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The Theory of Instantaneous Power in Three-phase 
Four-Wire Systems: A Comprehensive Approach 

Hirofumi Akagi Satoshi Ogasawara 
Department of Electrical Engineering 

Okayama University 
Okayama-city, 700-8530, JAPAN 

Abstmet-Thh paper describes a holistic approach to the 
theory of instantaneous power in three-phase four-wire s y e  
tems, focusing on the original theory created in 1985 and 
a modified theory presented in 1994. The two theories are 
perfedly identical if no am-sequence volt- i s  included in 
a threephase thr-wire system. However, they are differ- 
ent in the instantaneous active and reactive power in each 
phase if a aerosequence voltage a d  current are included in 
a threephase four-wire system. Theory and computer sim- 
ulations in this paper lead to the following conclusions: An 
active filter without eneray storage components can fully 
compensate for the neutral current even in a threephase 
four-wire system including a aemsequence volt- and cur- 
rent, when a proposed control strat= based on the original 
theory is applied. However, the active Blter cannot compen- 
sate for the neutral c-nt fully, when an al-dy-proposed 
eontml strateay based on the modified theory is applied. 

I .  INTRODUCTION 

A. Bockground 

In 1983, the theoryof instantaneous power in threephase 
circuits was originated by one of the authors and his former 
colleagues [l] (21. The theory is applicable to three-phase 
four-wire systems, as well as to three-phase three-wire sys- 
tems. In addition, it is characterized by allowing us to 
define the instantaneous reactive power in each phase as a 
unique value for arbitrary three-phase voltage and current 
waveforms without any restriction, and by yielding a lucid 
explanation of the physical meaning of instantaneous reac- 
tive power. Since the emergence of the theory, sixteen years 
have passed, and it has been realized that the concept of in- 
stantaneous reaxtive power has become firmly established 
among electrical engineers, in particular, power electronics 
researchers and engineers. For example, Willems has made 
the following descriptions of the theory [SI: 

“Their concept is very interesting for practical 
purposes, in particular to analyze the instanta- 
neous compensation of reactive power without en- 
ergy storage. . . . . . Akagi‘s imaginary power 
concept hence exactly shows to what extent com- 
pensators without energy storage can he used to  
reduce line losses. This result is precisely the ex- 
tremely interesting contribution realized by Akagi 
and his co-authors.” 

Penetration of voltagesource PWM inverters into prac- 
tical applications has spurred interest in expansion of the 
theory into polyphase circuits and applications of the tho- 

0-7803-5589-X/99/$10.00 Q 1999 IEEE 43 1 

Hyosung Kim 
Department of Control and Measurement 

Cheonan Technical College 
Cheonan, 330-717, KOREA 

ory to power electronics equipment [3]-[191. 
Three-phase three-wire circuits are exclusively used for 

utility power distribution systems of 6.6 kV and indus- 
trial power distribution systems of low-voltage clmes in 
Japan. On the other hand, three-phase four-wire circuits 
are widely used for industrial power distribution systems of 
low-voltage classes in many countries, for instance, in the 
United States. For this reason, research on active filters 
intended for installation on threephase four-wire systems 
has been carried out in many countries other than Japan. 

Recent broadcasting equipment used in Japan has re- 
quired a largecapacity singlephase 1oO.V power supply, 
and therefore a threephase four-wire system with a phase 
to-neutral voltage rated at 100 V has been applied to 
such special cases in Japan. Meiden has developed ac- 
tive filters for three-phase four-wire systems of low-voltage 
classes. The active filters in commercial use range from 75 
to 500 kVA. It is reported in [lZ] that the 30O.kVA active 
filter achieves excellent compensation of the neutral current 
and harmonic currents flowing in a threephase four-wire 
System. 

