INTERNATIONAL SCHOOL ON NONSINUSOIDAL CURRENTS AND COMPENSATION 201

JUNE 15-18, 2010, LAGOW, POLAND

APF-based Cancellation of the Source-end
Zero Sequence Current

Ehsan Pashajavid

Faculty of Electrical Engineering
K. N. Toosi University of Technology
Tehran, Iran
Pashajavid@ee.kntu.ac.ir

Abstract—Analytical assessment of the successful neutral
current cancellation methods is the main goal of this paper.
Furthermore, proposing a generalized time-domain method is
pursued in order to achieve full cancellation of the source-end
neutral current under unbalanced and distorted load voltage
waveforms. The suggested technique makes it clear that any
time-domain methods, capable of eliminating the neutral
current under non-ideal load voltages, necessarily uses the
proposed technique. Additionally, the IRP, the CMIP and the
Z_GTIP methods are reviewed as the well known successful
algorithms in cancelling the zero sequence current under non-
ideal circumstances. Apparently, these methods are dissimilar
and there is no relationship among them. Then, a
comprehensive analytically performance assessment on these
methods is presented to extract the precise reason of their
efficiency under non-ideal load voltages. As another
contribution of this paper, it is concluded that the
aforementioned methods are derived from the same root,
involving in the proposed idea. Thus, the significance of the
proposed idea in cancelling the source end neutral current
will be clear.
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L INTRODUCTION

Derivation of reference currents for the compensation is
a critical step in the APF performance ([1]). Thus, any
deficiency leads to malfunction of the device. Normally,
APF reference current extraction methods work suitably
under ideal load voltages. On the other hand, a number of
these methods fail to achieve a satisfactory compensation
result when the load voltages are unbalanced or non-
sinusoidal. Proposing a generalized method to be capable of
full cancellation of the source-end neutral current under
non-ideal load voltages is desirable. To reach the mentioned
target, an optimization problem is defined. Then, by solving
this problem, a powerful neutral current cancelling method
is suggested that is so straightforward. In addition, the
instantaneous reactive power (IRP) [2], the complementary
method of instantaneous powers (CMIP) [3] and the zero
generalized theory of instantaneous powers (Z_ GTIP) [4]
methods as the instances capable in preserving their ability
in full cancellation of source-end neutral current are
analytically and mathematically assessed to reveal the
relationship between them and the devised technique as
well as to explain the precise reasons for their success.
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Figure 1. A typical interconnection of the source, the load and the
compensator across a three-phase four-wire power system.

Furthermore, it is proved that some well-known methods
are based on the same origin. Actually, even though they
have dissimilar structures, they are different aspects of the
proposed idea in this paper with identical performance.
Additionally, the possibility of employing the devised idea
to improve the performance of the other time-domain
compensation methods is investigated.

This paper proposes a generalized compensation
method to cancel the source end neutral current. Then, the
IRP, the CMIP and the Z GTIP methods are reviewed in
brief. Further, the relationship between these methods and
the proposed generalized method is clarified and the
significance of the provided idea in cancelling the source
end neutral current is discussed. In section V, the
simulation results are presented to verify the discussed
procedures. Finally, the conclusions of this work are
summarized in section IV.

II.  THE PROPOSED GENERALIZED IDEA

Assume a three-phase load with the instantaneous
voltages as v(£)=[v.(t) vs(t) v«(£)]' and the instantaneous
currents as i(2)=[i,(?) i,(¢) i(9)]' (Fig. 1). An optimization
problem is introduced to extract the desirable source
currents (iz(7)). The full cancellation of the source-end
neutral current (i,,(f)) should be fulfilled. Besides, the load
instantaneous active power (p(¢)) should be only delivered
by i4(f). The optimization problem can be defined as:
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Minimize )| (i, ()’
k=a,b,c (1)
Subject to: v(£).(i(t) =i, 1) =0, Y. (i, (t)=0

