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2A b s t r a c t { When the apparent power S , is correctly de n̄ed its square S is in a nearly linear relation
with the feeder power losses. Deviation from this rule gives a wrong ḡure for the p ower factor. Both the
Apparent VA and the Arithmetic VA have this drawback, morever, even for balanced but nonsinusoidalp
loads the expression 3V I may not b e accurate. It is shown that the only apparent p ower de n̄ition` `
that holds this property for all p ossible conditions { balanced, unbalanced, sinusoidal or nonsinusoidal {
is the e®ective apparent p ower S , suggested by F. Buchholz and explained by W. Goodhue. A practicale
resolution of S in active and nonactive powers is detailed. It is suggested to separate the 50 Hz or 60e
Hz powers from the other components and to j oin all the nonactive powers in one separate entity.

K e y W o r d s { p ower De n̄itions. Harmonics. Power Quality

1 . I N T R O D U C T I O N The corresponding rms values squared are:

2 2 2 2 2 2V = V + V ; I = I + I (1 )It was shown in part I that parasitic oscilla- 1 H 1 H
tions of energy are a common feature for all four

where:known nonactive p ower forms. It was concluded
X Xthat for routine energy and p ower metering pur- 2 2 2 2V = V ; I = I (2)H h H hpose it is practical to lump all the nonactive p o-
h 6= 1 h 6= 1wers in one quantity with the exclusion of the

fundamental reactive power. The overall A p p a r e n t P o w e r squared is:

2 2 2 2 2 2Among several apparent power attributes, none S = (V I ) = (V + V ) ( I + I )1 H 1 H
is more consequential for deciding on a fair and

2 2 2 2wholesome de n̄ition, than the nearly linear re- = ( V I ) + (V I ) + ( V I ) + (V I )1 1 1 H H 1 H H
lation between the feeder losses, ¢ P and and the orapparent power squared. It was shown that this 2 2 2S = S + S (3)1 Nis a " go-no-go" gage[1 ] that helps n̄d if the ap-
parent power de n̄ition is acceptable or not. The r̄st term is the F u n d a m e n t a l A p p a r -

e n t P o w e r ( V A ) :

2 . S I N G L E -P H A S E N O N S I N U S O I D A L S = V I (4)1 1 1
S I T U A T I O N S :

Electric utilities generate electric energy charac-
terized by a sinusoidal 50 Hz or 60 Hz electromag-For steady-state conditions a nonsinusoidal
netic ēld. This energy is a product that is trans-instantaneous voltage or current has two distinc-
mitted, distributed and sold to end-users. Thetive components. The power system frequency
consumers expect stable and symmetrical sinu-component v and i , and the remaining term v1 1 H
soidal voltages. It is therefore logical to measureand i that contains all the harmonics, integersH
fundamental frequency p owers separately fromor noninteger as well as dc:
the rest of comp onents that can b e viewed asp

v = 2 V sin(! t ¡ ® ) parasitic energies[2, 3] . In single-phase systems1 1 1

p the fundamental apparent power has two comp o-
i = 2 I sin( ! t ¡ ¯ )1 1 1 nents:Xp

v = 2 V sin( ! t ¡ ® )H h h
F u n d a m e n t a l A c t iv e P o w e r ( W ) :h 6= 1

Xp
P = V I cos µ (5)i = 2 I sin(! t ¡ ¯ ) 1 1 1 1H h h

h 6= 1
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and F u n d a m e n t a l R e a c t iv e P o w e r ( v a r ) : Using the de n̄itions of T o t a l H a r m o n ic
D is t o r t io n o f V o lt a g e a n d C u r r e n t :

Q = V I sin µ (6)1 1 1 1
V IH HT H D = ; T H D = (1 3)V Iwith the D is p la c e m e n t P o w e r F a c t o r : V I1 1

in expression (3) gives for the nonfundamentalP F = cos µ (7)1 1
apparent power:

The term S in (3) is the N o n fu n d a m e n t a lN qA p p a r e n t P o w e r ( V A ) that is resolved in three
2 2 2S = S T H D + T H D + (T H D T H D )N 1 I Vterms: I V

(1 4)
2 2 2 2 In practical p ower systems with T H D < 0:05,S = D + D + S (8) VN I V H

and T H D > 0:38 it is p ossible to replace (1 4)Iwhere: with a simple expression:

