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Repetitive control systems based on IMPACT structure

Mili¢ R. Stoji¢, PhD (Eng)"
Milan S. Matijevi¢, PhD (Eng)2

In many engineering applications there are systems with periodical disturbances as typical characteristics: military
radar systems, rotation machines, mechatronics systems for data reading and writing (CD drives), etc. This paper
outlines the basic concepts for compensation of arbitrary immeasurable periodical external disturbances and/or for
the accurate tracking of periodical reference signals without error in the steady-state. The conventional method based
on the application of IMP (Internal Model Principle) is first described briefly and then the more efficient IMPACT
(Internal Model Principle and Control Together) controlling structure is proposed, which completely excludes the
effects of any periodical disturbance on the steady-state value of controlled variable (system output). Besides the
efficient extraction of periodical disturbances, the IMPACT structure enables achieving higher degree of system
robustness. The structure design is illustrated by the extraction of periodical load torque disturbance in a speed-
controlled electrical drive with DC motor.
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principle.

HE concept “Repetitive Control Systems (RCS)” is re-

lated to the special class of feedback control system
with control algorithms that are able to extract the influence
of any external periodical disturbance on the steady-state
value of system output and/or to track the periodical refer-
ence signal without the error in the steady state [1, 2]. Such
kinds of disturbances are met in many engineering applica-
tions. For example, in speed- and position-controlled elec-
trical drives, periodical torque disturbances may appear
with the frequency of motor rotation. Unbalances that ap-
pear in rotation machines also produce periodical torque
disturbances on the frequency of rotation of moving parts of
machine. The frequency of energy source may also produce
periodical disturbances. [1].

Different methods for compensation of periodical
disturbance have been developed for continuous and digital
control systems [1-5]. Some of these methods were
developed for compensation of sinusoidal disturbances and
they can be easily extended for multiple sinusoidal
disturbances and consequently for compensation of any
kind of periodical disturbances. The bandwidth of almost
all physical systems lie in a low-frequency band and
therefore only a certain number of first harmonics of
periodical signals should be considered and compensated.
According to [2], there are two main approaches to
compensation of periodical disturbances. In the first
approach called AFC (Adaptive Feedforward Control), the
sinusoidal disturbance is suppressed by applying the
additional inverse sinusoidal signal at the input of control
plant. In doing so, the amplitude and phase of disturbance
are estimated adaptively. The second approach is based on
the application of IMP (Internal Model Principle) or

principle of absorption.

In this paper, the concept of conventional RCS systems
based on the application of IMP is explained first. The new
internal model of sinusoidal disturbance is proposed and
tested. By introducing this model into the control portion of
the system, the extraction of disturbance from the steady-
state value of system output is achieved after a relatively
short time of transient response. Particular attention is paid
to the IMPACT controlling structure designed for digitally-
controlled electrical drive subjected by an external
periodical load torque disturbance. It is shown that the
proposed IMPACT structure is very efficient in disturbance
extraction and in achieving a high level of system
robustness

Principle of absorption and internal model
principle (IMP)

If the disturbance can be modeled by the function
representing the solution of homogenous differential or
difference equation of the given order, then it is possible, in
a simple and obvious way, to modify the control part of the
system so to eliminate the influence of external disturbance
on the steady-state value of the system output. The
homogenous differential or difference equation represents
the internal model of disturbance and the method of control
structure modification actually implies the application of
the IMP (Internal Model Principle). Thus the principle
become an important contribution to the synthesis of
feedback control systems [6] long time after Kulebakin’s
seminal works that founded the theory of selective
invariance [7, 8].

! Faculty of Electrical Engineering, Bulevar Kralja Aleksandra 73, 11120 Belgrade

2 Faculty of Mechanical Engineering, Sestre Janji¢ 6a, 34000 Kragujevac



M.R.STOJIC, M.S.MATIJEVIC: REPETITIVE CONTROL SYSTEMS BASED ON IMPACT STRUCTURE 29

Essential differences between the principle of absorption
and IMP do not exist and their application in solving
regulation problems do not require rather complicated
algebraic manipulations. Note that the use of absorption
principle enables the rejection of deterministic disturbances
or substantial suppression of stochastic disturbances from
the system output in the steady-state. According to the
principle of absorption, the model of disturbance should be
imbedded into the control algorithm. This is performed by
including the corresponding absorption filter into the
control portion of the system; at the input the absorption
filter is then excited by the signal of disturbance.

