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(57) ABSTRACT

A repetitive controller scheme with two feedbacks one nega-
tive and one positive plus a negative feedforward introduces
infinitely many poles on the imaginary axis located at j(61x1)
o, (1=0,1,2, . . . ,0) which produces resonant peaks tuned at
61x1 (1=0,1,2, . .. ,00) multiples of the fundamental frequency
©,. The feedforward introduces zeros, which produce
notches located at 3lw, (1=0,1,2, . . . ,%), that is, in between
two consecutive resonance peaks. The latter has the advan-
tage of making the controllers more selective, in the sense that
the original overlapping (appearing at the valleys) or interac-
tion between consecutive resonant peaks is removed by the
notches. This would allow, in principle, peaks of higher gains
and slightly wider bandwidth, avoiding, at the same time, the
excitation of harmonics located in between two consecutive
peaks. The proposed compensator composed of a negative
and a positive feedback plus feedforward is especially useful
when only the compensation of 61«1 (1=0,1,2, . . . ,0) har-
monics is required, but not all harmonics, like in many power
electronic systems. In contrast, the positive feedback control-
ler or the negative feedback controller would try to reinject,
and indeed amplify, any small noise, which has components
on the even frequencies or frequencies 3(21+1)w, (1=0,1,
2,...,0).
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FIG. 1 Block diagram of the proposed repetitive controller

which includes positive and negative feedback loops plus a
feedforward.
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FIG. 2 Nyquist plots of the proposed repetitive controller

transfer function for different values of K.
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FIG. 3 Block diagram of practical modifications for the

repetitive controller described herein.
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FIG. 4 Theoretical Bode plots of the repetitive controller

for different values of K (0.95, 0.75 and 0.5). (top)

Magnitude (y-axis dB, x-axis Hz), and (bottom) phase {(y-axis

deg, x-axis Hz).
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FIG. 5 shows an experimental. frequency response of the
proposed repetitive controller (x-axis 125 Hz/div and y-

axis 20 dB/div): (top) K=0.75, and (bottom) Kk=0.95.
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FIG. 6 shows an experimental time response of the proposed
compensator to a sinusoidal signal of frequency 60 Hz and
amplitude 100 mV (x-axis 4 ms/div). (top) Input u(t) (y-
axis 100 mv/div), and (bottom) output y(t) (y-axis 1
v/div) .
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FIG. 7 shows an experimental time response to a sinusoidal

input signal of frequency 180 Hz and amplitude 1 V (x-axis 4
ms/div). (top) Input u(t) (y-axis 1 V/div), and (bottom)

output y(t) (y-axis 500 mv/div).
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REPETITIVE CONTROLLER TO
COMPENSATE FOR (61+1) HARMONICS

FIELD OF THE INVENTION

[0001] The present invention concerns a scheme that is
aimed or the compensation of harmonic 611 (1=0,1,2, . .. )
multiples of the fundamental frequency. These components
are of special interest in industry applications due to the
predominant loads.

BACKGROUND OF THE INVENTION

[0002] Inpower electronics applications as well as in many
communication applications the tracking or rejection of peri-
odic signals is an issue that commonly arises. In the power
electronics literature, several controllers based on these ideas
have been applied to switching power supplies, AC/DC con-
verters, motor speed fluctuation, synchronous rectifiers, unin-
terruptible power supplies (UPS) and active filters. In these
cases, the disturbances and/or reference signals are assumed
periodic, and thus, they can be described as the sum of spe-
cific higher harmonics of the fundamental frequency of the
power source. Hence the compensation issue above described
is addressed also as the harmonic (distortion) compensation
issue.

[0003] Depending on the application there are specific har-
monic components to consider, for instance it is well known
that the even harmonic components do not appear regularly in
a power system, and that the most commonly found are the
odd harmonics.

