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Abstract—This paper presents the calculation methods for the
different filtering blocks of a selective active filter in order to mini-
mize the active filter inverter size, keeping the harmonic emissions
at the limits stated by the applicable regulations. Since it may be
necessary to comply with the regulations at a remote place with
respect to the active filter location, the method has been extended
to this case. In order to validate the simulations, measurements
which were made at a real application - and arc furnace - were
used. Finally, the simulated results obtained with a remote hybrid
filter were compared with those obtained when an active filter is
instailed directly at the place where the harmonic emission regu-
Iations must be met. The comparison shows that remote compen-
sation is an alternative to be seriously considered. The results are
similar to those obtained with local compensation and the cost may
be substantially lower.

Index Terms—Harmonics, power quality, active filters,

I. INTRODUCTION

One of the main applicaticns of active filters is the elimina-
tion or reduction of current and voltage harmonics. Pq theory
(active and imaginary instant power) [1], has been proven as
being useful to understand this problem and has simplified its
control in real time. Standards and regulations [2] [3] [4] estab-
lish that a certain maximum current hanmonics emission must
not be exceeded by an individual electricity consumer. For each
individua} harmonic (2,3,4,...n) a maximum level is established.
For the total harmonic distortion (THD) a maximum is also es-
tablished. This last value is always less than the distortion that
would be obtained if the required individual values were exactly
satisfied. If the goal is to design a minimum cost active filter,
its inverter must be of minimum current [5}. Therefore, indi-
vidual and total harmonic distortions must not be reduced more
than it is required. In [5] the harmonic residue was filtered in
an indjscriminate way with results that were not acceptable at
all. Then the necessity of selective filtering anises. In this paper
an optimization method for this selectivity will be presented, as
it was announced in [6] [7].

Different papers [8] [9] [10] {11] [12] show particular ex-
amples of selectivity accomplished by using the SRF (Syn-
chrenous Reference Frame) calculation strategy, which is
equivalent to using pq theory, as shown in [6] [7]. The need
of developing SERIES and PARALLEL calculation methods
arises as a result of doing the selective filtering of several har-
monic frequencies which are close to each other in the fre-
quency spectrum. These calculation methods are presented in
[6], where control is achieved by measuring the load current,
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Fig. 2. Load current compensation

and they are generalized in [7] for load current measuring (com-
pensation) or for line current measuring (feedback) [13]. In or-
der to follow the concept *you dirty, you clean’, the best eption
is the use of a shunt active filter controlled in such a way that
it compensates distorted load currents [7]). An hybrid active -
passive configuration must be adapted when it is necessary to
minimize the cost of the active filter or to use already installed
passive filters {even improving its tunning)[14] [11] [7].

1I. LOCAL SELECTIVE ACTIVE FILTER

A. Selective filtering basic cell

The harmonic sequences selective filtering basic ce!l (SFBC)
presented in [6] [7] (some of its considerations are reproduced
in this paper) performs the mathematical operations shown in
Fig.t. The signal used for modulating and demodulating is,
in this case, the positive sequence associated with the selected
frequency w,. The filters used for the p and q signals are low
pass filters with equal A gains. The obtained cutrents have only
the harmonic positive sequence of the input current but with
inverted sign, These results can be generalized for the nega-
tive and zero sequences. (In case of the presence of zero se-
guences, it should be better to eliminate them by using properly
connected transformers instead of a four branch inverter in the
active filter). A control scheme which compensates the load
current is shown in Fig. 2. Finally, Fig. 3 represents SFBC and
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Fip. 4. Harmonic sequence compensation

also defines the sign convention which has been adopted in the
electric node where the active filter is connected.

Suppose that the load current . has a k harmonic sequence
current with rms value Icy. Then, the filter current iy will
drain. from the line curren: which wiil be compensated, a cur-
rent that will only have such & harmonic sequence. Its rms value
is

Irp = Medlos (N

Considering the electric node
ir{t) = ic(t) +irp(?) (2)
and taking into account the sign change in the schema of Fig. 1,
Ioe =Tck—Ipk 3

where [y is the rms value of the phase vector of the current
of the harmonic sequence under consideration. Therefore, the
active filter current has a rms value which is modulated by the
gain A, and a sign which is opposed to the sign of the current
to be compensated (Fig. 4).