Consider the synthesis of absorption filter or prediction
polynomial for compensation of effects of disturbance
f(t) in digital control systems. Suppose that the distur-

bance is regular. It means that the sample f (kT) can be de-

termined by a final number m, of previous samples. In that
case

f(kT)=D@E ) f((k-1T) (1)

where D(z ™) is the prediction polynomial of m,-1 order.

Relation (1) is called the equation of extrapolation or pre-
diction [9]. Now, the absorption condition for a known
class of disturbances may be expressed by the compensa-
tion equation

®(z')F(27)=0, t=KT >(deg®)T )
where
CD(z’l)zl—z’lD(z’l) (3)

represents the compensation polynomial or absorption fil-
ter, and F(z) is z-transform of disturbance. With suffi-

cient a priori information about the disturbance, prediction
polynomial D(z™) is simply determined by the model of

disturbance in the time domain. However, in more compli-
cated cases, it might be difficult to adopt the appropriate
model of disturbance and thus the selection of correspond-
ing absorption filter becomes more difficult. It is shown in
[1] that for deterministic disturbance the absorption poly-
nomial is obtained as

Foum (27)
Foen (27)

If the a priori information about the disturbance is
insufficient, the adaptive approach may be used, enabling
the estimation of the class of disturbances [10]. Moreover,
in the case of stochastic disturbances, it is possible to
synthesize the adequate absorption filter. For example, a
low-frequency stochastic disturbance that can be simulated
by double integration of white noise will be efficiently

absorbed by absorption filter d)(zfl):(l—zfl)2 which,

according to (4), corresponds the absorption of linear
(ramp) disturbance.

<I>(Z’1):Fden(z’1) for F(z)= (4)

RCS systems based upon IMP

The RCS’s represent the special class of control systems
based upon the application of absorption principle. Namely,

controlling structures with periodic disturbances (RCS)
may be considered as special cases of systems having the
internal model of disturbance. The practical implementation
of absorption principle consists in the introduction of
absorption filter into the control part of the structure in
order to compensate for the given class of disturbance. In
the case of RCS systems, the important assumption is that
the period of periodic disturbance is constant and
unchanged during the time. The successful application of
absorption principle depends on the quality (or accuracy) of
the used model of disturbance and the way of absorption
filter implementation into the structure of the control system.
Generally, this implementation is the problem of structural
synthesis which has not so far been solved definitely. If the
internal model of disturbance is included into the direct path
of controlling structure, then the problem of system stability
and tracking accuracy appears [1].
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Figurel. Digital control system

In the digital control system of Fig.1, Wr(z’l)
represents the pulse transfer function of the controller and
Q(z?'),R(z") and P (z') are polynomials in
complex variable z™* ( Q(0) = P; (0) =1, P,(0) #0), which
describe the control plant; r and f denote the reference

signal and disturbance, respectively. According to the
principle of absorption, if one uses the controller transfer
function

()

then the adequate absorption polynomial ®(z) will en-

sure the zero steady-state error. When the dynamics of the
reference signal and disturbance are quite different, it is

necessary to determine two adequate polynomials @, (z‘l)

and @ (z*) for the absorption of error in tracking the

reference signal and for the rejection of disturbance from
the steady-state value of the system output, respectively.