B. The Original Theory and The Mcdified Themy 

In 1994, a modified theory of instantaneous power was 
formulated by Nabae, et. al. 1131 [14], and then it was eo 
tablished by Peng and Lai (161 (191. Hereinafter, the theory 
originated in 1983 is referred to as “the original theory” in 
this paper, in order to avoid confusion and to distinguish it 
from “the modified theory.” The modified theory is also a p  
plicable to three-phase four-wire systems, and it allows us 
to  define the instantaneous reactive power in each phase as 
a unique value. However, the instantaneous reactive power 
defined by the modified theory is different from that defined 
by the original theory under three-phase four-wire systems 
including a zero-sequence voltage and current. Therefore, 
the modified theory would be different in filtering c h m -  
teristics from the original theory when the two theories are 
applied to an active filter without energy storage camp* 
nents. 

This paper focuses on similarity and difference between 
the original theory and the modified theory. The differ- 
ence exists in how to deal with the zwo-sequence circuit in 
a three-phase four-wire circuit, thus resulting in a signif% 
cant difference in their “mapping matrices.” Moreover, this 
paper propases a control strategy of an active filter with- 
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Fig. 1.  T h e p h a s e  four-wire system, 

out energy storage components for compensation of both 
the zero-sequence current and the instantaneous reactive 
current in each phase. 

11. ” H E  THEORY OF INSTANTANEOUS POWER IN A 
THREEPHASE FOUR-WIRE SYSTEM 

Fig. 1 shows a basic circuit configuration of a t h m  
phase four-wire system including a zero-sequence voltage 
and current. For the sake of simplicity, the distribution 
line impedance and the neutral line impedance existing be- 
tween the supply and the load are discarded from Fig. l. 
However, the theory developed in this paper is applicable 
to such a practical three-phase four-wire system where a 
non-negligible amount of impedance exists in the distribu- 
tion and neutral lines. The reason is that attention is paid 
to three-phase instautaneous voltages and currents on any 
bus, for instance, at the beginning terminals, on an inter- 
mediary bus or at the end terminals. 

Three-phase instantaneons voltages and currents on the 
a-bc coordinates can be transformed into t h w  on the @ 
a-0 coordinates by the following equations: 

The following relation exists between the neutral current 
in in Fig. 1 and the zero-sequence current io in (2). 

The instantaneous real power in the three-phase four-wire 
system, p is given by 

~ 
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A. The Original Theory 

The original theory in [l] and 121 defines two instantlta- 
neaw real powers po and p , ~ ,  and an instantaneous imag- 
inary power yap in the three-phase four-wire system as 61-  
lows: 

[ E p ]  = [‘ 0 - e p  .“.I e, [!:I. (6) 
qaP 

Equation (6) suggests that po(= e,&) obviously implies 
the instantaneous real power in the zero-sequence circuit, 
and that e& and epia also mean instantaneous power be- 
cause they are defined by the product of the instantaneous 
voltage in one phase and the instantaneous current in the 
same p h m .  Therefore, pap is the instantaneous real power 
in the a and &phase circuit, and so its dimension is [W]. 
Conversely, e,ia and epi, are not instantaneous power be- 
cause they are defined hy the product of the instantaneous 
voltage in one phase and the instantaneous current in an- 
other phase. Aecordingly, q-p in the a and /?-phase circuit 
is not the instantaneous real power but a uew electrical 
quantity defined in [l], and so a new dimension should be 
introduced to ye@, because its dimension is not [W], [VA] 
or [w]. The authors think that “Imaginary Watt” [IWl is 
a good candidate for the dimension. 

Since the utility power supply in (6) is assumed as th ree  
phase voltage sources, e,,, e, and ep, which are a set of 
three already k n m  values, equation (6) can be interpreted 
as “mapping” of a three-dimensional current space to a 
threedimensional power space, and vice versa. There are 
many mapping matrices from a theoretical point of view, 
whereas few matrices can offer a lucid physical meaning 
from a practical point of view. The mapping matrix shown 
in (6) was defined in 1983 for the first time in the world. 
The inverse tramfnnnation of (6) is given by 

where 

The instantaneous currents on the &&I coordinates can 
be obtained from (7): 



where 
io : zero-sequence instantaneous current 
i,, 
io, 
i ,  
io, 

: a-phase instantaneous active current 
: &phase instantaneous active current 
: a-phase instantaneous reactive current 
: @phase instantaneous reactive current. 