k=ab,c

Solving the problem by the well-known Lagrange
multiplier method leads to:

p(t)

t)—=v°(t )
(v@E)=v () (v(t) =V’ () (VE)=v' () )

i, ()=

where V°(0)=(v()+vy()+v(£))/3 and v°(H)=[ v°(£) v°(0) V’(O)]
are the voltage zero sequence component and the voltage
zero sequence component vector, respectively. By
applying the compensation reference currents as
ic(H)=i(t) - 1iy(0), full cancellation of ig,(f) will be
accomplished:

i, (O)=3il@O)=), _ iw@®)=0 A3)

where i,°(¢) is the source-end zero sequence current.

It is easily provable that after compensation by almost
all of the APF time-domain compensation methods the
source currents (iy(f)) could achieve the structure like
below [2-14]:

(power)
(voltage)(voltage)

i(@)= (voltage) @)

where the voltage means a value that has the voltage
dimension and the power is related to a value which has
the power dimension. Actually, the methods with the
configurations includable in (4) would necessarily involve
the discussed idea (the zero sequence component exclusion
from the load voltages in (4)) in order to have full
cancellation of i,(¢) after compensation[2-10]. Otherwise,
it would be impossible to maintain the source-end zero
sequence current near zero [11-14].

III. THE COMPENSATION TECHNIQUES

Before you begin to format your paper, first write and
Lots of the time-domain compensation methods could be
noticed as the case studies for the above-expressed idea.
However, it is not possible to cover all of them in a paper.
In this section, the IRP, the CMIP and the Z GTIP methods
will be reviewed and then, their suggested compensation
reference currents will be considered.

A.  The IRP Method

Assume Vaﬁo(t)=[vo(t) Va(t) Vﬁ(t)]t and iaﬁo(t)=[io(t) ia(t) iﬁ(t)]t
as the load wvoltages and currents respectively.
Instantaneous powers could be defined as below [2], [5]:

PE)=pas@)+p, ), p, (1) =v, )i, ()
Pap () =v o ()i () +v 5(t)ip(t) )
Gap ) =v o ()i (E) =y 5 ()i, ()
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where p,s(f), qqs(t) and p,(f) are the instantaneous active
(real) power, the instantaneous reactive (imaginary) power
and the instantaneous O direction power, respectively.
Compensation reference current icp,()=[ico() ica?) icp(?)]'
can be extracted as ([5]):

i(fo (t) = io (t)
L) ] _ 1 v, () () ©
i@ ] vie)+v @) |vs@) v, @)
Pap®)=p, ()
X
qaﬁ(t)

where p, (t) and p,u(¥) are the average part of p,(7) and the
oscillating part of p,4(f), respectively.

B.  The CMIP Method

It has been shown in [4] that in a three phase system
with no zero sequence voltage or current, if the source is
urged to deliver the following currents, the (instantaneous)
reactive power q(#)=v(¢)xi(¢) (has been defined in [11])
compensation would be accomplished:

i (t)‘l‘lb(l) a() C(t)va(t)
iBa(t) b() ()
iy =i 0 || 1,02 41,0+ 02D | )
; v, () ()
ch(t) () ()
(01 S+ O SO

Assume pp(?) is the instantaneous active power which is
generated due to ig(?). Then, the following relation can be
derived:

{PB @)=v,@)ig, @) +v, @)ig, @)+v (@ )ip () ®)

PO)=v, ()i, @)+v, )iy @) +v ()i ()

In a real compensated system, p(f) and pp(¢f) should be
identical. Therefore, the coefficient () is defined as:

Y@&)=py )/ p(t) )

Thus, the source current (is(f)) and the compensator current
(ic(?)) can be expressed as:

L) =0/yO)i @) , ic()=i@)-i @) (10)
By applying (10), however, full cancellation of i, (¢) cannot
be achieved under non-ideal load voltages. The zero
sequence voltage inactive power (volP) and the zero
sequence current inactive power (io/P) have been
introduced as the deficiency reasons. Both of volP and
iolP have indicated portions of the load inactive power

which are supplied by the source. In order to remedy the
described compensation weakness, it has been proposed in



INTERNATIONAL SCHOOL ON NONSINUSOIDAL CURRENTS AND COMPENSATION 203

JUNE 15-18, 2010, LAGOW, POLAND

[4] to compensate the load inactive power q’(¢) instead of
q(¢) where the former can be derived as:

q'(t) =q(t) - (voIP —ioIP) (11)

C. The Z GTIP Method
It has been proposed in [4] to use (12) as ic(?):

o V() -V (1)
O =[p1)-3
=P O S v Oy v —v )
[V v X IO -V (1)

VO O)- () —v ©)

(12)

where p°(£)=V"(1)i’(¢) is the zero sequence instantaneous
power and p(?) is oscillating part of p(%).

IV. CLARIFICATION OF RELATIONSHIPS

A. The Relationship Between the IRP and the Proposed
Methods

Let us define vy(f) as vos(t)2[0 v, (1) va@)] .
Employing v,4(?), (6) can be reshaped as below:

Post)—p, ()

icop ()= Vo (O O) Vo5 (t)
| O o) +v ()i, ()
t—————| V(0)q,,50) (13)
VoY Oy 0,0

Uncomplicatedly, (13) could be altered as:

Doy~ (1)
Vs () p (1)
Vs (Vi ()~ 0)
" v, O
OOy Vi, )= (Vi Oy, ¥ O
Vop () ¥y (1)
()
Vop ()05 (1)

(Vo (8) Xligg, (£)) X V 5 (7)
Vo (t)-Vos (1)

iCaﬂo (t): vaﬂ(t)+

%iCaﬁo(t):iaﬁo (t)_ Vaﬁ(t) (14)

Accordingly, (14) can be modified as:

ic (1) = C i (1)
—i)- p()
(V) =V (1) (V) -V (1)

(v@)-v(@) (15

Interestingly, comparing (15) with (2), it is obvious
that compensation reference currents of the IRP and the
proposed methods are analogues and, accordingly,
satisfactory cancellation of ig(t) can be achieved by
applying both of them.

B.  The Relationship Between the CMIP and the Proposed
Methods

Equations (7) and (8) could be rewritten as:

iy (1)=n@)v(@) (16)
Py (@)= v()diy )=0@)[v()v({)] (17)
where (=i, ()/v(t)+ip(O)/vi(O)+i(t)/v(f)). By substituting

(16) and (17) into (10), the following relation could be
obtained:

o Lo pt)
lS(t)_]/(l‘)lB(t)_V(l).iB(l)lB(t) "
__r® s
=Yoo OO

i,(?) is the instantaneous active current defined by the GTIP
method [6]. Thus, (18) makes it clear that, under ideal load
voltages, structures and performance of the CMIP and the
GTIP methods are identical. It is noticeable that the GTIP
method performs compensation by employing the average
part of p(¢) (p(t)) in its process. In the case of the zero
sequence component attendance in the load voltages, the

following relations can be extracted by applying (11) in (7)
and (8):

iy (1) =AOV(E)-v ()]
ﬂ(t):( ia(t) ib(t)

N L O 19
v OO v, O O v O 0)

)

Py (@) =AO)(VEO) =V (@O)(v() =V (1)) (20)

Applying the above relations, (18) could be changed to:

()= POAOVO-Y @)
T AOMO-V OMYO-V (1)

p@) ,
B 1H-v 21
(V(E) =V (1)) (v(t)=V° (1)) (v(r)=v" (1)) (21)

A comparison between (2) and (21) would indicate that
the compensation reference currents in the proposed and the
CMIP methods are exactly the same. The mentioned fact
implies the exact reason of similarity in full cancellation of
isu(f) by applying both of them.