[0004] Moreover, it has been observed that among the odd
harmonic components, there has been a special interest in
industry for the compensation of harmonics multiples 611
(I0,1,2,. .. ) of the fandamental frequency, which is due to
the fact that many processes involve the use of six pulse
converters which produce harmonic components at those fre-
quencies. Among the different compensation schemes,
repetitive control arises as a simple and practical solution for
the harmonic compensation issue providing exact asymptotic
output tracking of periodic inputs or rejection of periodic
disturbances, and is based on the internal model principle.
The internal model principle states that the controlled output
can track a class of reference commands without a steady
state error if the generator, or the model, for the reference is
included in the stable closed-loop system. Therefore, accord-
ing to the internal model principle, if a periodic disturbance
has an infinite Fourier series (of harmonic components), then
an infinite number of resonant filters are required to reject the
disturbance.

[0005] For a detailed description of internal model prin-
ciple, reference is made to B. Francis and W. Wonham, “The
internal model principle for linear multivariable regulators,”
Applied Mathematics and Optimization, Vol. 2, pp. 170-194,
1975, which is incorporated by reference. For a description of
a stability study of linear infinite dimensional repetitive con-
trollers, reference is made to S. Hara, Y. Yamamoto, T. Omata
and M. Nakano, “Repetitive control systems: A new type
servo systems and its applications,” IEEE Trans. Automat.
Contr., Vol. 33, No. 7, pp. 659-667, 1988 and the numerous
references therein.

[0006] The idea behind the repetitive control approach is
that, a simple delay line in a proper feedback array can be used
to produce an infinite number of poles and thereby simulate a
bank of an infinite number of resonant filters, leading to
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system dynamics of infinite dimension. Repetitive control
may have many applications on power electronic systems as
it may offer some advantages over conventional solutions
particularly inrectifiers, inverters and active filters. The use of
repetitive control for a reduction of periodic disturbances
with frequencies corresponding to the specific frequencies is
disclosedin U.S. Pat. No. 5,740,090, where the transfer func-
tion of the controller includes an infinite number of poles,
with no zeros introduced between the poles.

SUMMARY OF THE INVENTION

[0007] As above mentioned, depending on the application,
there may be interest in the compensation of a selected group
of harmonic components. In particular, this patent presents a
scheme that is aimed for the compensation of harmonic 61+1
(1=0,1,2, . . . ,) multiples of the fundamental frequency.
These components are of special interest in industry applica-
tions due to the predominant loads.

[0008] Earlier applications of repetitive control were based
on the positive feedback scheme, such as by placing a delay
line in the direct path and others in the feedback path. It is
important to note that a positive feedback structure may have
the disadvantage of compensating for every harmonic,
including odd and even harmonics and the dc component, if
any. Moreover, depending on the position of the delay line in
the structure, the delay line may even modify the phase shift,
which may result in a need for some extra filters to alleviate
this problem.

[0009] The use of repetitive control for compensation of all
harmonics with frequencies corresponding to the specific
frequencies is disclosed in co-pending U.S. application Ser.
No. 11/217,682, which was filed on Sep. 2, 2005, is titled
“REPETITIVE CONTROLLER FOR COMPENSATION
OF PERIODIC SIGNALS”, and is incorporated by reference.
In this application, a repetitive controller scheme with posi-
tive feedback and feedforward introduces infinitely many
poles on the imaginary axis located at both even and odd
harmonics (including a pole in the origin) and zeros between
the poles.

[0010] Later, a repetitive scheme based on a negative feed-
back approach with feedforward was introduced. The nega-
tive based repetitive scheme, in contrast to the positive feed-
back approach, was aimed to compensate only for the odd
harmonics, and thereby reducing the possibility of reinjecting
unnecessary distortion into the system.

[0011] The use of repetitive control for compensation of
odd harmonics with frequencies corresponding to the specific
frequencies is disclosed in co-pending U.S. application Ser.
No. 11/217,682, which was filed on Sep. 22, 2005, is titled
“REPETITIVE CONTROLLER TO COMPENSATE FOR
ODD HARMONICS”, and is incorporated by reference. In
this application, a repetitive controller scheme with negative
feedback and feedforward introduces infinitely many poles
on the imaginary axis located at odd harmonics and zeros
between the poles, i.e., at even harmonics. Preliminary ver-
sions that did not include the feedforward path appeared also
in journals. See for instance J. Leyva-Ramos, G. Escobar, P.
R. Martinez and P. Mattavelli. “Analog Circuits to Implement
Repetitive Controllers for Tracking and Disturbance Rejec-
tion of Periodic Signals,” IEEE Transactions on Circuits and
Systems 1I: Express Briefs.

