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PCT/ 1 B95/ 00918 Filter, repetitive control system and | earning control
system bot h .provided with such filter. : The
i nventi oOWOS/138¥s to a filter having a tyansfer function PCTABISOENS G
with Gin at |east a predeterm ned frequency range substantially equal to

N . . . [l lecr]l or e to
lerr] vitnsregeritve,fonusl syuem and leaming.cqpl sYSibh'voty Broviddd with SGEH e
[err] . value of the natural logarithmand N an integer greater or
equal to 2 and with q = Tp/Ts,

N5 with Ts a sanple period in a tine discrete systemand g an integer and
with [err] W | ess than p, with p a value substantially equal to 1.
The invention further relates to a repetitive control system and a | earning
. control system provided with such filter. The

use of such type of filters in repetiti control and | earning 10
 systems is well-know¥h emvmmsa W&Ft@@ﬁéeﬁﬁ%“&mdeep dipin

cor rcsping 10 Witk G 3 oEleapt ¥ liclbomirtirifinly Hge shbGBHEN &ial o

Y wn . e™, or equal to E Wn . 279 " with s de Laplace operator, e the basic

n=1 n=1

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 E Wn

n=1
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 exhlbxts a deep dip in the frequency |
transfer function for signals with frequencies correspondmg to 1/Tp or a multiple of 1/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 thé
15 periodic disturbances is low. This is due to the fact that the 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 Wthh 1s charactenzed in that E n . Wn s less than l
n=1
N
The invention is based on the mmght that the condition that Y »n . Wa,
n=1

which is indicative of derivative of frequency transfer function at the bottom of the dip in the



The use of the filter in a repetitive control systemis inter alia

di sclosed in US 4.821. 168. When Tp is selected equal to the period of
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di sturbances is low This is due to the fact thatthe width of the di ps in

t he frequency transfer characteristic is very narrow.
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?Eem rlngsmue& daeko edfachinab forsthab Ailtar distlosedin' US'4)821,068 'Y n . Wi i ﬁarg&si
an 1. n=1 n=
N The invention is based on the insight that the
condi tj on, t hat [err] n . W, which is indicative of derivative of
frequ transfer function at the bottom-of the dip in the WO
96/513898 - - Further advantageous embodiments of the memory control loop according
PCT/ 1 B95/ 00918 : 2

t r ansftethe inventiom will de| deseribedahrereinafter-in more getaid withhreférancentol Figuees. 1 Khéd s
results in.a wder dipin the frequency transfer function of the
filter",‘% ared with that of the filter disclosed in US

N 4,821, 168 du > . |
4 821,168 [err] wh B ks 32"?‘““‘3’5“"5 ““‘fd’__%s’s‘.é"“ ishig et G5RAding tU§he

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 radiél and focus.track movement in optical disc recording systems
exhibit a periodic disturbance with a frequency related to the disc rofational speed.
“For these types of servo systéms 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 fepetitici;ﬁ-con_t.rol 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 'r_oboticS, etc. In this type situations often so-called
~ learning systems are lis_ed. For a detailed descﬂpﬁon of leérnih_g systems reference is made to
- Moore, K.L. Dahley and S.P. Bhattacharya "Iterative learning control: a survey and new
results" Journal of roboti_c 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)/(1-G(s)) is used with G(s)=Y, Wn e~

n=1



than 1. 5 - Furt her advant ageous enbodi nents of the
menory control | oop according - to'the invention will be _described :
herei naft ¥OPH138} e detail with reference to Figures 1 to 4FPCTIBISQORI®\i ch
Figure 1 shows a repetitive control systefusing a filter according to the