Then the absorption polynomial @(z™) in (5) should be

<1>(z’1):CDf (z’1)®r<z’1). (6)

For periodical disturbances, the appropriate absorption
polynomial must be adopted

d)(z‘l) =1-zN (7

where N is the number of sampling periods within the pe-
riod of disturbance. Frequently, zeros of polynomial
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®(z") are located on the unit circle of the z- plane; for

example, in the case of ®(z')=1-z' and

@(z7)=(1- z‘l)2 that correspond to constant and ramp dis-
turbances, respectively. Therefore, polynomials S(z) and

®(z™) should be mutually simple; otherwise, common zeros

of these polynomials will become the poles of open-loop sys-
tem transfer function and consequently it may imperil the sys-

tem stability. Polynomials S(z!) and B,(z!) in (5) are ob-
tained as a solution of the Diophantine equation

Q(z’1)®(2’1)8(2’1)+ 777%p, (z’l)S(z’l) = Kge (z’l) (8)

where K (z‘l) represents the desired system characteris-

tic polynomial. The outlined design procedure should en-
able the accurate regulation or tracking in the steady-state
and a high quality of system transient response. It should be
noted that, for greater values of N in (7), the solution of
equation (8) might become rather difficult and the obtained

polynomial S(z™) may be of very high order. While the
implementation of absorption polynomial @®(z*)=1-z"
within the controller is not critical, a very high order of

polynomial S(z™*) may produce problems in achieving the
real time operation of the controller. As aforementioned,

the internal model 1-2" includes N characteristic roots
on the unit circle representing the stability boundary for
discrete time control systems. These roots make system
highly sensitive to unmodeled dynamic. The stability prob-
lem and extension of robust stability of RCS systems are
solved by modifying the internal model by moving the
characteristic roots into the unit circle. The modification is
given by

o(z)=1-a(z")z" Ja(e™)

After modification (9), the compensation of the given
class of periodical disturbances may be performed only
approximately. Thus, there is the disagreement between the
exact compensation of periodic disturbance and robust
system performance. For the sake of brevity, the design

procedure of low-frequency q(z™*) will not be given here.

<1, Vwx=0 (9

Instead of that, using the idea in [11], we propose the new
synthesis of absorption filter for special class of periodic
disturbances that may be odd or even function of time. The
filter is given by

®(z7t)=1+2"? (10)

and its duration is twice shorter transient response than the
conventional absorption filter (7).

Application of IMPACT structure in design of
RCS systems
Fig.2 shows the special case of IMPACT controlling
structure that corresponds the control plants without the
transport lag (dead time). Thus the structure may be
conveniently applied for digitally controlled electrical

drives [1]. In that case, signal wy,, models the influence of

load torque disturbance on the system output y which may

be shaft speed or angular position depending on the type of
servomechanism.
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Figure 2. IMPACT structure of digital control system

The control portion of the system of Fig.2 is given by
polynomials in the complex variable z*. In the IMPACT
structure, the control plant W,,(s) is given by its simplified
nominal discrete model

Z—l—k Puo (Z—l)
()

developed at the low-frequency band. This model is included
into the control part of the IMPACT structure as a two-input
internal plant model. Signal ¢ estimates the effects of general-
ized external disturbance and uncertainness of the nominal
plant model on the system output. Uncertainness of the nomi-
nal plant model can be adequately described by the multiplica-
tive boundary of uncertainness «(w)

Wo(z‘l):

W) ) o)
(11)
‘é\N (e‘j“’T )‘ <a(w),wel0,7/T]

Then the system in Fig.2 satisfies the condition of robust
stability if the nominal system is stable and if the following
inequality is fulfilled

‘ Q(zM)R(zH)+ 'R ()R (27) ‘
2R (27)(R(7)+Q"(z*)D(2Y))

wel0,7)T]

a(w) <

Z—1=e—jn)T

The robust performance is achieved by the local minor
loop of the system in Fig.2. Namely, the main role of this
loop is suppression of effects of the generalized disturbance
on the system output. This loop comprises internal model of
disturbance implicitly and two-input nominal plant model

determined by polynomials z'R’(z") and Q°(z'),

explicitly. In the case of a control plant without the dead
time, the internal model of disturbance is reduced to the

prediction polynomial D(z™). The choice of this

polynomial affects the robust performance of the system
and effectiveness in absorption of the given class of
disturbance. For example, for constant and ramp
disturbances, the proper choice of prediction polynomials
are D(z*)=1 and D(z*')=2-z", respectively. In the
case of a periodic disturbance having period NT, where T is

the sampling period of digital control system, the prediction
polynomial is
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D(z')=2"Y, (12)

