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A Closed-Loop Selective Harmonic
Compensation for Active Filters

Paolo Mattavelli Member, IEEE

Abstract—This paper proposes a control algorithm for parallel Besides the current control delay, conventional supply current
active power filters, based on current-controlled pulsewidth-mod- detection and load current detection methods [8] are also prone
ulated converters, which allows precise compensation of selectedto instability when the load includes capacitive and/or resonant

harmonic currents produced by distorting loads. The approach is | t ted | 811131, Instead
based on the measurement of line currents and performs the com- elements, as reported in many papers [8]-{13]. Instead, com-

pensation of the selected harmonics using closed-loop synchronousP€nsation strategies based only on voltage detection methods
frame controllers. Thanks to the closed-loop operation, full com- [10]-[12] are not affected by the aforementioned instability,

pensation of the desired harmonics is achieved even in the presencepyt their application implies an increased interaction with the
of a significant delay in the current control. Thanks to the selective supply voltage harmonics.

approach, active filter interactions with possible dynamic compo- | dert ith the del fh It . "
nents of the load are minimized. Moreover, the complexity of the n order to cope W' € - elay orthe vo agg—source 'nverler
synchronous frame controllers is overcome using equivalent sta- (VSI) currentloop, itis possible to use a selective compensation

tionary frame controllers. Experimental results confirm the theo- achieved by means of bandpass filters on load currents whose

retical expectations. frequency response has a leading phase equal to the delay
Index Terms—Active filters, current control, harmonic filtering, ~ introduced by the VSI current loop. For such purpose, several
pulsewidth-modulated power converters. solutions have been proposed, such as low-pass filters in the

harmonic reference frames [18], [19], discrete-Fourier-trans-
form-based algorithms [17], and so on. With these solutions the
delay of the VSI current control is theoretically compensated,
CTIVE power filters (APFs) are powerful tools for thebut the approach, essentially based on feedforward open-loop
compensation not only of current harmonics produced lpmpensation, is sensitive to parameter mismatches and relies
distorting loads, but also of reactive power and unbalance @f the ability to accurately predict the VSI current control
nonlinear and fluctuating loads. Design and control of actiyserformance.
filters have been deeply investigated in several papers [1]-[13],n this paper, instead, a closed-loop compensation of selected
[17]-[25], covering different issues such as selection of corfine current harmonics is proposed. As in any selective ap-
pensation strategies, modulation techniques, electromagngtigach, it is assumed that the harmonics produced by distorting
interference (EMI) filters, and active filter topologies. loads areslowly varyingand, thus, also the active filter control
In conventional load current detection methods [1], [2kan be realized so as to perform onlglaw, but very precise,
the generation of the active filter current reference is usualarmonic compensation. This concept has been applied using a
based on the harmonic detection of load currents, using ttiesed-loop regulation of line current harmonics which includes
well-known instantaneous power theory [1], time-domaia synchronous reference frame controller for each harmonic
correlation techniques [5], etc. Using this solution, howevehoth for the positive-sequence and negative-sequence compo-
due to the time-domain approach, the delay of the APF curreténts) and uses the detection of line currents instead of load
control causes incorrect compensation and unwanted remaingo@rents. A related approach applied to hybrid shunt filters can
harmonics in the line currents. This effect is dramatic, espie found in [21]-[23], where only specific negative-sequence
cially when a fully digital control implementation is usedharmonics (i.e., the 5th) and positive-sequence harmonics (i.e.,
since the achievable performance may decrease below tla@ 7th) are considered.
acceptable level [6], [7]. For this reason, the high-performanceThe proposed solution, which is particularly suited for a fully
hysteresis control [7] has been almost a mandatory choice #igital implementation, presents the following advantages.
the achievement of a satisfactory harmonic compensation. « The control is selective for the harmonic compensa-

tion, giving numerous benefits, since the filter rating and

Paper IPCSD 00-053, presented at the 2000 IEEE Applied Power Electronics ~ Pandwidth requirements can be strongly reduced.
Conference and Exposition, New Orleans, LA, February 6-10, and approved » The control is insensitive to the delay of the VSI cur-
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Fig. 1.  Active filter control (left side) suppressing particular harmonics using closed-loop synchronous frame controllers.