[0012] Vol. 52, Issue 8, August 2005, pp. 466-470; and, G.
Escobar, J. Leyva-Ramos, P. R. Martinez and P. Mattavelli,
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“A negative feedback repetitive control scheme for harmonic
compensation,” IEEE Trans. on Industrial Electronics (Let-
ters to the Editor).

[0013] Vol. 53, Issue 4, June 2006, pp. 1383-1386. A pre-
liminary version including the feedforward modification
appeared in G. Escobar, J. Leyva-Ramos and P. R. Martinez.
“Analog Circuits to Implement Repetitive Controllers with
Feedforward for Harmonic Compensation,” IEEE Trans. on
Industrial Electronics, Vol. 53, No. 6, December 2006, pp.
1-7.

[0014] Several applications of these controllers have been
reported in journals by G. Escobar, J. Leyva-Ramos, P. R.
Martinez and A. A. Valdez in “A repetitive-based controller
for the boost converter to compensate the harmonic distortion
ofthe output voltage,” IEEE Trans. on Control Systems Tech-
nology, Vol. 13, No. 3, May 2005. pp. 500-508, where a
positive feedback compensator plus feedforward was used to
ameliorate the audio-susceptibility response of a boost con-
verter.

[0015] Moreover, the negative feedback plus feedforward
compensator was used in G. Escobar, A. A. Valdez, J. Leyva-
Ramos and P. Mattavelli, “A Repetitive-based controller for
UPS using a combined capacitor/load current sensing,” in
Proc. 36th IEEE Power Electronics Specialist Conference
PESC 2005, Recife, Brazil, Jun. 12-16, 2005, pp. 955-961, to
guarantee an almost sinusoidal response of a three phase
inverter, in spite of a distorting load. A very close work to the
previous have been presented by Ramon Costa-Castello and
Robert Grifid in “A Repetitive Controller for Discrete-Time
Passive Systems,” Automatica, Vol. 42, 2006, pp. 1605-1610.
[0016] Although both the positive and the negative feed-
back based schemes may apparently solve the harmonics
compensation problem, they may lead to more distortion in
certain cases. Consider, for instance, a system where even
harmonics do not exist originally, nor triplet harmonics (mul-
tiples of 3 of the fundamental), but only the 61+1 (1=0,1,2, ..
. ,c0) harmonics appear, like for instance in a 6 pulse rectifier,
which is a converter widely used in industry. In this case, both
repetitive controllers would tend to amplify, and even rein-
ject, any low level noise having harmonic components on the
even and the triplet frequencies. This evidently has the danger
of producing responses polluted with such harmonics which
were not present before.

[0017] As described in more detail below, a repetitive
scheme based on the feedback array of two delay lines plus a
feedforward path is introduced to compensate for the 611
(I=0,1,2, ... ,oc) multiples of the fundamental frequency only,
and thereby reducing the possibility of reinjecting unneces-
sary distortion into the system.

[0018] Experimental results of a setup implemented in the
laboratory are also given. Both analog and digital implemen-
tations of the proposed scheme are possible. However, digital
implementation has been preferred for its simplicity, which
can reproduce the same frequency response as an infinite set
of resonant filters tuned at higher 61x1 (1=0,1,2, . . . ,®)
harmonic frequencies of the fundamental.

[0019] In one general aspect, this repetitive controller
employs two feedback loops, a negative and a positive, plus a
feedforward. This repetitive controller compensates only for
the 611 (1=0.1,2, . . . ,0) harmonics, and thereby reduces the
possibility of reinjecting unnecessary distortion into the sys-
tem. The feedforward path considerably improves the fre-
quency response and performance, and provides higher gains
with enhanced selectivity.
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[0020] This approach may be particularly useful, and may
generate cleaner responses than traditional positive and nega-
tive feedback based repetitive schemes, in applications of
power electronic systems containing mainly 611 (1=0,1,2, ..
. ,) harmonics. A description of the approach and corre-
sponding experimental frequency and time domain responses
are given.

