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Abstract — When the apparent power S, is correctly defined its square S? is in a nearly linear relation
with the feeder power losses. Deviation from this rule gives a wrong figure for the power factor. Both the
Apparent VA and the Arithmetic VA have this drawback, morever, even for balanced but nonsinusoidal
loads the expression v/3Vy,I may not be accurate. It is shown that the only apparent power definition
that holds this property for all possible conditions — balanced, unbalanced, sinusoidal or nonsinusoidal —
is the effective apparent power S, suggested by F. Buchholz and explained by W. Goodhue. A practical
resolution of S, in active and nonactive powers is detailed. It is suggested to separate the 50 Hz or 60
Hz powers from the other components and to join all the nonactive powers in one separate entity.
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1. INTRODUCTION

It was shown in part I that parasitic oscilla-
tions of energy are a common feature for all four
known nonactive power forms. It was concluded
that for routine energy and power metering pur-
pose it is practical to lump all the nonactive po-
wers in one quantity with the exclusion of the
fundamental reactive power.

Among several apparent power attributes, none

is more consequential for deciding on a fair and
wholesome definition, than the nearly linear re-
lation between the feeder losses, AP and and the
apparent power squared. It was shown that this
is a "go-no-go” gage[l] that helps find if the ap-
parent power definition is acceptable or not.

2. SINGLE-PHASE NONSINUSOIDAL
SITUATIONS:

For steady-state conditions a nonsinusoidal
instantaneous voltage or current has two distinc-
tive components. The power system frequency
component v and i1, and the remaining term vy
and iz that contains all the harmonics, integers
or noninteger as well as dc:

v = \/§V1 sin(wt — a)
11 = \/511 sin(wt — 51)
vg = ﬁZVh sin(wt — ap)

h#1

1 = \/EZIhSin(wt - ﬁh)
htl

The corresponding rms values squared are:

VE=VE+VE r’=r+13 (1

where:

Vi =Y Vi Iy=31; (2)

h#1 h#1

The overall Apparent Power squared is:
§% = (VI)* = (V@ + Vi) (I + If)

= (L) 4+ (Vilg)? + (Vul)? + (Vi Ig)?

or
5% =8% 4+ 5% (3)

The first term is the Fundamental Appar-
ent Power (VA):

S1=Vilh (4)

Electric utilities generate electric energy charac-
terized by a sinusoidal 50 Hz or 60 Hz electromag-
netic field. This energy is a product that is trans-
mitted, distributed and sold to end-users. The
consumers expect stable and symmetrical sinu-
soidal voltages. It is therefore logical to measure
fundamental frequency powers separately from
the rest of components that can be viewed as
parasitic energies[2,3]. In single-phase systems
the fundamental apparent power has two compo-
nents:

Fundamental Active Power (W):

Py = ViIicosé; (5)



and Fundamental Reactive Power (var):
Q1 = Vil sin6; (6)

with the Displacement Power Factor:
PF; = cos b, (7)

The term Sy in (3) is the Nonfundamental
Apparent Power (VA) that is resolved in three
terms:

S% =D} 4+ DY + S% (8)
where:
Dy = ViIg is the Current Distortion Power
(vad? VA? var?)
Dy = Vgl is the Voltage Distortion Power
(vad? VA? var?)
Sy = Vglg isthe Harmonic Apparent Power
(VA? vah?)

The harmonic apparent power in turn can be
divided in three components:

St = Pii + Qi + Dk
Harmonic Active Power (W):

PHZ\/§ZV}LI}LCOSH}L (9)
h#1
Harmonic Reactive Power (var):

Qu=V2) Vplsing,

h#1

(10)

and Harmonic Distortion Power (vad? var?)

> (Vinln)?

m#n
m,n#l

D =[S}~ Ph — Q% =

(11)
All the nonactive powers can be joined in one
term, the Nonfundamental Nonactive Power

(var?):

N = \/sfv—Pl%,: \/D§+D2V+Q§,+D§,
(12)
In summary, the powers that will convey reason-
able information on energy transfer and power
quality are:

LS s sv][N]Pul

Using the definitions of Total Harmonic
Distortion of Voltage and Current:
47 Iy

(13)

in expression (3) gives for the nonfundamental
apparent power:

SN:51\/THD§+THD%,+(THDITHDV)2
(14)
In practical power systems with TH Dy < 0.05,
and THD; > 0.38 it is possible to replace (14)
with a simple expression:

SN ~ (THD])Sl (15)

When 0.05 < THD; < 0.35 accurate computa-
tions can rely on

Sy = Sl\/THD§ +THD}
The Power Factor in nonsinusoidal systems is:

P P +P
PF = —=-—2A—"X

N
(P1/S1)[1 + (Pu/P1)]
V1I+(Sn/S1)?