D = V I is the C u r r e n t D is t o r t io n P o w e rI 1 H S ¼ (T H D ) S (1 5)N I 1( v a d ? V A ? v a r ? )
When 0:05 < T H D < 0:35 accurate computa-ID = V I is the V o lt a g e D is t o r t io n P o w e rV H 1
tions can rely on( v a d ? V A ? v a r ? )

qS = V I is the H a r m o n ic A p p a r e n t P o w e rH H H
2 2S = S T H D + T H D( V A ? v a h ? ) N 1 I V

The P o w e r F a c t o r in nonsinusoidal systems is:The harmonic apparent p ower in turn can be
divided in three components: P P + P1 HpP F = =

2 2S2 2 2 2 S + S1 NS = P + Q + DH H H H
( P = S ) [1 + ( P = P ) ]1 1 H 1p=H a r m o n ic A c t iv e P o w e r ( W ) : 21 + (S = S )N 1

Xp [1 + (P = P ) ] P FH 1 1P = 2 V I cos µ (9) p=H h h h
2 2 21 + T H D + T H D + (T H D T H D )I Vh 6= 1 I V

1p¼ P F (1 6)1H a r m o n ic R e a c t iv e P o w e r ( v a r ) : 21 + T H D IXp
Q = 2 V I sin µ (1 0)H h h h 3 . S I N U S O I D A L A N D U N B A L A N C E D

h 6= 1 T H R E E -P H A S E S Y S T E M S

and H a r m o n ic D is t o r t io n P o w e r ( v a d ? v a r ? ) In the past decades a host of apparent p ower
de n̄itions for polyphase systems were prop osed

vq X by di®erent schools of thought. Many of the sug-u2 2 2 2uD = S ¡ P ¡ Q = (V I )H m nH H H gested de n̄itions lack the attributes of S , thatt
m 6= n were explained in part I. One apparent p ower

m ;n 6= 1
de n̄ition however, gained the con d̄ence of a sig-(1 1 )
ni c̄ant number of researchers. It is known un-All the nonactive powers can be j oined in one
der the names of E®ective, or Equivalent, or Sys-term, the N o n fu n d a m e n t a l N o n a c t iv e P o w e r
tem' s Apparent Power S . It was suggested bye( v a r ? ) :
F. Buchholz[3] in 1 922 and explained in 1 933 byq q W. Goodhue[4] . This de n̄ition of S is based one2 2 2 2 2 2N = S ¡ P = D + D + Q + DN H I V H H an equivalent balanced circuit that has exactly

(1 2) the same power losses as the actual unbalanced
In summary, the powers that will convey reason- circuit. From Fig. 1 results that the balance of
able information on energy transfer and p ower p ower loss in the actual unbalanced system is:
quality are:

2 2 2 2¢ P = r (I + I + I + I )a c tu a l a b c n
S S P S N P1 1 N H 2 2 2 2 2 2V + V + V V + V + Va c c ab a b b c+ + (1 7)

R 3R
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The power loss in the c̄titious balanced sys- resistances are not necessarily equal. Skin and
tem is: proximity e®ects cause a signi c̄ant frequency de-

p endence r = r (h ) , (h= harmonic order. ) A large2 2V 9Ve e2 scale survey will be needed to establish a satis-¢ P = 3r I + 3 + (1 8)e e R 3R factory universal values for the coe± cient ½ of
the return path for the zero-sequence currents.where V is the line-to-neutral equivalent voltagee
In the second group c̄titious resistances R rep-and I is the equivalent line current.e
resent " x̄ed" losses, i. e. magnetic core losses inThe equivalence of the two circuits is expressed
transformers and dielectric losses in high voltagein the p ower loss equality, ¢ P = ¢ P . Thise a c tu a l
cables. In this model it was assumed that theequation gives the e q u iv a le n t c u r r e n t a n d

x̄ed losses due to equipment connected line-to-v o lt a g e for a 4-wire system:
neutral are equal to the losses caused by com-

r p onents connected line-to- line. Field measure-
22 2 2I + I + I + Ia c nb ments prove that V ¼ V , hence the quest overeI =e 3 R and 3R has academic signi c̄ance only.q

2 2 2= I + I + 4I (1 9)+ ¡ 0 The IEEE Std. 1 00 endorses two well known
apparent power de n̄itions[6] : one is the Vectorand
VA or Vector Apparent Power:r

1 2 2 22 2 2V = [3( V + V + V ) + V + V + V ]e a c c ab a b b c1 8 pr 2 2S = ( P + P + P ) + (Q + Q + Q )2 V a b c a b cV 02 2= V + V + (20) (25)+ ¡ 2 where:
In the same manner one n̄ds the equivalent

