
WO 96/13898                                 1
PCT/IB95/00918      Filter, repetitive control system and learning control
system both provided with such filter.                                The
invention relates to a filter having a transfer function     H = G/(1-G)
with G in at least a predetermined frequency range substantially equal to
N                               N            [err] . e [err] or equal to
[err] with s de Laplace operator, e the basic       [err]
[err]        value of the natural logarithm and N an integer greater or
equal to 2 and with q = Tp/Ts,
N 5 with Ts a sample period in a time discrete system and q an integer and
with [err] Wn        less than p, with p a value substantially equal to 1.
The invention further relates to a repetitive control system and a learning
control system      provided with such filter.                         The
use of such type of filters in repetitive control systems and learning 10
systems is well-known. In such systems the filter exhibits a deep dip in
the frequency      transfer function for signals with frequencies
corresponding to 1/Tp or a multiple of l/Tp. 



The use of the filter in a repetitive control system is inter alia
disclosed in US 4.821.168.      When Tp is selected equal to the period of
a periodic disturbance this can be strongly      reduced to a neglectable
value. However the robustness for frequency variations of the 15 periodic
disturbances is low. This is due to the fact thatthe width of the dips in
the      frequency transfer characteristic is very narrow.
It is an object of the invention to provide a filter with improved
robustness to frequency variations of the periodic disturbances.
According to the invention this object is achieved in a filter as defined
in                                                                N 20 the
opening paragraph and which is characterized in that [err] n . Wn is less
than 1.                                                               n=1
N                         The invention is based on the insight that the
condition that [err]   n . Wn,        which is indicative of derivative of
frequency transfer function at the bottom of the dip in the              WO
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transfer function, is less than the derivative of the known filter. This
results in a wider dip in      the frequency transfer function of the
filter, compared with that of the filter disclosed in US
N      4,821,168 due to the fact that for that filter disclosed in US
4,821,168  [err] Wn, is larger  



than 1.  5                      Further advantageous embodiments of the
memory control loop according      to the invention will be described
hereinafter in more detail with reference to Figures 1 to 4,      in which
Figure 1 shows a repetitive control system using a filter according to the
invention; 10                      Figure 2 shows the filter in more
detail;                         Figure 3 shows transfer characteristics;
Figure 4 shows a learning system using a filter according to the invention.
15                      In many control systems such as for example
tracking servo systems in      optical or magnetic recording the control
system is disturbed by disturbances with a periodic      nature. For
instance the radial and focus track movement in optical disc recording
systems      exhibit a periodic disturbance with a frequency related to the
disc rotational speed.                         For these types of servo
systems a known concept is the use of repetitive 20  control, also known as
memory control loops, digital comb filter etc. For a detailed'
description of repetition control loops reference is made to Tomizuka M.,
T. C. Tsao and      K.K. Chen "Discrete domain analysis and synthesis of
repetitive controllers" Proc. 1988,      American Control Conference, June
1988, pp. 860-866.      Similar type of disturbances occur in situations
where periodic tasks have to be performed, 25  such as in pick and place
machines, in robotics, etc. In this type situations often so-called
learning systems are used. For a detailed description of learning systems
reference is made to      Moore, K.L. Dahley and S.P. Bhattacharya
"Iterative learning control: a survey and new      results" Journal of
robotic systems" Vol. 9(5), 1992, pp. 563-593.                         In
repetitive control systems and learning systems a filter with a transfer
N 30  function H(s) = G(s)/(l-G(s)) is used with G(s) [err]  Wn e [err]
n=l 
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with e the basic value of the natural logarithm, with Tp a delay time, with
s the laplace      operator, and with Wn a scaling factor for scaling the
output signal of the nh delay in a      sequence of delays. In the
preceding the transfer function G is defined in the Laplace-      domain.
It will be evident for the skilled man that the transfer function can also
be defined in
N  5  the so-called z-domain. In the z-domain G is equal to [err]  Wn [err]
with q an integer equal
n=1       to Tp/Ts and Ts the sampling time in the time discrete sysem
defined in the z-domain.                          Figure 1 shows a block
diagram of a repetitive control system using a      filter according to the
invention. In Figure 1 the reference sign 1 indicates a process. An
output signal y representing the instantaneous value of a process parameter
to be controlled. 10                      The output signal y is supplied
to an inverting input of differential      amplifier 4. A set point signal
r is supplied to a non-inverting input of the amplifier 4. The
amplifier 4 is deriving an error signal e indicative of the deviation
between the output signal      y and the set point signal r.
The error signal e is supplied to an input of a memory loop 6 and an 15
adder 5. An output signal z of the memory loop 6 is supplied to a second
input of the adder      5. An output signal (e') indicating the sum of the
signals e and z is supplied by the adder 5      to a controller 3 for
controlling the process 1.                          Figure 2 shows a block
diagram of an embodiment of the memory loop 6,      comprising an adder 23
and a delay unit 24. The delay unit 24 comprising a plurality of 