C. The Relationship Between the Z GTIP and the
Proposed Methods

Employing the vector product and linear algebra rules,
it is provable from (12) that i (¢) after applying the Z GTIP
method becomes as follow:
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(VO =V (©))
(VO =V () (V) —v (1))
LIV =V XX (V) v (1))
VOV () (V) =V (1))

oo (VO =V (©)
OO PO S T ) v —v @)
LIV =V O)XIOX (V) v (1))

VOV (O)- (V) =V (1))

=[(v@)-v" ())-i(t) - p(©)]

ic@)=[p®)=3p° )]

(VO =V (©)
(VO -V () (V) -V (1))
L (VO =V () (V) =V (0))i(0)
(VO =V () (V) =V (1))
_LVO) =Y )OIV =V (1)
(VO =V () (V) =V (1))
- p@)
(VO =V () (V) =V (1))

(v@)=v' @)  (22)

By comparing (2) with (22), the analogues capability of
full cancellation of i,(#) between the Z GTIP and the
proposed methods can be revealed.

According to the mentioned analysis and expressions,
v°(#) is excluded from the load voltages used in the
reference extraction process. One could examine the
possibility to employ this idea to improve the performance
of those time-domain compensation methods which are
identical to (4) and have deficiencies in cancelling the
source end neutral current. This makes the aforementioned
compensation methods capable in full cancellation of i, (7).

V. SIMULATIONS

An unbalanced non-linear load (as can be seen in Fig.
1) consisted of three single-phase diode rectifiers is
compensated under two different cases namely case 1: the
ideal load voltages with an rms value of 200V-50Hz and
case 2: the non-ideal load voltages as follow:

v, (t) = 704/2 sin(ar) +10sin(3ar —18°)
v, () =170v/2 sin(ax —100°)+20sin(Bax —90°)  (23)
v_(t) =220/2 sin(ar +130°) +10sin(3ax —26°)

The non-linear load consists of three single-phase
rectifiers that feed the following circuit elements:

R,=6Q , L,=1mH , C, =03mF
R,=4Q, L, =1mH , C, =02mF (24)
R,=6Q, L =1mH , C, =0.2mF

The active filter, like the compensator, includes an
AC/DC converter with three arms together with the fourth
wire that is connected to the mid-point of the two
capacitive DC links. Two capacitor voltages are controlled
using a PI controller. A hysteresis current control

JUNE 15-18, 2010, LAGOW, POLAND

modulation technique is employed that drives the switches
with variable frequencies [15]. A passive LCL-filter is
used to attenuate the unwanted frequency components
resulting from the switching modulation [16]. Parameters
of the converter and the LCL-filter are tabulated in Table I.
The following simulations are arranged in order to discuss
the practical issues.

A. Case 1: Balanced and sinusoidal load-terminal
Voltages

Figures 2(a)-(b) show the load-terminal voltages and
the non-linear load currents, respectively. Also, Fig. 3(a)
introduces the big magnitude current of the neutral-wire of
the non-linear load. Figures 2(c)-(f) illustrate the source
currents after performing the compensation by the GTIP,
the IRP, the Z GTIP and the proposed compensation
methods respectively. It can be seen that the rules cancel
successfully the load unbalance. The source-end neutral-
wire current is illustrated by Fig. 3(b)-(e), which is
canceled as expected. It is noticeable that the load-terminal

TABLE L THE PARAMETERS OF THE COMPENSATING

ACTIVE POWER FILTER (APF).