The theoretical derivation of (7)-(10) from (6) is per- 
formed under an assumption of eo # 0, because it is i m  
possible to calculate the inverse matrix of (6) when ea = 0. 
However, i, in (9) and ip in (10) exclude even if q, # 0. 
This implies that the original theory deals with the zero- 
sequence circuit as a single-phase circuit being independent 
of the a-phase circuit and the @phase circuit. Therefore, 
it is practically acceptable to substitute = 0 into fi- 
nal equations or results derived under the assumption of 
eo # 0, when the original theory is applied to  a three-phase 
four-wire system without zero-sequence voltage. In general, 
the derivation of the final equations or results might not be 
complicated, because the zero-sequence circuit is indepen- 
dent of the a-phase circuit and the &phase circuit. 

The first and second t,erms on the righbhand side of (9) 
and (10) correspond to the instantaneous active current 
and the instantaneous reactive current in the a-phase and 
the &phase, respectively. Thus, the following relations ex- 
ist: 

wa = e,epio - me& 
eeqp = -e,epio + eoepi,. 

The sum of all terms on the righthand side of the above 
equations is always zero, thus leading to 

(14) e o ,  go + e , .  q, + e o .  90 = 0. 

The rank of the mapping matrix in (13) is three, so that 
the number of independent variables among qo, q- and qp 
is not three but two. As a result, this leads to a three- 
dimensional power space in the modified theory, like that 
in the original theory. However, the two mapping matrices 
defined by (6) and (13) are different in formulation. The 
inverse transformation of (13) is performed as follows: 

where 

e& = 4 +e', +e; 

The instantaneous current in each phase can be obtained 
from (15): 

(18) - - iop + ia,. - = Pa, +pa,  = 0. (12) 
The instantaneous active and reactive powers in each phase 
are defined as follows: 

where 

io, : zero-sequence instantaneous active current 
po = eoio : zero-sequence instantaneous power ia, : zero-sequence instantaneous reactive current 
p,, = e,i ,  
pp, = e,&, 
pa, = e,i, 
p ~ ,  = e,&, 

: a-phase instantaneous active power 
: &phase instantaneous active power 
: a-phase instantaneous reactive power 
: @phase instantaneous reactive power 

Quation (16) implies that the zero-sequence instanta- 
neous current io can be divided into two instantaneous 
currents; io, and io,. Thus, the following relations exist: 

B. The Modified Theory 

real power p and three instantaneous imaginary powers, 40, 4,s 4,s 4-0 
pm and qa as follOwS: = P O p + P a p f P j 3 p = P r  (19) 

%iop + e,i, + e,&, 
1 1 1 The modified theory in [13] [14] defines an instantaneous = ea(--eap) + e,(-e,p) + ea(-epp) 



Pig. 2. Paver Bow bawd on the original theory 

Here, pop(= miop) and PO,(= e&,) are referred as to 

pop 
po, 

: zero-sequence instantaneous active power, 
: zero-sequence instantaneous reactive power. 

111. SIMILARITY AND DIFFERENCE BETWEEN THE 
ORIGINAL THEORY AND THE MODIFIED THEORY 

A .  I n t h e c n s e o f e o # O a n d i o # O  

Fig. 2 depicts power flow hared on the original theory in a 
threephase four-wire system. Note that the original theory 
considers the zerwequence circuit as a single-phase circuit 
independent of the ephase circuit and the &phase cir- 
cuit, just as the so-called “symmetrical coordinate method” 
splits a threephase four-wire system into a zero-sequence 
circuit, a positivesequence circuit and a negative-sequence 
circuit, in which the zero-sequence circuit is considered as 
a single-phase circuit independent of the positivesequence 
circuit and the negativesequence circuit. 
In a singlephase circuit, it is possible to define instanta- 

neous active power as the product of instantaneous voltage 
and current, whereas it would he impossible to uniquely 
define instantaneous reactive power from only the instan- 
taneous voltage and current at that instant of time. There- 
fore, the original theory deals with zero-sequence current io 
as instantaneous active current because the zerwequence 
circuit forms instantaneous active power, po = e&, when 
eo # 0. This concludes that no instantaneous reactive cur- 

Fig. 3. Power Bow b d  on the modified theory 

the orphase circuit, and pp, does the same in the &phase 
circuit, so that the instantaneous reactive power in each 
phase has the same dimension of [W] as the instantaneous 
active power in terms of physical science. A new dimension, 
which is not [var], can be introduced to the instantaneous 
reactive power in terms of electrical engineering. The orig- 
inal theory introduces q-0 as the instantaneous imaginary 
power which determines p,, and ppq,  so that the origi- 
nal theory defines the two independent instantaneous real 
powers po and pap, in order to form the threedimensional 
power space. 