[1+ (Py/P1)|PF,

V1+THD3+THD} + (THD; THDy)?

1
1+ THD?

3. SINUSOIDAL AND UNBALANCED
THREE-PHASE SYSTEMS

Q

PF,

In the past decades a host of apparent power
definitions for polyphase systems were proposed
by different schools of thought. Many of the sug-
gested definitions lack the attributes of S, that
were explained in part I. One apparent power
definition however, gained the confidence of a sig-
nificant number of researchers. It is known un-
der the names of Effective, or Equivalent, or Sys-
tem’s Apparent Power S.. It was suggested by
F. Buchholz[3] in 1922 and explained in 1933 by
W. Goodhue[4]. This definition of S, is based on
an equivalent balanced circuit that has exactly
the same power losses as the actual unbalanced
circuit. From Fig.1 results that the balance of
power loss in the actual unbalanced system is:

APactuar = r(I2 4+ I3 + 12 + 1)

Va2 + Vb2 + V(:2 Va2b + Vbzc + V(?a
R 3R

(17)

(16)



The power loss in the fictitious balanced sys-
tem is:

V2 o 9v2
APe=3rlf+3?e+3—}; (18)

where V¢ is the line-to-neutral equivalent voltage
and I, is the equivalent line current.

The equivalence of the two circuits is expressed
in the power loss equality, AP, = APyctyqr- This
equation gives the equivalent current and
voltage for a 4-wire system:

. \/13+I§+I§+I;{
e
3

I3+ 12+ AR (19)

and

1

V., = E[3(va2 +V24+V2)+VE+V2E+ V2]
V2

= VEHVE+ o (20)

In the same manner one finds the equivalent
voltage and current for a 3-wire system:

Va2b + Vb2(: + Vc%z

V2
= =r(I24+2+13)+ 3k

9
3r13+ 3R

and from here results:

1247124712

I, = %: /[i-F[E (21)
V2 4v24v2
w: /VerVE (22)

The effective apparent power is:
Se =3Vl (23)
and the effective power factor:
PF.=P/S, (24)

In the above equations V4, V_, Vy, I, I_ and
Ip are the symmetrical components of voltage
and current.

An important topic for future debates stems
from the value chosen for the effective resistance
of the zero-sequence current return path r,, = pr
and shunt resistances R. In the equations of AP,
and APg,cpuqr it was assumed that phase conduc-
tors and neutral conductors have the same re-
sistance r, i.e r = r,, p = 1. In reality these

resistances are not necessarily equal. Skin and
proximity effects cause a significant frequency de-
pendence r = r(h), (h=harmonic order.) A large
scale survey will be needed to establish a satis-
factory universal values for the coefficient p of
the return path for the zero-sequence currents.
In the second group fictitious resistances R rep-
resent "fixed” losses, i.e. magnetic core losses in
transformers and dielectric losses in high voltage
cables. In this model it was assumed that the
fixed losses due to equipment connected line-to-
neutral are equal to the losses caused by com-
ponents connected line-to- line. Field measure-
ments prove that V., ~ V, hence the quest over
R and 3R has academic significance only.

The IEEE Std.100 endorses two well known
apparent power definitions[6]: one is the Vector
VA or Vector Apparent Power:

SV:\/(Pa+Pb+Pc)2+(Qa+Qb+Qc)2
(25)

where:
P, =Val,co80y; Qo= Vylgsinb,
Py = VplpcosBy; Qp = Viplpsinby
P.=V..co80.; Q.= V.I.sinb,. (26)

Q = Qa.+Qp+Q. (27)
and the Vector VA Power Factor:

P = P,+Py+P,

PFy =P/Sy (28)

The second is the Arithmetic VA or Arithmetic
Apparent Power:

Sa=8,+Sy+ 5S¢ (29)

where

Sy = W1y Se=V.I. (30)
and the arithmetic VA power factor:
PFs=P/Sa (31)
When the system is balanced:
Vo =Voe=Ve=Vin =V

I,=1y=1.= Iy I, =0

and



When the system is unbalanced:
Sy <854 < Se
and
PFy > PFyq > PF,

The effective power S, satisfies the require-
ment of linearity AP versus S2 based on the very
model sustained by (17) and (18). The vector
and the arithmetic apparent powers do not fulfill
this condition[6]

4. NONSINUSOIDAL BALANCED
THREE-PHASE SYSTEMS

The line-to-neutral voltages are:

Ve = V2V sinwt + \/52 Vi sin(hwt + ap)
h£1

vy = V2V sin(wt—120°)+V2> Vj sin(hwt+a,—120°h)

h#1

ve= V2V sin(wt+120°)+V2 > Vj sin(hwt+a,+120°h)

h#1

The line currents have similar expressions:

iq = V2I sinwt + \/52 Ip, sin(hwt + Bp)
h£1

These two properties lead to two important con-
clusions for 4-wire systems:
a. The basic apparent power definitions
3V, I and \/§Vggf do not give identical re-
sults:

3Vl > \/§Vgg]g

The use of definition \/§Vggf should be avoided
when

Zh=0,3,6,9,.... th
Vi
b. There are additional power losses caused
by the neutral current. These losses are
not reflected in the definitions 3V,I and
\/§Vggf and will lead to a wrong PF value.
These observations lead to the conclusion that
for three-phase systems with nonsinusoidal wave
forms the effective apparent power S. and its
components offer an improved set of definitions
that help evaluate the power flow conditions. The
resolution of S, for three-phase systems is de-
tailed in the next section.

> 0.10

5. THREE-PHASE UNBALANCED
AND NONSINUSOIDAL SYSTEMS

Expanding the approach presented in sections
2. and 3. one will find the equivalent currents

ip =V 21 sin(wt— + Iy sin(hwt+06p,— h :
VI si ( 120°) \/52 in( Br—120h) and voltages:

h#1

ie= V21 sin(wt+120°)+V2 I sin(hwt+3,+120%h)

h#1
One will notice two significant characteristics
for these voltages and currents:

1. The line-to-line voltages do not contain
zero-sequence harmonics (h = 0, 3,6,9, ...) for ex-
ample:

Vgh = Vg — Vp = x/§\/§v1 sin(wt + 30°)

+V3V2 > Visin(hwt + ap, + 30%h)
h#0,3,6,9,.....

This means that

2. The neutral current is not nil. Since the zero-
sequence current harmonics add-up in the neutral
conductor:

in=ia+ivtic=3V2 Y Iysin(hwt+ p)
h=0,3,6,9,....

I =13 + 1%, (32)

Ve =1/VA + V2 (33)
where for a 4-wire system:

12+ 13, + 15 +12
1621 — al bl 3 cl nl (34)

2 2 2 2
Lig +Lig T 1og + 1o
3

12y = (35)

1
Vo = \/E [BVA+VA+VA)+VE +V2 +V2]

(36)

1
VeH = \/1_8 [3 (Va2H + Vsz + VCQH) + Vasz + Vbz(:H + VC%IH}

(37)



For 3-wire systems I,,; = I,y = 0 and from (21)
results:

V2 4+Vv2 +V2

Vel _ \/ abl + }écl + cal (38)
VAig+Vig+V2

VeH —_ \/ abH bgH caH (39)

The resolution of S, = 3V,.I,. is implemented in
the manner shown in section 2.:

SZ =82 +S2x (40)
where
Se1 = 3Ve1le1 (41)
and
Sin =D+ D2y + 82y (42)

The current distortion power, voltage distortion
power and harmonic apparent power are:

Der = 3Verlen
Dey = 3V6HIel
Ser = 3Vemleny (43)

The most important component of the funda-
mental apparent power is the positive-sequence
fundamental apparent power S;". In turn S is
divided in positive-sequence fundamental active
and reactive powers:

Pt =3VTIf cost; QF =3V I singf (44)

They form a fundamental positive-sequence power
factor:

PF;" = P/ /sT
This utilization factor ought not be confused with

the displacement factors cos 6,1, cos8p; and cos 1.
These three factors are not necessarily equals.