capacitive or resonant component in the load impedana# the remaining process. The current referenépg, (i3 5) for
are minimized. the active filter current control are finally obtained by adding

In the practical digital signal processor (DSP) implement&egether all the contributions of closed-loop regulators for the
tion, the Comp|exity traditiona”y associated to SynchronOL%E"ected harmonics. The APF current control is kept outside the
frame controllers has been overcome by using equivaléynchronous reference frame controller (unlike [21]-[23]) for
stationary frame controllers. The equivalency is obtain€yercurrent protection purposes.

extending the approach suggested earlier in [14] and then iriNote that, although the proposed algorithm is suited mainly
[15] and [16]. for loads that do not fluctuate very rapidly, it can also be ex-

tended to fast varying loads when used in addition to what |
will refer to as conventional load current detection method [8],
shown in the right side of Fig. 1. In this way, the conventional
The block diagram of the compensation strategy is outlin@dntrol path acts as a feedforward in the control loop while the
in Fig. 1 and in Fig. 2(a), where the three-phase system is @seposed solution corrects only the remaining errors. This com-
sumed to be without neutral wire, so that all three-phase qudrired approach allows fast dynamic response and precise har-
tities are expressed i3 coordinates; note, however, that thenonic tracking in steady state at the expense of the loss of har-
forthcoming description can be easily extended also to thremenic selectivity and of an increased interaction with the load
phase four-wire systems. Following the scheme of Fig. 1, limynamics.
current referencesy, <% ;) are obtained by multiplication of ~ The block diagram shown in Fig. 1 represents only a general
(possibly filtered) line voltages with the output of the dc-linksolution which ensures compensation of selected harmonics in-
voltage regulator. Then, a selective closed loop control on lidependently of any hypothesis on load symmetry. For specific
currents is realized, so that the proposed solution belongsldads, such as diode or thyristor rectifiers, simplifications can
the so-called supply current detection methods [8]. Thus, lihe adopted [22] since, for example, the 5th harmonic has only
current errorss, s (fas = €o + Jjeg) in (o) coordinates are negative-sequence components and the 7th harmonic has only
firstly converted into synchronous reference frame quantitipesitive components. Moreover, both harmonics derive from the
Et (Eht = €ar+ + Jeqk+), Ex— (Eu— = €ar— + jeqr—) Using  sixth harmonic in thelg fundamental reference frame, so that
both positive-sequencédk+) and negative-sequence transforenly one regulator in thég fundamental positive-sequence ref-
mations (l¢k—) rotating at angular frequena@y, = kws (i.e., erence frame could be used for both harmonics. Such simplifica-

Il. PROPOSEDSELECTIVE COMPENSATION

Sy = €%, & = e 9%&,4) wherek is the order of tions, that are not suited for generic applications to distribution
the generic harmonic to be compensated anrdis line an- lines, are not considered here.
gular frequency. All synchronous reference frame errafgy, Even for the generic case, some simplifications of the the-

Eqk+, Edk—, Eqk—) are then compensated by regulatdisg;,, oretical scheme of Fig. 2(a) are possible. Firstly, the compen-
which ensure zero steady-state errors for each harmonic caation of both positive sequence and negative sequence har-
ponent. The output of each regulatendy, Yo+, var—, Ygu—) Monic components for a generic harmotids equivalent to

is then converted back to the stationary reference frames, ptbe synchronous demodulator of th& components, shown in
sibly adding a leading angi®, which compensates for the delayFig. 2(b), as long as all regulatofzeg;. in Fig. 2(a) and (b)
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Fig. 3. (a): Frequency response of regulatétsg,. (k =5, 7,11, 13,17, 19)
usingn,, = 0.5, A, = 0.05, ande,. (b): Open-loop gain which includes the
delay of VSI current control.

whereT}, is representing the effect of the finite integral gain in
dc andKp;, is designed based on the bandwidth specification.
With this choice, integrator gaif(;; can be designed as