Fig. 3 depicts power flow based on the modified the- 
ory. It is cleaa from (16)-(18) that the modified theory 
is characterized by equally dealing with the zero-sequence 
circuit, the a-phase circuit, and the &phase circuit. This 
implies that zero-sequence current io can be divided into 
zero-sequence instantaneous active current io, and zem 
sequence instantaneous reactive current iog. However, 
equation (20) exists because the original theory is the same 
as the modified theory in the physical meaning of instanta- 
neous reactive power in each phase. That is, M,, pa, and 
pp, make no contribution to energy transfer in the @or0 
circuit. 

Equation (14) sngggts that the number of independent 
instantaneous imaginary powers are two, so that the num- 
her of independent instantaneous real powers must he one 
in the threedimensional wwer SDW. 

Substituting (16)-(18) into (6) produces the following 
&Uation (12) that the sum Of wPhase relations and defined by the original 

theory and p, qo. q, and qp defined hy the modified theory: 

rent exists in the zero-sequence circuit. 

neous reactive power pa, (= e&,) and &phase iustanta- 
neous reactive power pp, (= eoia.) is always zero. This 
implies that paq and pp, make no~contribution to energy 

(21) 
eo 

P+ -(wa - w d  transfer within the (L and &phase circuit. However, p,, p o = -  4 
makes a significant contribution to  energy transfer within e:,p 4 4  
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The following relationship exists between the two inde- 
pendent instantaneous real powers in the original theory 
and the instantaneous real power in the modified theory: 

p o + P , $ = P .  (24) 

B. In the case of eo = 0 and io = 0 

Substitution of eo = io = 0 into (6) and (13) yields 
po = 0 from (6) and q, = qa = 0 from (13), thus leading 
to p , ~  = p and qua = qo. As a result, equations (6) and 
(13) are simplified as follows: 

The above equation concludes that the original theory is 
identical to the modified theory in a threephase threewire 
system excluding zern-sequence voltage. 

C. In the cnse of eo = O  andio # 0 

The constraint of eo = 0 produces the relationship of 
po = pop = po, = 0, so that no difference exists in power 
flow between Figs. 2 and 3. In other words, substitution of 
@ = 0 into (21) and (22) brings (25) into existence. This 
implies that i, and i, in the original theory, which are 
defined by (9), are identical to i,, and i, in the modified 
theory, which are defined by (17), respectively. Moreover, 
is, and ig,, which are defined hy (lo), are identical to iap 
and ioq, which are defined by (18), respectively. 

Interpretation is different in io between the two t h e  
rig. Whenever eo = 0, po is always zero, irrespective of 
io. The original theory, therefore, reaches such an under- 
standing that io is simply the “instantaneous current’’ in 
the zern-sequence circuit when =I 0, although io should 
be referred to as the “instantaneons active current” in the 
zero-sequence circuit when eo # 0. On the other hand, the 
modified theory’ can divide io into io, and io,. Whenever 
Q = 0, it is clear from (16) that io, = 0, thus resulting in 
io = io,. Therefore, the modified theory keeps such an un- 
derstanding that io is instantaneous reactive current when 
Q = 0. As shown in section V, however, no energy storage 
component is required to an active filter b a d  on either the 
original theory or the modified theory for compensation of 
io, as long as eo = 0. 

D. In the case of eo # 0 and io = 0 

Application of eo # 0 and io = 0 to (6 )  produces po(= 0), 
and pep and qua which are identical to those defined by 
(25) in the original theory. The reason is that the original 
theory deals with the zero-sequence circuit as a singlephase 
circuit independent of the others. Substitution of the above 

‘Discusion on (14): The wnditions that eo = 0 and io # 0 yield 
q, = e p  .Q # 0 and qe = -e, .io # 0. thus reulting in the following 
equation; e, . q, + ep . pp = 0. It is clear from this equation and 
ea = 0 that equation (14) always exists, irrespedive of 40. 