The load power factor or the system’s power
factor is:
PF = (P1+ Py)/S.

The remaining component of Sy

Sur = /5% — (55)? (45)

contains the negative and zero-sequence fun-
damental powers. The ratio S,1/S51 is an index
that can help estimate the degree of linear or non-
linear load unbalance.

The nonactive powers can be gathered in one
quantity, the nonfundamental nonactive power:

Ne:\/SeQN*PJ%I

Defining Equivalent Total Harmonic Dis-
tortions:

1% I
THD,y = ;H : THD, = -1

1 1

(46)

helps to obtain for the nonfundamental apparent
power Sy an expression identical with (15):

Sen = Sel\/THD§I+THD§V+(THD61THD6V)2

%

Sel\/THDgl +THD?, ~ Se1(THD.1) (47)

The IEEE Std. 100 expands the definitions
of the vector and arithmetic apparent powers to
nonsinusoidal systems too. These expressions stem
from Budeanu’s definitions for single-phase non-
sinusoidal systems, applied individually to each
phase :

P, = Z Vanlan €08 0ap; Qq = Z Vanlan sinOqp
h h

Py = Z VonIvn cosOpn; Qb = Z Vo Iph sin Opp
h h

Qc = Z Venlen sin 6y,
h

D, = VE P - Q

Dy =53~ 77 - q

D= /ST PE-QF
Sa = Volg = \/P¢$+QZ+D2

Sy = Vply = \/ P2 + Q%+ D?
Se=Vel.=+\/P24+Q2+ D2

The vector apparent power and power factor are:

Sy =VP?*+Q*+D?;

where

P.= Z VenIch €08 Och;
h

with

PFy = P/Sy (48)

P =P,+ P,+ P,
Q=Q.+Qr+ Q.

D = /8% — P?2 - Q?

The arithmetic apparent power and power factor
are:

and

Sa=Sa+Sp+S. ; PFy=P/Ss (49)

In the general case of nonsinusoidal and unbal-
ance system the significant powers are the fol-
lowing:

LS sy 1 P7 [ Swe [ Ne [ Su ]| Pu]




6. CONCLUSIONS

The Buchholz - Goodhue apparent power, S,
is the only known apparent power that leads to
correct power factor computation not only for un-
balanced sinusoidal and nonsinusoidal systems,
but also for balanced nonsinusoidal systems. An
incorrect apparent power value translates in an
incorrect power factor. This result has two reper-
cussions: First is the incorrect VA evaluation.
Readers are reminded the incidents flagged in the
engineering literature in the 1980’s when third
harmonic producing equipment was unexpectedly
overloading and overheating neutral conductors
and transformers. This problem was due to mis-
understanding both the power loss distribution

within equipment and the fact that apparent power

for nonsinusoidal conditions has a different struc-
ture than for sinusoidal. The second consequence
is the inequitable penalty of end-users that de-
grade service reliability.

The S, division in active and nonactive com-
ponents is based on the separation of 50 Hz or 60
Hz powers from the rest. This approach leads to
two distinct apparent powers, the fundamental
and nonfundamental apparent powers, S.; and
Sen- The fundamental apparent power is by far
dominated by the positive sequence powers, i.e
the fundamental frequency positive-sequence ap-
parent, active and reactive powers Sf', P1+ and
Qf. The fundamental unbalance apparent power

Su1 = /S?— (57)2 contains the nonpositive-

sequence powers, i.e. the negative and zero-sequence

powers. These powers are produced by the un-
balanced loads by converting a small part of the

positive-sequence powers into nonpositive-sequence

powers. The ratio Sul/Sf, helps evaluate load
unbalance severity.

The impact of an harmonic polluting load
may be approximated with the help of the non-
fundamental nonactive power N., that gathers

under one umbrella all the nonactive powers but
fundamental. In many applications were the cur-
rent is severely distorted, N. ~ S.ny and the
equivalent total harmonic distortion of the cur-
rent is:

~ (50)
Sel

This expression could become in the future the
key to weighing the harmonic pollution caused by
end-users. Since the voltage waveform remains
nearly sinusoidal (50) indicates that the amount
of pollution can be estimated from the product
THD.;S.; or just the current I.p.

THD, ~
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Fig.1 Unbalanced Three-Phase Circuits

(a) Four-Wire System
(b) Three-Wire System
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