P = V I cos µ ; Q = V I sin µa a a a a a a avoltage and current for a 3-wire system:

2 2 2 29V V + V + V P = V I cos µ ; Q = V I sin µb b b b b b b be c a2 2 2 2 a b b c3r I + = r ( I + I + I ) +e a b c3R 3R P = V I cos µ ; Q = V I sin µ (26)c c c c c c c c
and from here results: P = P + P + P Q = Q + Q + Q (27)a b c a b cr q22 2I + I + Ia cb 2 2 and the Vector VA Power Factor:I = = I + I (21 )e + ¡3

P F = P = S (28)V Vand
r q The second is the Arithmetic VA or Arithmetic2 2 2V + V + V c aa b b c 2 2V = = V + V (22)e Apparent Power:+ ¡9

The e ® e c t iv e a p p a r e n t p o w e r is : S = S + S + S (29)A a b c

whereS = 3V I (23)e e e

and the e®ective power factor:
S = V I S = V I S = V I (30)a a a b b b c c c

P F = P = S (24)e e

and the arithmetic VA power factor:
In the above equations V ; V ; V ; I ; I and+ ¡ 0 + ¡
I are the symmetrical components of voltage0 P F = P = S (31 )A A
and current.

When the system is balanced:
An important topic for future debates stems

V = V = V = V = Va b c ` n efrom the value chosen for the e®ective resistance
of the zero-sequence current return path r = ½ rn I = I = I = I ; I = 0a b c ` nand shunt resistances R . In the equations of ¢ P e
and ¢ P it was assumed that phase conduc- anda c tu a l
tors and neutral conductors have the same re- S = S = SV A e
sistance r , i. e r = r ; ½ = 1 . In reality thesen
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When the system is unbalanced: These two properties lead to two important con-
clusions for 4-wire systems:

S · S · SV A e a . T h e b a s ic a p p a r e n t p o w e r d e ¯ n it io n sp
3V I a n d 3V I d o n o t g iv e id e n t ic a l r e -` n ` `and
s u lt s : pP F ¸ P F ¸ P FV A e 3V I > 3V I` n ` ` ` `

The e®ective power S satis ēs the require- pe
2 The use of de n̄ition 3V I should be avoided` `ment of linearity ¢ P versus S based on the verye when qmodel sustained by (1 7) and (1 8) . The vector P 2Vand the arithmetic apparent powers do not ful l̄l h = 0 ;3 ;6 ;9 ;:::: h

> 0:1 0this condition[6] V 1

b . T h e r e a r e a d d it io n a l p o w e r lo s s e s c a u s e d
b y t h e n e u t r a l c u r r e n t . T h e s e lo s s e s a r e4 . N O N S I N U S O I D A L B A L A N C E D
n o t r e ° e c t e d in t h e d e ¯ n it io n s 3V I a n d` nT H R E E -P H A S E S Y S T E M S p

3V I a n d w ill le a d t o a w r o n g P F v a lu e .` `
These observations lead to the conclusion thatThe line-to-neutral voltages are:

for three-phase systems with nonsinusoidal waveXp p
v = 2V sin ! t + 2 V sin(h ! t + ® ) forms the e®ective apparent power S and itsa 1 h h e

h 6= 1 components o®er an improved set of de n̄itions
X that help evaluate the p ower °ow conditions. Thep p

o ov = 2V sin(! t¡ 1 20 ) + 2 V sin( h ! t+ ® ¡ 1 20 h )b 1 h h resolution of S for three-phase systems is de-e
h 6= 1 tailed in the next section.Xp p

o ov = 2 V sin( ! t+ 1 20 ) + 2 V sin(h ! t+ ® + 1 20 h )c 1 h h
h 6= 1

5 . T H R E E -P H A S E U N B A L A N C E D
The line currents have similar expressions: A N D N O N S I N U S O I D A L S Y S T E M SXp p

i = 2I sin ! t + 2 I sin( h ! t + ¯ )a 1 h h Expanding the approach presented in sections
h 6= 1