[0021] Other forms, features, and aspects of the above-
described methods and system are described in the detailed
description that follows.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] FIG. 1is a block diagram of the proposed repetitive
controller which includes positive and negative feedback
loops plus a feedforward.

[0023] FIG. 2 shows the Nyquist plots of the proposed
repetitive controller transfer function for different values of
K

[0024] FIG. 3 is a block diagram of practical modifications
for the repetitive controller described herein.

[0025] FIG. 4 shows theoretical Bode plots of the repetitive
controller for different values of K (0.95, 0.75 and 0.5). (top)
Magnitude (y-axis dB, x-axis Hz), and (bottom ) phase (y-axis
deg, x-axis Hz).

[0026] FIG. 5 shows an experimental frequency response
of the proposed repetitive controller (x-axis 125 Hz/div and
y-axis 20 dB/div): (top) K=0.75, and (bottom) K=0.95.
[0027] FIG. 6 shows an experimental time response of the
proposed compensator to a sinusoidal signal of frequency 60
Hz and amplitude 100 mV (x-axis 4 ms/div). (top) Input u(t)
(y-axis 100 mV/div), and (bottom) output y(t) (y-axis I
Vidiv).

[0028] FIG. 7 shows an experimental time response to a
sinusoidal input signal of frequency 180 Hz and amplitude 1
V (x-axis 4 ms/div). (top) Input u(t) (y-axis 1 V/div), and
(bottom) output y(t) (y-axis 500 mV/div).

DETAILED DESCRIPTION OF THE INVENTION

[0029] The block diagram of the proposed repetitive con-
troller with negative feedback 104, positive feedback 103,
and including the feedforward 105 is shown in FIG. 1. The
resulting transfer function is:

2
o) Y(s) l-e 3%
S)= = 2 E
ve 1+ eﬁ’r’*% - eig“’Lo

where U(s) 101 is the input, Y(s) 102 is the output, and o,
represents, throughout this document, the fundamental fre-
quency of the periodic signal under compensation. An adder
107 outputs a signal 104, which is the addition of the input
signal with the output coming out from the adder 108, this
signal enters a block representing a delay line 111. The signal
gotten from this delay block 106 enters another delay line 110
and the adder 108. Another adder 109 which outputs signal
102 is the addition of signal 105 with signal 104. Notice that,
the delay lines are represented by blocks 110 and 111, with s
being the Laplace operator, e being the basic value of the
natural logarithm and the delay time being
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Tg= 5.
3w,

[0030] The poles of the negative representation can be
found from g~7@™3=1 gapd g=C+Wom3%=] Nolice that,
the complex numbers e V23 %|s—im and e VO™
30°ls=jo equals 1 for o=(61£1)w, forevery1=0,1,2, ... 0. As
for the zeros e 2> |s=jw equals 1 for w=3lw,, for every
1=0,1,2, ... ,. Dueto the delay line, this transfer function has
infinitely many poles on the imaginary axis 112. Notice that,
with the introduction of the feedforward path, an infinite
number of zeros also appear on the imaginary axis 112. The
corresponding transfer functions for the compensator can
also be written as:

_as
l-e 3
Gis) = -
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1+e o —g 3o
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e —p g

ST

s _
o ye 3w — ]
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Zcosh(?;:)r ) -1
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ST ﬂ $ il
3w, (3lPw?
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ﬂ @+t

=

[0031] Notice that, the proposed compensator contains har-
monic oscillators tuned only at harmonics (61+1)w, for every
1=0,1,2, . . . ,0. That is, for G(s), the poles are located at
harmonics 611 (1=0,1,2, . . . ;o) of the fundamental frequency
0, and there is no pole at the origin (see FIG. 2). Notice also
that, each zero of G(s) lies exactly at the harmonics 31w, for
every 1=0,1,2, . . . ,o0, that is, in the middle point between two
consecutive poles including a zero in the origin (see FIG. 2).
[0032] Conversely, if the fundamental frequency is known,
then the delay time is computed using

T

1
= 30, = @, where w, = 21f,.

T4

For instance, if compensation of harmonics of 60 Hz is
required, taking f =60 Hz, then the corresponding delay is
T, ~2.77 ms.