B. Optimum filtering

The regulations establish & certain THD. If the regulations
text is to be strictly followed, the three phases of the electric
system should meet that requirements in steady state. The ex-
pression for the phase R current is

o0
ip(t) = 3 V2lpesin(wyt +dpi) )
k=1
Taking into account the expressions of the harmonic currents
of each phase in function of the positive and negative sequence
phase vectors [15] [16] and assuming that there arc not zero
sequence components. then

iRy = \/§1+k sin(wt + don) +
VI sin(wgt + 6_y)
. . - 2r
gy = \,/§I+k Slﬂ(w;\-t +dip — ?) + (5)
P

\/if_k sin(wkt + 4+ HT“)

N

iry = V2Ipsin(wgt + 6, + %) +
R 27

V2I_ . sin{wt + d_y, — ?)

The rms value /g, can be caiculated as

Ini = \/% /i%kdt (6)

From (3) and (6) the expression(7) is obtained
I = I3 + 25 + 20T kcos(Bys — 66} (D)

The used distortion definitions are based on a fixed current /..
This value represents the current at an instaliation which is con-
suming the electric supply service contract power at a power
factor of 0.85 [2]. Then, the phase R total distortion TH Dp
can be written as

THD} =Y I /Iy K=[240] (8
N

Generalizing (7) and (8) for the other phases results

2 2 2 2r
Ig =1 2 42000, cos(6+;-—6_k.—2—3—)

5 : 25
=12, 412, 4200 cos(6+k—6_;.-+2—37:) 9
and

THDE =Y I5/1%  THD} =3 I}/Ii  (10)
Iy K

As it was proposed in [5], when applying the regulations criteria
the applicable total harmonic distertion should be a quadratic
weighted value defined as

2 2 2
THDpz\/THDR+THDS+THDT an

3

Since the use of a singie phase THD would result in an exces-
sive and therefore unfair penalization. Substituting (8} (9) and
(10) in (7) results

TDH,+Ix= [ 13 = Ig (12)
D

D = [+2 —2--- +40 —40]

where /£ is defined as the permitted three phase weighted
residue. Because of practical reasons the quantity of harmonic
sequences 1o be filtered must be limited. Hence two harmonic
sequence categories are defined: ACTIVE (H) and PASSIVE
{P). Applying {12) to the current i,

le= SR+, p=aJP 03
\' H P

Considering that PASSIVE sequences will not be affected. be-
cause i = i, for them,

TR N A
VE S 7

(14



where [, is defined as the controllable residue. Taking into ac-
count equation (3) results
I, =

> Uen = Ir)? (13

H

On the other hand. it can be seen that in the worst case, the max-
imum instantaneous current that can be obtained in one phase
is given by the expression

iparax = y_ V2 (16)
H

Then in order to obtain an active filter of minimum current,
the currents fgp, which verify (15) and minimize (16) must be
determined. In order to apply the Euler-Lagrange minimization
method the following definitions has been made

Ie=[Icy .. Icu]
Ir=[Ir ... Ira]

(17
W=1..1} -

Wi = Af

where M is the number of harmonic sequences that are being
modified. Using this notation. (15) and (16) can be written as
(o —Ip)Uc —Ip) —I§ =0 iy = V2Wp (18)

hence the lagrangian is

x=WHr + [~ Ir}Uc-Ir-13=0 (19
The solution is obtained when
dy _ x _
i 4] (20}
The solution is I
le—Ir=—==1Is @n

VM

where 5 is defined as the current value to which the active fil-
ter must reduce the line currents of ail the harmonics sequences
that betong to H group. This is equivalent to say that the opti-
mum is obtained by imposing the same relative harmonic dis-
tortion value for all the harmonic sequences that are being mod-
ified.