APF side LCL filter inductance L; 4.1 [mH]
Grid side LCL filter inductance L, 0.4 [mH]
LCL filter capacitor C; 10 [uF]
LCL filter damping resistor R, 20 [Q]
APF Switching frequency 6:9 [kHz]
APF DC-link capacitors (each one) 2 [mF]
APF DC-link voltage 700 [V]

(b)
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0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time (sec.)
Figure 2. a) three phase balanced load voltages (V) b) asymmetrical
distorted load currents (A), three-phase source currents (A) after
compensation with c¢) the GTIP d) the IRP e) the Z GTIP and f) the
proposed methods.
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Figure 3. a) the load-end neutral current (A), the source-end neutral
current (A) after compensation with b) the GTIP c¢) the IRP d) the
Z_GTIP and e) the proposed methods.

voltages cannot be assumed balanced and sinusoidal under
non-linear load because of the nonzero source internal
impedance.

B. Case 2: Unbalanced and distorted load-terminal
Voltages

Note that unbalance and distortion of (23) are
exaggerated in order to achieve a better comparison on the
performance of different compensation rules. Figure 4(a)
show non-ideal load-terminal voltages stated by (23), Fig.
4(b) depicts the non-linear load currents and Fig. 5(a) the
neutral current of the load.

Figures 2(c)-(f) illustrate the source currents after
performing the compensation by the GTIP, the IRP, the
Z GTIP and the proposed compensation methods
respectively. The source-end neutral-wire current is shown
by Fig. 5(b)-(e). It is obvious that the GTIP is unable to
cancel the source-end neutral current under unbalanced
load voltages as shown by Fig. 5(b), worsening unbalance
of the source currents. On the other hand, the IRP, the
Z GTIP and the proposed methods, as it has been
previously clarified, could preserve their capability in
cancelling the source-end zero-sequence current even
under non-ideal load voltages

Although by applying the abovementioned methods the
source side neutral current can be fully cancelled under
non-ideal load voltages, distortion of the source current is
not improved because the negative sequence voltage of the
load-terminal remains uncompensated.

The rms-amount of source-end neutral currents is
presented in Table II.

-100904 0.05 0.07  0.08 0.09 0.1

Time (sec.)
Figure 4. a) three phase asymmetrical load voltages (V) b) asymmetrical
distorted load currents (A), three-phase source currents (A) after
compensation with ¢) the GTIP d) the IRP e) the Z GTIP and f) the

proposed methods.
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0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time (sec.)
Figure 5. a) the load-end neutral current (A), the source-end neutral
current (A) after compensation with b) the GTIP c¢) the IRP d) the
Z_GTIP and e) the proposed methods.

It is again worthy to mention that this paper has been
proposed with the aim of the source-end neutral current
cancellation under the distorted and unbalanced load
voltages. Therefore, the harmonic and reactive power
perfect compensations are not involved in. However, it
could be accomplished by including the suggestions
recommended in [6].
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TABLE II. SOURCE-END RMS NEUTRAL CURRENTS AFTER EMPLOYING
VARIOUS COMPENSATION METHODS (A).

Case 1 Case 2

Uncompensated 20.3 30.97
GTIP 2.11 33.71
IRP 2.12 2.51
CMIP 2.12 2.46
Z_GTIP 2.11 2.48
The Proposed tech. 2.11 2.46

VI. CONCLUSION

This paper concentrates on zero sequence components
and proposes a method for the source-end neutral current
cancellation under non-ideal load voltages. A generalized
time-domain method is introduced that is capable of full
cancellation of the source-end neutral current under
unbalanced and distorted load voltage waveforms. Further,
it is shown that the presence of the zero sequence
component on the load voltages is the reason for
malfunctioning of a number of time-domain compensation
methods such as the GTIP. Thus, in brief, it is essential to
exclude the zero sequence voltage in order to have full
cancellation of the source-end zero sequence current.
Analytically, the compensation performance of the IRP, the
CMIP and the Z GTIP methods, as the successful instances
in full cancellation of the source-end neutral current, are
investigated and their relationships are thoroughly clarified.
Moreover, it is proved that although the considered
techniques are apparently dissimilar, they are pretty the
same. Actually, they are different derivation out of the
proposed method in this paper with an identical
performance.
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