[0033] The above repetitive controller, however, may be
unsuited for use in a real application. The expected Bode plots
for the controller consist of a set of peaks centered at the
harmonic frequencies (6l+1)w, for every 1=0,1,2, . . . 0.
Moreover, thanks to the presence of the zeros, notches appear
in the middle points between two consecutive peaks, that is, at
3lw, forevery 1=0,1,2, . . . ;0.

[0034] The gain at the resonant frequencies is, in theory,
infinite, while for the notches it goes to zero (minus infinite in
dB); therefore, instability problems may arise. To alleviate
this issue, damping is added to all the poles/zeros by slightly
shifting them to the left of the imaginary axis. As a conse-
quence of this simple pole/zero shifting process, the peaks’
amplitude becomes bounded. This shifting process is realized
as follows: &(s)=G(s+a).

[0035] Applying the shifting to the exponential term results
in e+ APezgramBmegmsnAns Notice that, this is equivalent
to multiply the exponential function by a gain factor K=¢=*
3 as shown in FIG. 3. Hence, by proposing a gain K>1 the
poles/zeros move to the right, but if 0<K<1 then they move to
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the left. When gain K is introduced in the transfer function,
three different situations arise depending on the values of K
used. The Nyquist plot of &(s) is used to better distinguish
these situations as shown in FIG. 2.

[0036] It was also observed that, the shape of the Nyquist
plot of &(s) goes from a flattened circle 201 for

V2
0<K5ﬁ

to a cardioid 202 for

2
\i—0<Ks(2—\/§).

Then, for (2-,3)<K<1 the Nyquist plot becomes a limacon
203 that approaches a circle of arbitrarily large radium 204 as
K gets closer to 1. It is clear that the range of interest lies in
values of K slightly smaller than 1,1.e., when the Nyquist plot
of &(s) corresponds to a limagon. In this case, there are two
maximum points M, and M, in 203, which correspond to the
resonance peaks tuned at frequencies close to (61-1)m, and
(61+41)w for every 1=0,1,2, . . . ,o0, respectively. Moreover,
there aré two minimums m, and m, tuned at 3(21+1)w,, and
6lo forevery1=0,1,2,. .. oo, respectively. The gains of both
resonance peaks M, and M, are the same and both maximum
points diffgr only by a phase shift. It can be shown that the
resonance peaks, originally of infinite magnitude, reach a
maximum magnitude of

[
\j 61<2+2\/3_\/1+K4+K8

3(-1+K%?
with a phase shift of

——

2K(3+3K* - 2v3VI+ K + K5

{1 2+K2 4264~ V3 VI+ K + K8 )2
. \j 4K +K3)*
6 =Ftan"
L+ KHBRH3VIF K + &)

The resonance peaks occurs at

71(2+K2+2K4—\/3_«/1+K4+K8 ]3
W = COs

2K+ KD 7

which can be approximated using Taylor’s series, around
K=1, as

V3 (K - 1)2]
wO!

w:(6lt1)wot[7 3
that is, there is a small difference given by

V3 (K-1¢

w,
T 2 °

with respect to the expected frequencies (61£1)w,. Notice
that, this difference tends to zero as K gets closer to 1.
[0037] The phase shift can be also approximated using
Taylor’s series, around K=1, as

C(K=3K-1)
-

w3z
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which also tends to zero as K gets closer to 1. The notches
reach a minimum magnitude of

1-K?
1+K+K2

form, and

1-K?
1-K+K2

for m,, both of them with a zero phase shift. The magnitude,
at the expected frequencies w=(61x1)w,, is

K2—K+1
1-K

which is slightly smaller than the gain at the resonance peaks,
with a phase shift given by

L, VBiK-DK

0=ttan ——————.
o Kt KI+K+2

[0038] It can be noticed that, without the feedforward path
the maximum attainable gain at the resonance peaks is

2 1

V5 1-K9)

that occurs at frequencies

N _1(1+K2]
cos™ | ——
. iK

T

Woe

The last can be approximated using Taylor’s series around
K=1 as

w= 6+ 1w, F

n 2

V3 (K—L)z}
W

for every 1=0,1,2, . . . ;0. Notice that, there is a small differ-
ence

with respect to the expected frequencies (61+1)w, which gets
smaller as K gets closer to 1. The phase at these resonance
peaks is given by