C. Practical implementation

The upper part of Fig. 5 shows a particular case where all the
currents have initially a value higher than [s. It may happen
that an harmonic sequence of group H has originally a value
which is lower than {<. The lower part of Fig. 5 shows an ex-
ample where it can be observed that for the harmontc sequences
1 and 3. in order 1o obtain {5, Jr) and [ 73 must be injected by
the filter, but compensation of /2 1s not necessary. So. an ad-
justment must be done because sequence /> must pass to P
group of sequences that are not being modified. with the cor-
responding recalculation of I,,. obtaining then I, As a conse-
quence a new value of [ is obtained, and it will be designated
I5. It can be shown that I > Jg. Fig. 5 shows how the cur-
rents [, € I,y were reduced because of the contribution of

(Is = Ica).
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Fip. 5. Optimization in practice

Now, it can happen that as a result of applying I3, the cur-
rents of another sequence of those to be modified, remain below
this value. In that case, it would be necessary a new iteration
step which consists in considering this sequence as belonging to
the P group. This procedure should be followed. until no more
harmonic sequences could change from group H to P. If all the
harmonic sequences finally appears as belonging the P group, it
can be shown that the required harmonic distortion was initially
verified and the active filter was not necessary.

D. And the individual maxima?

The regulation establishes also a restriction for each one of
the harmonic sequences. Hence, each couple Jp4; I;.; must
comply with cenain limit I,;. A particular case of (13) can be
written as
(22)

2 2 2
Iuj = IL+j + IL—j

On the other hand. the maximum current associated with (1,45,
1;.;) that the active filter will drain is

Gpmar = V2(Ipes + Tr_ ;) 23
thus, the goal is to minimize (23) with the restriction
L;= \/(1c+j‘fF+j)2+Ucuj—fF—j)2 (24

Which is the same as applying the result (15) to (21), then the
solution is
Li _p,
v

the solution is shown in Fig. 6. It could happen that again
any of the harmonic sequences could be less than [,; from the
beginning so the new /7. must be calculated in the way which
has already been described.

As a summary. the calculation procedure is:

Step (a).- The limit of cach harmonic frequency as a function
of its specific limit (M is initially 2) is calculated. The first set
of values 17, is obtained.

M=2

le—Ip = (25}
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Fig. 7. Generic system

Step (b).- Taking Icy as the calculated values fp from Step
(a), the compensation for complying with the TH D), criteria
is calculated. The harmonic sequences which it is not neces-
sary to compensate are separated from the H set and included
in the P set and a new I{, is determined. Then I5 is calculated
again. This iterative process must be continued until there are
not sequences to be separated from the H set. Then a final IT}
is calculated. I3} are the values that the line current must take
because of the active filter.

Step (c).- For each one of the sequences the gain of the low
pass filter of each SFBC is calculated. Taking inte account that
those gains satisfies (1) and bearing in mind the exptession (3)
the gain A, is obtained

Ick

Ap = ——————
T Iok - 15

(26)
It must be noticed that a particular harmonic sequence which is
corrected in step (a) can remain unchanged in step (b). Also, it
could happen that after applying step (a) it is not necessary to
compensate in accordance to step (b). In this last case, the total
distortion goal is accomplished in excess. However, if all the
harmonics required by the regulations are modified in step (a),
in such a way that ail of them verify exactly the allowed max-
imum, the total distortion limit goal will not be accomplished,
and step (b) should be applied. The reason is that the regula-
tions establish a lower THD than the ong that resuits from the
individual harmonic distortion requirements.

111. REMOTE SELECTIVE ACTIVE FILTER

In the general case (Fig. 7), it may be necessary to meet the
regulation requirements at a place which is different from the
location where current compensation can be carried out prac-
tically. A steady state transference can be established between
this two points of the electric system, hence

Ik = @ loy @n

I, Is, 11k
Is, 11
Is F2
Iy [Ie 2 Iof I Iis Les
q=1.5 g;=5 q;=0.5

Fig. 8. Remote optimization example

where g is the steady state transference. This equation links
the currents values Ipy and I%,. Applying to (27) the same
procedure which was used to obtain (14) and (15), the equiva-
lent restriction for this case is

L=,[Th-3 &%, = \/Zj qillon —Irp)®  (28)
P H

The value to be minimized is still the one expressed in (16).
The same optimization method Euler-Lagrange will be applied.
The weighted matrix Q is