®3)

where @,.1s) is desired response time (evaluated between
10%—-90% of a step response) for the generic harmbrand
npk 1S the number of supply periods. Instead, the pole time

o Regiacts) Fa* constantl}, is simply given by
© oo o N
"7 Knx

Fig. 2. Review of equivalency between stationary and reference frame ) ] . ) .
controllers. where 4, is the desired attenuation of tlkeharmonic, which

directly determines the loop gain at frequericyOf course,
have the same transfer function. Secondly, even the schem S|g}|la}r considerations can be dqne for more complex_regula-
ors, if needed, although the choice of (2) allows a straightfor-

Fig. 2(b) can be further simplified when implemented in DS Ward design of harmonic regulators once the desired speed of

?tgfi(e;rlgrs ??auralglfemjlg% é16] to the scheme of Fig. 2(c) W'trr]esponse (for example in terms wf;) and the desired attenu-
y 9 CIkAC ation A; have been specified. Finally, the leading angjlecan
be set equal to the delay at frequericgf the transfer function
Regrac(s) between the active filter references and filter output currents.
= cos gp[Regr(s — jkw,) + Regr(s + jkw,)] Whatever the choice, stability analysis of the closed-loop sys-
+ jsin pp[Regr(s — jhw,) — Regi(s + jkw,)]. (1) tems is needed, especially in the presence of a high speed of
response where the interaction between different harmonic fil-
The advantage of this transformation in DSP implementati¢@rs is high.
is that the resultant controller requires less signal processingThe module and the phase diagram of the resulting transfer
The theoretical scheme of Fig. 2(a) and (b) is, however, usefunction usingn,,. = 0.5, A, = 0.05, ¢, = 0 and compen-

for deriving criteria for designing regulatofzgy, as discussed sating the 5th, 7th, 11th, 13th, 17th, and 19th harmonics are re-
hereafter. ported in Fig. 3. We note that the gain of the regulators at the se-

lected frequencies is, of course, 20 (i¥.4x) while it is atten-
uated outside these frequencies. The open-loop gain, assuming
that the VSI current control is simply modeled as a first-order
A. Design Criteria for Regulator Parameters pole with a delay,.1.y) €qual to 20Qus, is reported in the trace
Different regulator structures can be used. A simple, but dp) of Fig. 3. Note that the system is always stable, although the
fective, choice is a simple integrator with finite dc gain, i.e., Phase margin decreases for high order harmonics. The effect of
changing the speed of response of the active filter is reported
KT, in Fig. 4, where tracéa) refers ton,; = 0.25 and tracgb) to
Regi(s) = 1+ 513 @ npr = 1. Itis evident that the lower the transient response, the

I1l. DESIGN CRITERIA
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more selective is the active filter compensation which requires .
narrower nd filters. ;
arrower passband filters Supply Active Load

The proposed control is, of course, sensitive to supply fre-
guency variations due to the presence of narrow passband fil-
ters as reported in Fig. 5. As expected, the compensation peg-7. Simplified configuration of a parallel active filter compensating loads
formance decreases in presence of supply frequency deviatitf! @ 9eneric impedanc...

For example, using half-cycle responsgy( = 0.5) the desired

attenuation moves from the nominal value, which has been sehted by an internal voltage with a series impedancs,,

to 1% (A = 0.01) in this case, to almost 6% for the 5th harthe active filter by a current generati driven (with a delay
monics and 18% for the 19th for a frequency deviation equgjelay) by a current referencg-*. Instead, the load is repre-

to 0.4 Hz. Even if such performance is still very good for agsented by a Norton equivalent circuit, where the current gener-
tive filter applications, a phase-locked loop (PLL) that preciselytor indicates the purely distorting load and impedafgehe
tracks supply-frequency variations is advisable in practical ifyassive components of the load. Including a capacitive compo-
plementations. nent in the load impedance, even if quite small (0.05 pu), Fig. 6
[trace(al)] shows that the conventional control strategy, which
tries to impose harmonics opposite to those of the load, is inher-