VIR 1K

0 =+t
an -T+K?
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Now, at w=(61x1)m,, (1=0,1,2, . .. ,%) the gain (which is not the
maximum) is given by

1
(1-KWI1+K+K?

with a corresponding phase shift of

V3K

0 = +tan

[0039] Moreover, it has been observed in this case that,
there are valleys and no longer notches between every two
consecutive peaks with minimum attainable gains given by

1
1+K+KY

[0040] It is important to mention that when a gain K is
introduced a small error is introduced as well between the
expected w=(61x1)w, (1=0,1,2 . .. ,oc) and the exact 0 at which
the resonance peaks occur.

[0041] It is also recommended, in repetitive control
schemes, to include a simple Low Pass Filter (LPF) as shown
in FIG. 3 where U(s) 301 is the input, Y(s) 302 1s the output.
Anadder 311 outputs a signal 310, which is the addition of the
input signal with the feedback 303. Another adder 313 out-
puts a signal, which is the addition of the feedback 304, and
the output signal 313 of the LPF 308. The third adder 312 is
the addition of the feedforward 305 and the output signal of
the adder 310. Notice that, block 307 and 309 contain the
delay line and the gain K, and blocks 306 and 308 represent
the LPFs. As before, w, represents the fundamental frequency
of the periodic signal under compensation. This modification
restricts the bandwidth of the controller, and at the same time
reinforces the stability when the controller is inserted in a
closed-loop system.

[0042] The addition of LPFs restricts the bandwidth of the
controller while simultaneously reinforces the stability when
the controller is installed in the closed-loop system. However,
it may produce some slight inaccuracies. Summarizing, as a
consequence of all these modifications, i.e., introduction of
gains K and LPFs, two side effects appear: first, resonant
peaks and notches are slightly shifted with respect to the
corresponding harmonic frequency, and second, an almost
imperceptible phase shift appears at the tuned harmonic fre-
quencies. FIG. 4 shows the theoretical Bode plots of &(s) for
the compensation of harmonics of 60 Hz and for several
values of K. In this case, the delay time is fixed to 1,=2.77 ms.
For K=0.95, the plot 401 goes from 25.8 dB at the resonant
frequencies to ~20 dB or -29.3 dB at the notches. However, if
the gain is reduced to K=0.75, the corresponding maximum
magnitude for the plot 402 is 11 dB and for the minimums
-5.38 dB or -14.5 dB. A further reduction to K=0.5 results in
maximum and minimum magnitudes for the plot 403 of 5 dB
and -7.35 dB, respectively. These plots show clearly that, as
gain K decreases, the peak amplitude is reduced while the
bandwidth of each peak increases, thus increasing its robust-
ness with respect to frequency variations. It can be observed
form the phase plots 404, 405, 406, that the phase shift is not
zero at the resonance peaks (due to the effect of gain K in the
transfer function), although the phase shift is zero at notches.
Plots are bounded by 90 and -90 degrees.
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[0043] A digital implementation of the proposed controller
has been performed in the laboratory for experimental test
using acommercial digital signal processor (DSP) based card
with a sampling rate fixed to {;=80 kHz. In fact, the algorithm
takes around 11 ps of the 12.5 us available. In this case, the
discretization of the delay line is a simple task, and it is
enough to guarantee a relatively large memory stack where
data could be stored to be released after a time delay. The time
delays have been fixed to