~ 
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Fig. 4. System configuration on the &a-0 coordinates. 

conditions to (13) uniquely yields p, qo, q,, and qa in the 
modified theor?. As a result, the following equations can 
be obtained from (16): 

io = io, + io, = 0 

ig = -eo(e,i, 1 + eaia) = -ik. 4,  
T h e  equations suggest that the modified theory can 

split io into io, and ioq, even in a threephase threewire 
system including zern-sequence voltage. However, it is im- 
possible to control io, and io, independently because no 
zeresequenee current flows in any threephase threewire 
sys tern . 

IV. CONTROL STRATEGY OF AN A c r r v ~  FILTER 
WITHOUT ENERGY STORAGE COMPONENTS 

Fig. 4 shows a basic system configuration of an active 
filter for compensation of both zereseqnenee current and 
instantaneous reactive current on the Cra-p coordinates in 
a threephase four-wire system. 

A .  Control Strategy Based on the Original Theory 

ice and icp on the 0-a-o coordinates as follows:. 

[!E] = 1 [‘% me, -eoea . pc,a . (26) 

Since pco and pc,p in the ahove equation are independent, 
it is possible to impose the following constraint on p c o  and 
pc,p : 

The original theory yields compensating currents, ico, 

0 0 

eoe2, 0 eoea eoe, I [:@I 
PC = Pco +PC,@ = 0. (27) 

This constraint suggests that no instantaneous real power 
flows into or out of the active filter even when eo # 0. In 
other words, power exchange of ~ i c o  happens between the 
zern-sequence circuit and the D and &phase circuit. 

The following constraint that the active filter compen- 
sates for the instantaneous imaginary power on the load 
side is imp& on qc+: 

qcua = PL,,$. (28) 

aDiseussion on (14): The conditions that eo # 0 and io = 0 yield 
q, = -ea . ip # 0 and qp = eo . i ,  # 0. The wrnbination of these 
equations and 40 =e, . ip ~ ep . i, brings (14) into existence. 



Equations (27) and (28) give the following relations: 

PCO = PLO = eOiL0 (29) 
pcap = -PLL = - e o i L o  (30) 
qcap = e,iLp - epi',. (31) 

Substitution of (29)-(31) into (26) yields the compensating 
currents. 

i co  = iL0  (32) 

ic, = -(-eoe,iLo + e;iL, - e,epiLp) (33) 

i c p  = -(-eoepiLo - e,epiL, + e i i L p )  (34) 

The relationship of i c n  = ir.n in (32) exists irrespective 

1 
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1 

ea Fig. 5. Simulation model on the &e coordinates. 
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of eo, and therefore the active filter without energy storage 
components can compensate for the zero-sequence current 
fully, even when eo # 0. Equations (32)-(34) are derived 
from (29) under the assumption of eo $0.  As described in 
section 11, direct substitution of eo = 0 into (33) and (34) 
offers the compensating currents when eo = 0. 

When the condition of eo = 0 is substituted into (33)- 
(34) and (40)-(42), it is easy to find out that their corre- 
sponding equations become equal. Therefore, the control 
strategy based on the modified theory is identical to that 
based on the original theory, thus resulting in the same fil- 
terine. characteristics, as long as e~ = 0. However, when 

B. Control Strategy Based on the Modified Theory #0,  the two control strategies are different, so that their 
filtering characteristics are not identical. In particular, the 
control strategy based on (40)-(42) cannot compensate for 
the zero-sequence current fully, because ico # i ~ o .  

Application of the modified theory to the active filter 
gives the compensating currents. 