20  delay circuits 20[err], 202, 203, ..., 20[err] which are connected in
series and an adder 21. Output      signals of the delay circuits are
supplied to the adder 21 via scaling circuits 22[err], 222, 223,
22[err] for scaling the output signals with scaling factors W[err], W2, W3,
... W[err]. An output of the      adder 21 outputs the signal z, being sum
of the scaled output signals of the delay circuits.
The output signal z is supplied to an input of the adder 23. The error 25
signal e is fed to a second input of the adder 23. An output signal w being
the sum of the      signals z and e is supplied as input signal to the
series connection of delay circuits 20[err], 202,      203, ..., 20[err].
The transfer functions H(s) of the memory loop 6 and indicating the
relation      between the Laplace transform E(s) of the signal e and the
Laplace transform Z(s) of the      signal z is shown in equations 1 and 2.
30  H(s) = Z(s) / E(s) = G(s) / (1-G(s)), with G(s) the transfer function
of the delay unit 24.                          In a typical embodiment of
the filter N delay circuits 20 are used, each      with delay of Tp. It can
be proven that it is possible to make the derivatives of the memory
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4     loop gain with respect to the frequency at [err] = [err] equal to
zero, from the first up to the    (N-1)st derivative. In case of N22 this
means that the transfer function has a zero slope at    these frequencies.
As a result the width of frequency range where the loop gain is
substantially increased increases with N, without changing the amplitude of
the reduction 5  ratio. In Figure 3 the sensitivities of a typical
repetitive control loop functions are shown for     N = 1, 2, 3 and 4
(indicated by reference signs 31, 32, 33 and 34 respectively) with first
derivative up to the (N-I)st derivative of the denominator of H9s) equal to
zero.                    By way of example for N=2 the calculation of the
derivative will be     illustrated hereinafter. The transfer function of
the memory control loop for N=2 is 



10 represented by equation 1        (W[err] [err] + W2 .e-[err])     1
W[err] .e [err] - W[err] .e [err]       The 0th and 1st derivative with
respect to the frequency s = jw, with j = /-1, of the     denominator of
equation (1) have to be equal to zero. This is obtained with the following
necessary and sufficient conditions: 15            l-W[err].e [err] - W2.e
[err] = 0                    for s = 2[err]/Tp         (2)
d [err]      For s = 2[err]/Tp Equation (2) leads to [err]  20 Thus W[err]
+-W2 = 1     For s - 2[err]/Tp Equation (3) leads to:  [err]     for [err]
= wp this yields W[err] + 2.W2 = 0.     Combining both results gives W2 =
-l and Wl = 2. 25 The denominator thus becomes:  [err]     These
coefficients are the same as those from the binomial series of which the
signs of     subsequent coefficients and of which the sum of coefficients
is equal to 1. For N > 2 the
N     first derivative up to the N-lst derivative are zero when  [err]  .
Wn=O   for i < N-1. 
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This results in that the coefficients W[err] in the denominator form a
binomial series (the first     element of the series excluded) with
alternating coefficients signs and a sum of coefficients     equal to 1.
The invention is not limited to embodiments in which said first derivative
5  of the memory loop gain with respect to the frequency is zero. An
improvement of the     robustness of an extended memory control loop (N >
2) compared with a memory loop with       a single memory (N = 1) is
obtained when the sum s =   n . Wn , which is       indicative for the
first derivative, is smaller than 1, being the value of the sum s for N =
1.                         So the width of dip in the frequency transfer
function is wider for N > 2
N 10  than for N= 1. It is preferred that the value of [err]   n . Wn is
substantially equal to zero, so
n=1       as to achieve a maximum width of the dip. Stability is guaranteed
when in the complex plane      the poles of the transfer function H(s) are
located within a unity circle with the centre point      in the origin of
the complex plane.                         By way of example an alterative
method will be described to calculate the 15  values for Wn for which the
stability is guaranteed and which result in excellent robustness 



performance. According to this method the denominator [=1 - W[err e [err]]
of H(s) is
n=l       rewritten as      (l-[err] e[err])N. If a is chosen close to 1
but always < 1 then stability is guaranteed, and the      first up to the
(N-l)st derivative are at the bottom of the dip close to zero. Note that
the 20  values.of W[err], so obtained are close to a binomial series with
alternating coefficient signs      which results in that the first up to
the (N-l)st derivative are close to zero, as already      mentioned
hereinbefore. Note that [err] can be substituted with a frequency dependent
gain.                          With reference to figure 1 the use of a
filter according to the invention is      described in detail for a
repetitive control system. As already mentioned the filter is very 25
suitable to be used in in learning systems. Figure 4 shows such use in more
detail. Figure 4      shows a fed-back control system for controlling a
process 40 by means of a controller 41      which is included in a fed-back
loop, which further includes a comparator 42 for comparing      a signal v
representing output value of the process 40 with a signal u representing .a
desired             WO 96/13898
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value. The comparator 42 outputs a signal d representing the difference
between the    signals u van v. The signal d is supplied to the controller
41 which derives a control signal c    for the process 40 on the basis of
signal d. A unit 43 is connected in parallel over the    controller 41.
Unit 43 comprises a delay circuit 50 for storage of one period of the
reference 



5 signal d. An output of delay circuit 50 is supplied to a linear filter 51
for stability.    An output of linear filter 51 is fed to a memory loop
comprising delay unit 24 a linear unit    53 and an adding (subtracting)
circuit 54. The delay unit 24 has a transfer function          N   [err]
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CLAIMS:             1.                Filter having a transfer function H =
G/(1-G) with G in at least a
N     predetermined frequency range substantially equal to [err] Wn. e
[err] , or equal to        [err]  with s de Laplace operator, e the basic
value of the natural logarithm and 



n=l      N an integer greater or equal to 2 and with q = Tp/Ts, with Ts a
sample period in a time                                                N 5
discrete system and q an integer and with  [err] Wn    less than p, with p
a value                                                     N
substantially equal to 1, characterized in that [err]  n. Wn    is less
than 1.
N     2.                Filter as claimed in Claim 1, characterized in that
[err]  is not
n=1      negative and at least substantially equal to zero.
N     3.                Filter as claimed in Claim 1 or 2, characterized in
that    [err]  . Wn is
n=2  10  substantial equal to zero, with i < N-1.     4.
Repetitive control system provided with a filter as claimed in any of
Claims 1 to 3.     5.                Learning control system provided with
a filter as claimed in any of     Claims I to 3.    