e 1 _ 1 o7
T3, T 0

ms to deal with the 61+1 (1=0,1,2, . . . ,e0) harmonics of £ =60
Hz. A discrete pure delay of the form z~¢ has been used to
implement the delay line in the repetitive scheme. Therefore,
a space of d=222 memory locations (16 bits each) has been
reserved to produce the required delay time, i.e., 222/
80000=2.77 ms for a sampling frequency of 80 kHz.
[0044] In many power electronics applications, compensa-
tion of 611 (1=0,1,2, . . . ,0) harmonics for 50 Hz and 60 Hz
are required. As a result, delays ranging from t,=2.77 ms to
T,7/~3.33 ms should be implemented. For the experimental
tests presented here, the compensation of harmonics of 60 Hz
has been chosen. Therefore, a delay of 1,/2.77 ms is imple-
mented for the proposed controller. The proposed repetitive
scheme can also have an analog implementation where the
delay lines could be implemented with special purpose inte-
grated circuits such as the bucket brigade delay (BBD) cir-
cuits, which were thoroughly used in the music industry for
reverberation and echo effects.
[0045] The experimental frequency response of output y(t),
for the proposed compensator, is shown in FIG. 5 for K=0.75
501 and K=0.95 502. The plots show that the implemented
compensator contains peaks centered at the expected values,
i.e., harmonics 611 (1=0,1,2, . .. ,®) of 60 Hz.
[0046] FIG. 6 shows the time responses to an input sinu-
soidal signal with 100 mV of amplitude and 60 Hz of fre-
quency. The figure shows, from top to bottom, the input signal
u(t) 601 and the output response y(t) 602. It can be observed
that the output y(t) with feedforward compensation reaches
amplitude of 950 mV, which corresponds to 19.55 dB of gain.
Notice that, these values are very close to those obtained
theoretically.
[0047] FIG. 7 shows the responses to an input sinusoidal
signal with amplitude 1 V and frequency 180 Hz, that is, a
signal composed of a third harmonic component, which coin-
cides with the frequency of the notch located between peaks
of 60 Hz and 300 Hz. The figure shows, from top to bottom,
the responses of the input u(t) 701, and the output y(t) 702. In
this plot, the scale of the output signal has been reduced to
show the final shape of this signal.

1. A repetitive controller scheme comprising:

a negative feedback;

a positive feedback; and

a feedforward,

wherein the feedforward considerably improves a fre-

quency response and performance providing higher
gains with an enhanced selectivity.

2. The repetitive controller of claim 1, wherein a time delay

of the controller is implemented in an analog form.
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3. The repetitive controller of claim 1, wherein a time delay
of the controller is implemented in a digital form.

4. The repetitive controller of claim 1, wherein the control-
ler has the transfer function given by:

25T

) Y(s) 1 —e¥%o
e
ve 1+ eﬁ’r’*% —eig“’lo
wherein:
Y(s) is an output,

U(s) is an input, and

o, represents the fundamental frequency of the periodic
signal under compensation where the corresponding
time delays are given by T ~m/(3w,)=1/(61).

5. The controller of claim 1, wherein due to delay lines, the
controller has a transfer function with an infinite number of
poles on the imaginary axis at w=(61+1)w, for every 1=0,1,2,
..., and an infinite number of zeros located at =31, for
every 1=0,1,2, . . . jo0.

6. The repetitive controller of claim 1, wherein the control-
ler includes harmonic oscillators tuned at 61+1 (1=0,1,2, . . .
,) harmonics of the fundamental frequency ,, that is, for
G(s) the first pole lies at w,, and the rest of the poles lie at 61+1
(1=0,1,2, ... ) and each zero of G(s) lies in 31w, (1=0,1,2, .
.. ,) between two consecutive poles.

7. The repetitive controller given of claim 1, wherein the
controller has an expected Bode plot which consist in a set of
peaks centered at the (61+1)w, (1=0,1,2, . . . ,o¢) harmonic
frequencies; and due to the presence of the zeros, notches
appear in the middle points between two consecutive peaks,
such that gain at the resonant frequencies is, effectively, infi-
nite at the peaks and zero at the notches.

8. The repetitive controller of claim 7, wherein damping is
added to all the poles/zeros by slightly shifting them to the left
of the imaginary axis, such that the peak amplitude becomes
bounded and, in effect, a gain factor of K is applied.

9. The repetitive controller of claim 8, wherein, the reso-
nant peaks, originally of infinite magnitude, reach a maxi-
mum magnitude of

[
\j 6K2 +2V3 V1 +K* + K8

3(-1+K2)?
while the notches reach minimum magnitudes of

1-K? 1-K?

and > for 0.1413 <K < 1...
1+K+K? 1-K+Kk?

10. The repetitive controller in claim 8, wherein the con-
troller includes a simple low pass filter (LPF) that restricts the
bandwidth of the controller and, at the same time, reinforces
stability when the controller is inserted in the closed-loop
system.
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