V. DISCUSSION BY SIMULATION 
Thi., section performs computer simulation under ideal 

conditions for the purpose of clarifying the similarity and 
difference between the two 

(35) 

Since the modified theorv defines z l r  as instantaneous real < 1 1  

power, the active filter without energy storage components 
requires imposing a constraint of p c  = 0. On the other 
hand, the modified theory defines two independent instan- 
taneous imaginary powers, and therefore two degrees of 
freedom exist among qc,,, qc, and qcp .  However, a con- 
straint of qco = qca = qcp = 0 is meaningless because 
it corresponds to no installation of any active filter. The 
control strategy proposed in [14] is taken in the follow- 
ing. This stems from both the constraint of p c  = 0 and 
the constraint that the active filter compensates for the in- 
stantaneons imaginary powers on the load side. The control 
strategy is given as 

PC = 0 (36) 
qco = 4LO (37) 
qca = QL, (38) 
qca = 4LO. (39) 

Substitution of (36)-(39) into (35) yields the compensating 
currents. 

1 
ico = -{(e: + e$)im - eoe,iL, - eoepiLp} (40) 44 

A. Simulation Conditions 

Fig. 5 depicts a simulation model on the a-be coordi- 
nates, and Table I summarizes simulation conditions. The 
threephase supply is assumed as the following sinusoidal 
voltage sources: 

e, = fi E, sin(&) 

e, = fi E, sin(wt + 2x13). 

Each ph-to-neutral rms voltage is shown in Table I. 
Note that three-phase sinusoidal voltages under conditions 
I and I11 exclude any zero-sequence voltage, while three 
phase sinusoidal voltages under conditions I1 and IV in- 
clude a zermequence voltage. For the purpose of extract- 
ing a distinct difference between the two theories, the un- 
balanced threephase load shown in Fig. 5 is assumed to  be 
a set of three linear R-L circuits, excluding any harmonic- 
producing load. The parameters of the load are given by 

e b  = fi Ea Sin(d - 2 ~ 1 3 )  

R, = 1.06 a, Rb = & = 1.32 

L, = 3.36 mH, L b  = L, = 4 2 0  mH. 
In the following simulation, the power circuit of the 

active filter is assumed to be threephase ideal current 
sources, as shown in Fig. 5. 

1 
ic, = F { - e o e , i L o  + (e: +e$)& - e,egiLp} 

i c p  = F { - e o e p i L o  - e,epiL, + (4 t ez) iLp} 

(41) 

(42) 

eou@ 
1 

eoap 
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TABLE I 
SIMULATION CONOITIONS 

Condition I 
Waveforms Fig. 6 

1 E. 115 

I1 I11 N 
Fig. 7 Fig. 8 Fig. 9 

115 115 115 

E, 

TABLE 11 
THE mTI0 [%] OF THE 3RD AND 5 T H  HARMONIC COMPONENTS 

CONTAINED IN THE COMPENSATING CURRENT T O  THE FUNOAMENTAL 
COMPONENT IN EACH PHASE. 

1 Condition 11 I I  I1 I I11 I lv I 

115 92 115 92 
Theory I Original I Modified 

Figs. G9 show Simulated waveforms, corresponding to 
conditions I to IV. Table I1 summarizes in percentage units 
the third and fifth-order harmonic currents contained in 
the compensating current with respect to the fundamental 
current in each phase under conditions I to IV. 

B. Control Strategy Based on the Original Theory 

Figs. 6 and 7 show simulated waveforms when the con- 
trol strategy based on the original theory is applied to the 
active filter. In the case of eo = 0 (Fig. 6), no energy stor- 
age components are required to the active filter, because 
pco = p m  = eo . iL0 = 0. However, ic,, icb and ic, are 
non-sinusoidal waveforms including an amount of the third- 
order harmonic current, as shown in Table TI. The reason 
is as follows; qcup consists of both a dc component ticcup 
and an ac component t c u p  with a frequency twice as high 
&s the line frequency. The active filter fully compensates 
for qcup including @cup. Substitution of pco = pcup = 0 
and qc,p = b a p  into (24) makes it clear to produce the 
third-order harmonic current in icu and icp. If qcup is 
extracted from qcup by using a low-pass filter and the ac- 
tive filter compensates for &p, no third-order harmonic 
current would appear in ic and is. 