G 0 0
Q=0 ... 0 (29)
0 0 gy

Using the vectors I, Ip y W which were already defined, (28)
changes to

(Ic = Ip)QUc ~ Ir) - I =0 (30)
Then the lagrangian will be
X=WtIF+C[(IC—IF)tQUC—[p)—[é]=0 an
imposing (20) the solution is
-1
o ¥ 62)

lo=Tr = Frgw

then for each one of the harmonic sequences that have been
modified by the active filter, (32) can be expressed as

1
7
Iy —Ipn = B I, = Is,

B

(33)

This result which is similar to (21), introduces the weighting
concept, relative to the grade of propagation of each harmonic
in the electric system. In the particular case that g, = 1 Vh, the
result is the same as in (21). The practical calculation proce-
dure to determine the current level that each harmonic sequence
must reach, is similar to the one deseribed in section II-C. How-
ever, in this case there is not a single value fg; each harmonic
sequence has a corresponding fg;,. For negative and positive
sequences of a determined frequency the same value of g3 is
used. Fig. 8 shows an example with three harmonic sequences
with their corresponding levels (Jg) and gains gy,
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IV. RESULTS

The complete study for a real case was presented in {7].
The original system is the one shown in Fig. 9, To meet
the regulations at 150 kV, an hybrid shunt filter connected at
31.5 kV is installed using an existent 2.2 MVA capacitor. The
impedance Z, of Fig. 10 is the 150/31.5kV transformer shon-
circuit impedance. In this case the passive system transference
" iz 1

] 2L
ic 1+ T

(34

where Zpp is the series connection of Lpr, Cpr and Rpp.
That transference is shown ir Fig. 11. Notice that Zpr is tuned
in 8.8, (f, is the fundamental frequency) and the resonance
Zy, is located in the interharmonic 6.5 ;.

Fig. 12 shows the resulting filter gains Ax. The optimization
was performed with a value for THD, = 12% and with the
maximum allowed individual values which are shown in Fig.
15. For example, in the initial current, the third harmonic to be
compensated has a negative sequence which is higher than the
positive one. In that case, through the optimization procedure,
the negative sequence is filtered until it equals the positive one.
Since this is not enough, some additional filtering must be per-
formed. In the same way, positive and negative sequences of the
sixth harmonic must be compensated almost 80% to oppose to
the resonance that has been aiready mentioned. Finally, it is not
necessary to compensate the 8°, 9° and 10° harmonics because
of the tuned filter Zpf effect. Applying a filter with A, gains to
the initial currents prior to compensation (Fig. 13), simulation
results shown in Fig. 14 and 15 are cbtained. As a calculation

gain iLiC {pu}

NI oL et

8 10

[
hammonic [pu]
Fig. 11. Original and hybrid passive transference i, /ic.

harmonics [pu]

Fig, 12, Optimum gains ). Positive sequences to the left and negative to the
right

strategy the SERIES method was used [6] [7] were the output
of a SFBC is the input of another SFBC. The final distortion of
current iz, comply with the established value THD),, and also
with the allowed maximum limits. Although the real system
has a non periodic characteristic, a good response in real time
can be obtained. The simulated results of installing an entirely
active shunt filter at 150kV bus bar and applying the same opti-
mization criteria, have been presented in [6). Fig. 16 shows that
those results are worse than those obtained by using an hybrid
active filter at 31.5kv bus bar. The current values are similar,
but the active filter has to handle the 8°, 9° and 10° harmonics
which - in the hybrid compensation - are attenuated by the res-
onant filter Zp 0. Furthermore, although the hybrid filter must
handle the whole fundamental reactive current, the voltage at
the inverter terminal will be lower.

V. CONCLUSIONS

A new methodology for the calculation of the different SFBC
gains of a selective active filter in order to comply with certain
harmonic emission regulation has been presented. Since it was
needed to apply this strategy to a remote compensation schema,
the methodology was zlso extended to that case, The simula-
tion results show that although the method was developed for
steady state, it can be applied in real time and the obtained re-
sults shows a fair agreement with comparable to those expected.

For the studied particular system, two compensation alterna-
tives were compared: compensating with a entirely active filter
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Tocated at 150kV bus bar or compensating with an active hy-
brid filter at a remote place, downstream, at the 31.5kV bus bar.
The comparison shows that remote compensation is an alterna-
tive to be seriously considered. The results are similar to those
obtained with local compensation and the cost may be substan-
tially lower.
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