The speed of response of the proposed compensation stratgyy unstable at frequencies closed to the oscillation frequency
is related not only to the time-varying behavior of the distortingetween the capacitive component of the load and the induc-
loads but also to the possible presence of capacitors or rethee component of the line. Indeed, the active damping control
nant elements in the compensated load. We recall [8]—[13], function [8], [24], [25], which means that a term proportional
fact, that conventional supply current detection and load curréatthe line voltage harmonics, beside the one already present
detection methods [8] are prone to give unstable operationiinFig. 1, is added to the active filter reference, can improve
the presence of capacitive or resonant components at the ltdastability margin of the system. However, it does not always
side, even if very small. With our approach, instead, it is poselve the interaction problem, as highlighted in the tr@&) of
sible to reduce this interaction at the expense of a slower dyig. 6, which represents the load current detection method with
namic response. As an example, Fig. 6 reports the open-la@damping equivalence conductance of 4 pu at the harmonic fre-
gain of the system using conventional load current detectigmencies. Note that, in these conditions, the system is still un-
[trace(al)] and the proposed selective control based on line cistable.
rent detection [tracéb)]. The stability analysis is carried out, as Instead, in this example, the proposed approach is stable, as
depicted in Fig. 7, assuming that the supply network is reprghown by the Bode diagram of Fig. 6 [tra@d®)], since the loop

Filter

B. Interaction with the Supply Grid
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i » TABLE |
iy ‘ CON VERTER AND CONTROL PARAMETERS
O O A <L W R N Y B DC Link Voliage 350V
N [ ’ / (a) .—-><"‘/" LT']L/ \ / \ / Filter Inductor Lz 1.8'mH
,BVL" ')Y \ i i j Switching Frequency £, 10 kHz (unless specified)
o 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 Power factor Correction Capacitor CPF 20 }LF
harmonic order Line voltage (phase-to-phase) 220 Vo
Nominal Load Power SkVA
Fig. 8. 'Modu_le of the transfer function _between load current and line current Selected Fequencies (1) S e 135 TR 5%
harmonics usinda): load current detection method [see (5}): proposed _ _
solution [see (6)] withReg, (k = 5, 7, 11, 13, 17, 19) usingl, = 0.05, Attenuation for each selected harmonic 0.005 (for all selected k)
npr = 0.25 and (b1)pr = 0 or (b2): ¢r = kw;sTactay - (Tacray = 200 uS). Response time (number of line periods) 1 (for all selected k)
Leading angle ¢ ka g2/, (unless specified)
» distorting load
capacitive unbalance et i
s g Joad o oad
— — : R ADC U Prcomrol ]| Selecti Li s
control clective Ane R ace
supply , 1 L of ﬁllgﬁg\nems of finecurrents §  onde § Harmonic [ voltage Z;zif::: VSctq
’7 ) «/ ] i 2008 and de voltage § voltage Filters estimation ~lus Modulation
) _( L _( R,/ : ¥ ~20ps ~Ips ~17ps ~2.55 ¥ ~3us
‘ q%m ja 1. 1 Fig. 10. Timing of the proposed algorithm using the ADSP21020 and
| g uyim=Ce ADMC200.
i Ly — - i
‘ active filter "

whereGH (s) is the open-loop gain shown in Figs. 3 and 4. The
Fig. 9. Scheme of the experimental setup. results are also reported in Fig. 8, where both transfer functions
are depicted. We note that, due to the feedforward action, the

gain is strongly attenuated outside of the selected frequencigg]ventional load current detection method is able to compen-
From Fig. 6, it is easy to understand that the stability Ccquzlate only part of the load current distortion, e.g., only 69% of
. ’ ] i 9 i

tion can be ensured as long as all the compensated harmoHigs®th harmonic component, 54% of the 7th harmonics (when

are below the resonance frequency between the line and I3dd> ~ 200 p:s), and even worse for higher order harmonics.

impedance. Instead, if such resonance falls within the selec ggtead, the propose_d SOIU“OO impos_es a _high open-loop_ gain
frequencies, instability conditions may still appear. For su selected frequencies, ensuring a high rejection of any distur-

cases, the maximum harmonic order to be compensated ce at those frequencies and, therefore, a good compensation

be limited to the value which is not going to cause unstable ol the selected harmonics, as highlighted also in Fig. 8.
erations. Moreover, the more selective the active filter compen-
sation, the larger is the phase margin of the system in presePce
of line and load parameter uncertainties. Therefore, the desigiJsing transformation (1), regulatof&:g;, given in (2) can be
of parameten,,;, comes from a tradeoff between the speed @xpressed in the stationary reference frame as

response, the harmonic selectivity, and the interaction with the

supply grid. We have seen experimentally that values betwedtegrac(s)