Fig. 7 shows simulated waveforms io the case of eo f 
0, where the active filter also compensates for the neutral 
current fully. This stems from controlling the active filter 
in such a way as to cancel p m  with pc,p Thus, no energy 
storage component is required to the active filter. However, 
an amount of fifth-order harmonic current, along with an 
amount of third-order harmonic current, is included in is 
and ic. The reason is as follows: The denominator of the 

4 

L 
Waveforms 

ic0 3rd 
5th 

i r h  I 3rd 

200 
e 

Fig. 6 Fig. 7 Fig. 8 Fig. 9 

4.8 4.3 4.8 11.3 

0 0.3 0 0.7 
5.9 4.3 5.9 13.8 

i C b  0 
loo 

_I 

io. 

I 
500 WT 

5th 0 0.3 0 1  0.9 

5th 0 0.3 0 1 0.9 

3rd 5.5 3.7 5.5 I 12.7 

I 
20 kv 

9cup 0 

20 lllE 9 
start 

Fig. 6.  Simulated waveforms under mudition 1. 

right-hand side in (33) and (34), is constant in Fig. 6 
because E, = Ea = E,, whereas it varies at twice the line 
frequency in Fig. 7 because E, = Ea f E,. 

C. Control Stmtegy Based on the Modified Theory 
Figs. 8 and 9 show simulated waveforms when the control 

strattegy h a d  00 the modified theory is applied to the 
active filter. As described in the previous section, the 
waveforms of voltage and current in Fig. 6 are identical to 
their corresponding waveforms in Fig. 8, because eo = 0. 
Moreover, the waveform of qcup in Fig. 6 is identical to that 
of qco in Fig. 8. When eo # 0, it is clear from the waveform 
of is in Fig. 9 that the active filter cannot compensate for 
the neutral current fully. The remaining neutral current 
corresponds to i+, which is the first term on the right- 
hand side of (16). 

31 
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e 

i C b O L  A .- 
100 A; 

i C b  0 

L 
100 AT 

I 

L 
5w w 

PCO 0 h/VZAAf 
L 

500 WT 
pcua 0 

20 haPr 

4 C m P  0 

T c _ z  
20 ms 

Start 

Fig. 7. Simulated waveforms under condition 11. 

If the authors are allowed to correct the control stratr 
egy based on the modified theory, an “improved” control 
strategy based on the modified theory provides the same 
filtering characteristics as does the control strategy based 
on the original theory, even when f 0. The control 
strategy given by (36)-(39) is corrected as follows: 

(43) pc = 0 

4CO = QLO (44) 
(45) ico = ZLO. 

Here, it should be noted that the following constraint stem- 
ming from (14) is imposed on qco , qc, and qca: 

The improved compensating currents i o .  icU and ita, 
which can be theoretically derived from (35) and (43)-(46), 

~ 
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Fig. 8. Simulated waveforms under condition 111. 

are identical to (32), (33) and (34), respectively, thus re- 
sulting in producing the same waveforms as thme shown 
in Fig. 7. It is, therefore, concluded that no essential dif- 
ference exists between the original theory and the modified 
theory except for a distinct difference between their m a p  
ping matrices. 

VI. CONCLUSIONS 
This paper has focused on similarity and difference be- 

tween the original theory and the modified theory in three 
phase four-wire systems. A notable difference exists in 
mapping matrix between the two theories. Thus, the fol- 
lowing questions might he asked: “Which is right, the orig- 
inal theory or the modified theory?” and “What is wrong 
with the two theories?” The answer to the questions is 
that both theories are right, and so they are applicable 
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Fig. 9. Simulated waveform under condition N. 

to a three-phase four-wire system including zero-sequence 
voltage and current. The difference arid features of the two 
theories are summarized as follows: 

The original theory considers the zero-sequence circuit 
as a single-phase circuit, “independently” of the or 
phase circuit and the Pphase circuit, and therefore it 
would be suitable for applications on the &a-@ coor- 
dinattes. 
The modified theory deals with the zero-sequence 
circuit, the orphase circuit and the &phase circuit 
“equally,” and therefore it would be suitable for a p  
plications on the a-be coordinate. 

Moreover, this paper has proposed a control strategy of 
an active filter without energy storage components, which 
is characterized by fully compensating for both the zero 
sequence current and the instantaneous reactive power in 
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