2. and 3. one will n̄d the equivalent currentsXp p
o o and voltages:i = 2 I sin(! t¡ 1 20 ) + 2 I sin(h ! t+ ¯ ¡ 1 20 h )b 1 h h

qh 6= 1
2 2Xp p I = I + I (32)e e 1 e Ho oi = 2I sin(! t+1 20 ) + 2 I sin( h ! t+ ¯ +1 20 h )c 1 h h q

h 6= 1 2 2V = V + V (33)e e 1 e H
O ne will notice two signi c̄ant characteristics

where for a 4-wire system:for these voltages and currents:
2 2 2 2I + I + I + Ia 1 c 1 n 12 b 11 . The line-to-line voltages do not contain I = (34)e 1 3zero-sequence harmonics ( h = 0; 3; 6; 9; :::) for ex-

2 2 2 2ample: I + I + I + I2 a H c H n Hb HI = (35)p p e Ho 3v = v ¡ v = 3 2V sin(! t + 30 )a b a b 1 r
Xp p 1 2 2 2 2 2 2o V = [3( V + V + V ) + V + V + V ]e 1+ 3 2 V sin(h ! t + ® + 30 h ) a 1 c 1 c a 1b 1 a b 1 b c 1h h 1 8

h 6= 0 ;3 ;6 ;9 ;:::::
(36)

This means that
s sX XV ` `2 2pV = V ¸ = V r` n h h3 1h h 6= 0 ;3 ;6 ;9 ;:::: 2 2 2 2 2 2V = [3(V + V + V ) + V + V + V ]e H a H c H c a Hb H a b H b c H1 8

2 . The neutral current is not nil. S ince the zero-
(37)sequence current harmonics add-up in the neutral

conductor:
Xp

i = i + i + i = 3 2 I sin(h ! t + ¯ )n a b c h h
h = 0 ;3 ;6 ;9 ;::::
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For 3-wire systems I = I = 0 and from (21 ) D e n̄ing E q u iv a le n t T o t a l H a r m o n ic D is -n 1 n H
results: t o r t io n s :

r
2 2 2V + V + V c a 1a b 1 b c 1 V IV = (38) e H e He 1 T H D = ; T H D = (46)9 e V e IV I1 1r

2 2 2V + V + V helps to obtain for the nonfundamental apparentc a Ha b H b c HV = (39)e H p ower S an expression identical with (1 5) :9 e N
qThe resolution of S = 3V I is implemented ine e e 2 2 2S = S T H D + T H D + (T H D T H D )e N e 1 e I e Ve I e Vthe manner shown in section 2. : q

2 22 2 2 ¼ S T H D + T H D ¼ S ( T H D ) (47)e 1 e 1 e Ie I e VS = S + S (40)e e 1 e N

The IEEE Std. 1 00 expands the de n̄itionswhere
of the vector and arithmetic apparent powers toS = 3V I (41 )e 1 e 1 e 1 nonsinusoidal systems too. These expressions stem

and from Budeanu' s de n̄itions for single-phase non-
2 2 2 2S = D + D + S (42) sinusoidal systems, applied individually to eache N e I e V e H

phase :The current distortion p ower, voltage distortion X Xpower and harmonic apparent power are: P = V I cos µ ; Q = V I sin µa a h a h a h a a h a h a h
h hD = 3V Ie I e I e H X X

P = V I cos µ ; Q = V I sin µD = 3V I b b h b h b h b b h b h b he V e H e 1
h hS = 3V I (43)e H e H e H X X

P = V I cos µ ; Q = V I sin µc c h c h c h c c h c h c h
The most imp ortant component of the funda- h hpmental apparent power is the p ositive-sequence

2 2 2D = S ¡ P ¡ Q+ + a a a afundamental apparent p ower S . In turn S is1 1 q
divided in positive-sequence fundamental active 2 2 2D = S ¡ P ¡ Qb b b band reactive powers: p

2 2 2D = S ¡ P ¡ Qc c c c+ + + + + + + +P = 3V I cos µ ; Q = 3V I sin µ (44)1 1 1 1 1 1 1 1 with p
2 2 2S = V I = P + Q + Da a a a a aThey form a fundamental positive-sequence power q

factor: 2 2 2S = V I = P + Q + Db b b+ + + b b bP F = P = S1 1 1 p
2 2 2S = V I = P + Q + Dc c c c c cThis utilization factor ought not be confused with

The vector apparent power and p ower factor are:the displacement factors cos µ ; cos µ and cos µ .a 1 b 1 a 1
These three factors are not necessarily equals.

p
2 2 2S = P + Q + D ; P F = P = S (48)V V VThe load p ower factor or the system' s p ower

wherefactor is:
P = P + P + PP F = (P + P ) = S a b c1 H e

Q = Q + Q + Qa b cThe remaining component of S e 1

andq q
+2 2 2 2 2S = S ¡ (S ) (45) D = S ¡ P ¡ Qu 1 e 1 e 1 V

contains the negative and zero-sequence fun- The arithmetic apparent power and power factor
damental p owers. The ratio S = S is an index are:u 1 1
that can help estimate the degree of linear or non- S = S + S + S ; P F = P = S (49)A a b c V Alinear load unbalance.