I nvention; 10 - Figure 2 shows the filter in nore :
det ai | ; with e the basic value of the naturai {pgagitigms with<Tp aalekayctime hwithcst the ilaplages ;
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systemis disturbed di sturbances with a periodic nat ure.
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n=l " ° 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;, 20,, 205, ..., 20, 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,, 22,, 22,, ...
22 for scaling the output signals with scaling factors W;, W,, W3, ... W_. 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,, 20,,
20;, ..., 20,. 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 provén that it is possible to make the derivatives of the memory
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W th ewid@wmBads C val ue of the natural logarithm w th TpperAgdsigeisi &, With |
s the | apl ace operator, and wrth‘y\h a scaling factor for scaling the

out put signal of the nh delay in a sequence of delays. In the

precedi ng fhe_ transfer tion Gis d ne, the L

It wilopp rsémewtf]éﬁ%PerP {*’r“ry’%‘laef‘%a% ﬁanelfdﬁ’at%mtm’sﬁgpaﬁﬁrfgﬁ %‘%ﬁﬁﬁ al so
be defN-Jptdéfivative. In case of N=2 this means that the transfer function has a zero slope :
N 5 "the so-called z-donmain. In the z-domain Gis. e&el to [err] [err] _

Wi t h td;esmfrequeagm A§aaresult the width of frequency range where 0O0p gain is
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i nventi on. ure 1 the reference. si g.ﬂnl | ndr cates a process.
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r is supplied to a Waymfekampr; ﬁonﬂi1=t=2cthet:ﬂeulaﬂm iof itlez derivafive will be
anplifier 4 is derrvrn an e r srgr& e indicative of t{&ﬂ\fie i,ation

bet weidlustrated bersiaaftes; Jhe trans er f the memary;cantrel 100
The e uppl i ed to an input of a nenory loop 6 and an 15
E@er{eg%iﬁégwe@asrégﬁal z of the menory | oop 6 is supplied to a second

I nput fwthe._,r dew An out put signal (e') indicating the sumof the ¢
signal dhd 2 i 82 QQ kgl by the adder 5 to a controller 3 for (1)
contrqI_Lrwq lelTéIPpLC g-_lsTP - Figure 2 shows a bl ock
di agram of "an enbodi frent of the rrem)ry | oop 6, conpri sing an adder 23
and a delay unit 24. The delay unit 24 conprising a plurality of

The O and 1% derivative with respect to the frequency s = jw, with j = V-1, of the
denominator of equation (1) have to be equal to zero. This is obtained with the following

necessary and sufficient conditions: . _ - : _
15 1-W,.e*TP - W,.e2TP = 0 | - for's = 2xj/Tp ()

'24'(1 - W TP - W, TP =0 for s = 2xj/Tp 3)

For s = 2#j/Tp Equation (2) leads to |
20 Thus W) +W, = 1
For s - 2xjfFp ] Equation (3) leads to: . | -
§TpW; -2jTp Wy =0 S ®)
for & = wp this yields W; + 2.W, = 0. o '
Combining both results gives W2 = -1 and W1 = 2,

25 The denominator thus becomes: N _
1 _ze-sTp-+ e‘stP : SR _ ' ' o . _ 6

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-Ist derivative are zero when 2 n'. Wn=0 fori < N-1.
R . ‘n=l . .



20 delay circuits 20[err], 202, 203, ..., 20[err] which are connected in
series and an adder 21. CQutput signals of the delay circuits are
suppl i ed #1898 dder 21 via scaling circuits 22[err], 222PCFIBISO00918
22[err] for scaling the output signals With scaling factors Werr], W2, W3,
... Werr]. An output of the adder 21 outputs the signal z, being sum
of t he TheRteRoitOiti that tiss cpefficients Whén del denoaiinatar farm a binomial series (the first

The out put signal z is supplLi:ed to an input_of the:adder 23. The r.or. 25
o1 gnal element pbahe shries Sactied) FihialisTatng Copiciens et atd o 5 & M or ng
t he sug%'g% tBhl? signals z and e is supplied as input signal to the
series nection of delay circuits 20[err], 202, 203, ..., 20[err].