0.5-1 give good results. 1 sin(¢z)

a *Th cos(¢)

Equivalence in the Stationary Reference Frame

s
cos(¢w) | (7)

C. Comparison with Load Current Detection Method = KTy 2w L 7 s \? ¢
In order to highlight the properties of the proposed solution, <wok> + Qw:k s+1
a comparison with the so-called load current detection method,
shown also in Fig. 1, is reported in terms of transfer functioghere
between the load current harmonics and the line current har-
monics. For such purpose, the scheme of Fig. 7 can be used wor =1/ (kws)? + 1/17
[3]; in order to highlight the effect of the VSI delay, the pas- 1
sive impedance at the load side is now neglectéd & 0). =0 ®)
Thus, for the load current detection method the aforementioned Wok Lk
transfer function is Note that (7) is aimple second-order passband filf&5], [16]
sk where the gain at the center angular frequehgy is given by
I—(s) =1 — e TTdeloy (5) KnTy. The implementation on DSP requires the discretization
Lk of (7) into a difference equation. Using a first-order-hold (FOH)
while for the proposed solution is method [26], the transfer function (7) becomes
It 1 box + birz"t + bapz™2
I 5) = 14+ GH(s) (©) Regrac(z) = 1+ap27t + aopz—2 ©)
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Fig. 11. Line currents (5 A/div) and load current;, (5 A/div) waveforms Fig. 12. Line currents (5 A/div) and load current, (5 A/div) waveforms
(top) and their spectra (bottom) using the proposed solufipn & 10 kHz). (top) and their spectra (bottom) using conventional solutigns & 10 kHz).

where filter coefficients are derived from the FOH discretizatioff€ control of each selective harmonic (with the above-men-
method [26]. Finally, due to the inherent integral action at tHiPned anti-windup protection) takes less than 2<; even if
selected harmonics, amti-windup protectiorlgorithm is nec- Implemented using aonoptimizedssembly code. This allows
essary. This has been easily implemented saturating the ouffi§:compensation of a large number of harmonics.

of each second-order filter (and, thus, also its internal state vari-' "€ first verification was done on the harmonic compen-

able) to the maximum compensation level foreseen at the des'ﬁ:%'o” of an uncontrolled rectifier in steady-state conditions.
stage. Ig. 11 shows line currents and load current; with their

corresponding spectra. As theoretically foreseen, the selected
frequencies have been fully compensated and all of them are
IV. EXPERIMENTAL RESULTS 40 dB below the f_undamental component, c_Iose to the noise
level of the experimental setup. Instead, Fig. 12 shows the
The system of Fig. 1 has been experimentally tested using tieeults obtained using the conventional load current detection
configuration shown in Fig. 9 and the parameters of Table |. Asethod where the effect of the two-cycle delay of the deadbeat
far as the VSI current control is concerned, the deadbeat algontrol is evident and causes only a small attenuation of the
rithm [27] has been chosen because it gives the highest speedeasired harmonics. It is worth noting that the residual harmonic
response among the digital controllers and thus gives also tlistortion in Fig. 12 is mainly due to the delay of the current
best performance for a fully digital implementation of convereontrol and not due to inverter saturation since thgdt
tional techniques. Moreover with the deadbeat algorithm lireapability of the inverter could be able to perform the required
voltages have been estimated avoiding their sensing. Finalljg@mpensation. Fig. 13(a) reports the comparison between
simple proportional—integral (P1) control has been used for tid@ese two conditions, highlighting the great potentiality of
dc-link voltage regulation, as depicted in Fig. 1, designed withe proposed approach in terms of harmonic compensation.
10-Hz bandwidth and 60phase margin. Moreover, Fig. 13(b) reports the same experiment, but using
The proposed compensation strategy has been practicallgwitching frequency of 5 kHz instead of 10 kHz, emulating
implemented by means of a floating-point 33-MHz DSR high-power application. In this way, the insensitivity of the
(ADSP21020) and the ADMC200 motion control board. Thproposed approach to the VSI current control delay is clearly
timing of the algorithm is reported in Fig. 10. Note thatdemonstrated. It is quite impressive to see that, in spite of a
beyond the ADC conversions, space-vector modulation (SVM)kHz switching, the system is still able to achieve more than
routine, and deadbeat and line voltage estimation algorithn2§-dB attenuation on selected harmonics up to 1 kHz. Finally,
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Using f... = 5 kHz with an uncontrolled rectifier. (c) Usinf., = 10 kHz. (d) Usingf... = 5 kHz with a thyristor rectifier & = 40°) as the distorting load.
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Fig. 14. Transient response following the turn-on of the active filteFig.16. Active filter behavior with capacitdr's  inserted using the proposed
compensation (at the instant shown by the trigger) with = 0. Top: line  solution. From top to bottom: line voltage (400 V/div), line current (10 A/div),
current (5 A/div); bottom: active filter current (5 A/div). active filter current (10 A/div), and load current (10 A/div).
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‘ still in transient conditions. This result is in agreement with
Fig. 3, which shows a small phase margin for high-order har-
il monics. The phase margin can be improved by adding a leading
) angle ¢y which compensates for the two-cycle delay of the
deadbeat algorithm (i.eg;, = kwsTdelay). In fact, the results,
reported in Fig. 15, show that in around one line cycle all se-
lected harmonic components are fully compensated.