In the general case of nonsinusoidal and unbal-
The nonactive p owers can be gathered in one ance system the signi c̄ant p owers are the fol-

quantity, the n o n fu n d a m e n t a l n o n a c t iv e p o w e r : lowing:
q + +S S P S N S Pe N e e u H1 12 2N = S ¡ Pe e N H
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6 . C O N C L U S I O N S under one umbrella all the nonactive p owers but
fundamental. In many applications were the cur-

The Buchholz - Goodhue apparent p ower, S , rent is severely distorted, N ¼ S and thee e e N
is the only known apparent power that leads to equivalent total harmonic distortion of the cur-
correct p ower factor computation not only for un- rent is:
balanced sinusoidal and nonsinusoidal systems,

N ebut also for balanced nonsinusoidal systems. An T H D ¼ (50)e I S e 1incorrect apparent power value translates in an
incorrect power factor. This result has two rep er- This expression could become in the future the
cussions: First is the incorrect VA evaluation. key to weighing the harmonic pollution caused by
Readers are reminded the incidents °agged in the end-users. Since the voltage waveform remains
engineering literature in the 1 980' s when third nearly sinusoidal (50) indicates that the amount
harmonic producing equipment was unexp ectedly of pollution can be estimated from the product
overloading and overheating neutral conductors T H D S or j ust the current I .e I e 1 e H
and transformers. This problem was due to mis-
understanding both the power loss distribution 7 . R E F E R E N C E S
within equipment and the fact that apparent p ower
for nonsinusoidal conditions has a di®erent struc-

[1 ] A. E. Emanuel " Apparent Power De n̄itionsture than for sinusoidal. The second consequence
for Three- Phase Systems" . IEEE-P ES Sum-is the inequitable penalty of end-users that de-
mer Meeting, Berlin, July 1 997grade service reliability.

[2] A. Emanuel, " On the Assessment of Har-
monic Pollution" , IEEE Trans. on PowerThe S division in active and nonactive com-e
D elivery, Vol. 1 0, No. 3, July 1 995, pp. 1 693-ponents is based on the separation of 50 Hz or 60
98Hz powers from the rest. This approach leads to

[3] IEEE Working Group on Nonsinusoidal Sit-two distinct apparent powers, the fundamental
uations, " P ractical D e n̄itions for Powerand nonfundamental apparent p owers, S ande 1
S ystems with Nonsinusoidal Waveforms andS . The fundamental apparent p ower is by fare N
Unbalanced Loads" , IEEE Trans. on Powerdominated by the p ositive sequence powers, i. e
D elivery, Vol. 1 1 , No. 1 , Jan. 1 966, pp. 79-the fundamental frequency p ositive-sequence ap-

+ + 1 01parent, active and reactive powers S , P and1 1
+Q . The fundamental unbalance apparent p ower [4] F. Buchholz, " D ie Drehstrom-Scheinleistung1 q

b ei Ungleichmassiger Belastung Der D rei+2 2S = S ¡ (S ) contains the nonpositive-u 1 1 1 Zweige" , Licht und Kraft, No. 2, Jan 20,sequence powers, i. e. the negative and zero-sequence 1 922, pp. 9-1 1powers. These p owers are produced by the un-
[5] W. M. G oodhue, D iscussion to " Reactivebalanced loads by converting a small part of the

Power Concepts in Need of Clari c̄ation" ,positive-sequence powers into nonpositive-sequence
+ Trans. AIEE, Vol. 52, Sept. 1 933, p. 787powers. The ratio S = S , helps evaluate loadu 1 1

[6] P. S. Filipsky, Y. Baghzouz, M. D. Cox, " D is-unbalance severity.
cussion of Power De n̄itions Contained in
the IEEE D ictionary" , IEEE TransactionsThe impact of an harmonic polluting load
on Power Delivery, Vol. 9, No. 3, July 1 994,may b e approximated with the help of the non-
pp. 1 237-44fundamental nonactive p ower N , that gatherse
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