The transfer functi oThe k{ventiod i het linited to embediteatsdini which saidrfarst derivative
rel ation bet ween the Laplace transform E(.s). _of the signal e ‘the

L apioec OF thes e 1SR gaifwith despect toghe febhay S ety An fdiiafenfof e, i°,
30 K ?éb Titrfes$ bf lan ‘eikfehded Helory dohtr6l Fop. (NVixt 12) Gofipatedewith anmémory looptwien
of the elfay unit 24. : : In a typical enbodi nent of
the filter Ndelay circuits 20 are used, each a{INwith dqlay of Tp. It can

be proye hory @V RO9§iPbE Ntich thBSufes i=/ ef .otni|hewhihuds y
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4 | oop gain with respect to the frequency at*[err] = [err] equal to
zero, fromthe first up tothe ~ (N 1)st derivative, In case of N22 this
means tinditativeefor the: §irssrderivadve, s smallersthan l; beingotheyalue of; the sum § fr N T les.

Subetant i al 1y | nor eaSeans WFBAEAES i TP RedWREf ofpflier SARaR Fuider for N 22

. the reduction 5 ratio. In Figure 3 the sgnsitivities of a typical

repgj i ti Lrol ; fIOPN 4 Orwh is slibstantially eqdalabtefo,
(i ng? cg‘t‘%gf‘%?qr elf'eIF Ea%fésrf%f]ghggﬁ %& g3%d 34 'rlelg;ect I vel §)°qw' th fi rsst0

derivative up to the (N-1)st derivative of the denom nator of H9s) equal to
Zero. way_ of

B le f N=2 t | cul.at i f th
Gor | vatasuie aghieve Bemaximun idrOf B8 iy SRPLBAY B guaraiuesth wheh G 1R SohIch,plghe
~ the TeMRE )f)ofég Q)tfrtﬁ’é taf$Hr FiHctbh %-I(sfare 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 W, for which the stability is guaranteed and which result in excellent robustness

N
=1-y" W, e ™T| of H(s) is
n=1

pérformahce. According to this method the denominator

rewritten as
(1- TN If o is chosen close to 1 but always <1 then stability is guaranteed, and the
first up to the (N-1)* derivative are at the bottom of the dip close to zero. Note that the
20 values of W, so obtained are close to a binomial series with alternating coefficient signs
which results in that the first up to the (N-1)* derivative are close to zero, as already
mentioned hereinbefore. Note that o can be substituted with a frequency dependent gajr_l. '
" With reference to figure 1 the use of a filter according to the invention is
described in detail for a repetitive control éystem.- 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 controliing 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 r_epresentihg output value of the process 40 with a signal u representing a desired



10 represented by equation 1 (Werr] [err] + W .e-[err]) 1

Werr] .e [err] - Werr] .e [err] The Oth and 1st derivative with
respec ' frequency s = jw, withj =/-1, of the {iﬁﬁ?ﬁ:ﬁﬂ}?&o“’f
equatlgﬁtt’?‘ﬂ&ﬁ%ve to be equal to zero. _This is obtained vﬁ e follow ng
necessary and sufficient condltlons 16 | -Werr].e [err] - W.e
[err] =0 ~for s-= 2[err]/Tp

d [ er st point vakus: The-comparatps #5 QR A SHEPELY FRmRERLG the ﬂrgfer% hetweemghs: 1 |
"o Ry il Sy B ol o odsiolkFat s sehTEr | comiol Fl g

-1 anghe\the préces? 40 Unethd dasisiof asignal dhAsutiedd rmsonne[cmdrx}l parallel Io&eethe

coeff|C|ents are the_same ,as those from series i ch the
si gnscestroller 4y Hinit 43 GOmMPHESS 3 g?‘éﬁt"é’cﬁ‘ﬁébofgr a#%“%ﬂ?ﬂ?f’f { TEfTENSS s

'S 5€d linear fiiter 51 for stabilit
ﬁghls‘? ‘éer | \E}; “tt:&\fzl u a&‘.uthseo ll\sl-sugPh%JdeH \a/altnﬁ/re larre ze?ros whe . y ferr]

Wl O Anfeutput of linehr filter 51 is fed to a memory loop comprising delay unit 24 a lmear unit
53 and an adding (subtracting) circuit 54. The delay unit 24 has a tr_an_s_fer function

N . :
G(s)=Y, W, e™T,
n=l _ :
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This resulVOS6{138%8hat the coefficients Werr] in the denon1ﬂ5ﬂ%ﬂ”@@%ﬂ$a

bi nom al series (the first el ement - off the series excluded) wth

alternating coefficients signs and a sum of coefficients equal to 1.