Fig. 16 shows the active filter behavior when capacit@rs-

y |y (shown in Fig. 9) have been inserted. We note that the active
N\ filter is able to perform the desired compensation, while in the
same conditions conventional compensation strategies lead to
unstable conditions as shown in Fig. 17. The oscillations occur
around the 26th harmonic that is the frequency closed to the res-
Fig. 15. Transient response following the turn-on of the active filtePNance between the capacit@py and the line impedance. In
compensation (at the instant shown by the trigger) with= kwsTaa.,. Top:  Order to highlight the limitation of the proposed approach, the
line current (5 A/div); bottom: active filter current (5 A/div). capacitor has been increased so as to cause a resonance con-

dition down to the 17th harmonic. In this case, both methods

the same experiment was also tested using a thyristor rectifigve unstable operations, as predicted by the analysis of Sec-
(e« = 40°) instead of a diode rectifier. As shown in Fig. 13(c}ion 11I-B.
and (d), the proposed approach overwhelms conventionaFinally, we have verified the compensation of load reactive
solutions, especially with highly distorting loads. power and unbalance, which is possible since also the funda-

In order to test the dynamic properties of the proposed comental component is among the selected frequencies. Fig. 18
pensation, Fig. 14 shows the transient following the turn-on shows the load current and the line currents in presence of a dis-
the active filter compensation when the leading anfgglehas torting and unbalanced load. It is worth noting that the active
been set to zero. We note that low-order harmonics settlefilter is able to provide both harmonic, reactive power, and un-
around one line cycle, while some higher order harmonics dralance compensation.
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the load are reduced. The complexity of the synchronous frame
controllers has been avoided using equivalent transfer functions
in the stationary frame controllers, whose design criteria have
been highlighted in the paper. Experimental results on a 5-kVA
prototype have demonstrated the effectiveness and advantages
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Fig. 17. Active filter behavior with capacitolCrr inserted using [1]

conventional solution. From top to bottom: line voltage (400 V/div), line
current (10 A/div), active filter current (10 A/div), and load current (10 A/div).
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Fig. 18. Active filter behavior with unbalance and distorting loads. Top: load
current (10 A/div); bottom: line currents (10 A/div) (dc-link voltage 450 V). [15]
V. CONCLUSIONS [16]

The use of a closed-loop control of line current harmonics
seems to be very promising in active filter applications, wher
the distorting loads have slowly varying harmonics. In fact,
using synchronous frame controllers for each selected har[is]
monic, this approach performs the full compensation only fo
the selected harmonics even in the presence of a significant
delay of the VSI current control, ensuring an active filter[19]
optimization in terms of performance and rating. Moreover,
active filter interactions with possible dynamic components of

of the proposed solution.
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