non-fundamental effective appar-
ent power and which avoids the problems in the harmonic active
power calculation. The per-phase and the three-phase instanta-
neous power flows are analyzed for a three-phase four-wire
balanced non-linear load connected to an ideal power network that
supplies a set of positive-sequence fundamental voltages. The
calculation of Sen# using the instantaneous power approach is
made by adding the per-phase apparent power that multiplies
the sinusoidal term of the instantaneous expression.

The expression of S,y is compared with the expression
obtained applying IEEE Std. 1459. S.n# expressions for positive-
and negative-sequence harmonic load currents coincide for both
approaches. For zero-sequence harmonic load currents, the value
of Sy obtained by means of the IEEE Std. 1459 definition is twice
the value obtained using the S,y instantaneous power approach.

A balanced three-phase circuit connected to a non-ideal supply
voltage is analyzed. Voltage, current, and power magnitudes are
calculated using IEEE Std. 1459 definitions for the instantaneous
approach. The analysis shows that there is a disagreement between
the harmonic active power defined in the IEEE Std. 1459 and the
value obtained by resolving S.y. The comparison between the dif-
ferent magnitudes demonstrates that current and power magni-
tudes in IEEE Std. 1459 are over-rated; while voltage magnitudes
are under-rated.
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