The invEgggﬂg§4s not limted to enbodi nents in which said first derivative

5 of the nmenory loop gain with respect to the frequency is zero. An

I mprovenent of the robust ness of an extended menory control |oop (N >

2) conmpared with a menory | oop with a single menory (N =1) is

obt ai ned when the sums = n. Wi, whichis I ndi cative for the

first derivative, is smaller than 1, being the value of the sums for N =

1. . So the width of dip in the frequency transfer

function is mﬁder for N> 2 '

N 10 tRan for * Hiitek RaRihgaokriRfer' ARbd A LOGHT-G) witf G ln at Rast M 1S

substantially equal to Zerd

n=1 as to achieve a maxi mum wi dt h of theldi Stability is guaranteed

when i npredetesayinsdofregnengy range subpantiallyeequal tq ‘E’&ns‘?er fummnlg W(s) are

|l ocated within a unity circle with the centrenpbint in the origin of

t he conpl ex pl ane. By way of exanple an alterative

met hod | be degcribed to calculate the 15 values for Wh for. which the
|

stabil it Wnguar ant eewthﬁdimmrmtw,mths)b@sm@me ofgthe fansalslogarithm and

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 E Wn less than p, with p a value
n=1
: N
substantially equal to 1, characterized in that Y #. Wn s less than 1.
n=1
N
2. Filter as claimed in Claim 1, characterized in that Y, n . Wn is not
n=1

negative and at least substantially equal to zero.

3. | Filter as claimed in Claim 1 or 2, characterized in that f; n'. Wn is
n=
10  substantial equal to iero, withi < N-1.
4, : Repetitive control system provided with a filter as claimed in any of
Claims 1 to 3. _
3. Leaming control system provided with a filter as claimed in any of
Claims 1 10 3. -

DA



pérfornance. According to this method the denominator [=1 - Werr e [err]]
of H(s) is , :
n=l WPSR138Bcn as (I-[err] e[err])N. If a is choRGI/BOF0IE0 1
but always < 1 then stability is guaranteed, and the first up to the
(N-1)st derivative are at the bottomof the dip close to zero. Notethat
the 20 values.of Werr], so obtained &/ close to a binomal series with

alternating coefficient signs which results in that the first up to
the (N-1)st derivative are close to zero, as .already ment.i oned

her ei nbefore. Note that [err] can be substlt ed with a f1equency dependent
gai n. k Wt h ] lhe use of a
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val ue. The conparator 42 outputs a signal d representing the difference
bet ween t he signals u van v. The signal d is supplied to the controller
41 which derives a control signal c for the process nat he basi s of
signal d. A unit 43 is connected in parallel over the Fqisnaroller 41
Unit 43 conprises a delay circuit 50 for storage of one period of the
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5 signal d. An output of delay circuit 50 is supplied to a linear filter 51
for stabilité. An output of linear filter 51 is fed to a nenory | oop
compri si ng"AVB%nit 24 a linear unit 53 and an addi ng FSETABINOPIS()

circuit 54. The delay unit 24 has a transfer function N [err]
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the robustness for frequency-variations in the periodic

Disclosed are repetitive control systems (Fig. 2) and leaming control systems (Fig. 4) using filters (24) composed of delay circuits

(20) and having parameters resulting in a very high loop gain for only specific frequencies. This results in a substantial reduction of

periodic disturbances with frequencies con'espmdmg to those specific frequencies. The parameters of the filters (24) are selected such that
disturbances.