For a complex disturbance that can be represented by the
superposition of two disturbances having prediction

polynomials  D;(z') and D,(z'), the resulting
prediction polynomial becomes

D(z‘l) = Dl(z‘1)+ D, (z‘l)—z‘lDl(z‘l)D2 (z‘l) .(13)

According to the standard procedure of IMPACT
structure synthesis, for a minimum phase control plant,

polynomial R(z™) should be taken on as
R(z')=PR(z7) (14)

The polynomials P, (z*) and PR,(z) in the main

external loop of the controlling structure in Fig.2 determine
the dynamic behavior of closed-loop system and these
polynomials are determined independently from the design
of local inner control loop of the structure. The desired pole
spectrum of the closed-loop control system may be
specified by the relative damping coefficient ¢ and

undamped natural frequency @, of the system dominant

poles. In doing so and taking into account the required zero
steady-state error for step reference signal, the desired
second order discrete closed-loop system transfer function
becomes

(-(n+z +zlzz)z

11— (n+22)77 Yy 22,27

(Qo i)

T, Sz =—gan * jon1-¢? (15)

Then polynomials P, (z™*) and P, (z™) are calculated

where

— pS1/2
iy, =€

in a straightforward manner from

P, (z‘l):(l—(zl+zz)+ 32,)7"

16
P (z71)=1-(n+2)+ 022" (16)

It should be noted that the choice of dominant poles or

¢ and @, determines the quality of system set-point

transient response but it also affects the system robustness
and filtering capability. The possible modifications of the
structure in Fig.2 in order to minimize the contamination of
the system due to measuring noise will not be considered
here; the attention is focused only on the design of
IMPACT structure in accordance with requirements of the
RCS systems.

Ilustrative example

The design of IMPACT structure will be illustrated by
the synthesis of digitally-controlled speed servomechanism
with the DC motor. The robot motor U12M4T having

transfer function W, (s)=K/(T,s+) with K =4.38 and
T, =0.32s is adopted. To illustrate the capability and

efficiency of the IMPACT structure in rejection of any kind
of periodical disturbance, the elimination of the even
trapezoidal external disturbance shown in Fig.3 is required.

The desired closed-loop system transfer function is
specified by its dominant poles having ¢ =1 and
w, = 2.5rad/s inside the primary strip of the s-plane. With
the sampling period T =0.1s the desired closed-loop

system transfer function becomes

-2
G (£1) = 0.048937
w(27) 1-1.55762% +0.60653z 2

t[s]

Figure 3. Trapezoidal torque disturbance

The nominal model of the control plant is given by its
discrete transfer function

0(,-1\_-|1-2T 4.38
W (z )‘Z[ s 0.325+1}

which, for T =0.1, becomes

1.175524z77*

0 -1\ _
W (z )_1—0.7316162’1

and thus

R (z")=1.175524
Q°(z)=1-0.7316162""

Since the control plant is without the dead time,
R(z")=R/(z™")=1.175524. The other two polynomials
P(z™*) and P, (z™) within the control part of the structure
in Fig.2 are obtained directly from (15) and (16) as

P (z7)=0.048929
P, (z)=-0.825986+0.606531z

With calculated R(z"), P (z), and P,(z7") the

desired quality of the set-point transient response is completed.
The period of disturbance in Fig.2 of 2 seconds contains
20 sampling periods of T =0.1s and thus N =20 . Hence,

the absorption filter that corresponds to absorption of
periodical disturbance is ®,(z*)=1-2"D;(z")=1-2"",
wherefrom the corresponding  prediction
Dy (z7) =27 =z is obtained.

polynomial
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Figure 4. Step response of the speed servomechanism and rejection of
trapezoidal disturbance with prediction polynomial Dl(z‘l) =77 (trace 1)

and prediction polynomial D,(z™*)=2-z" (trace 2)

Trace 2 in Fig.4 illustrates the absorption of disturbance
in Fig.3 when the prediction polynomial D, (z’l) =2-7"
that corresponds the absorption of ramp (linear)
disturbances is applied within the local loop of the

IMPACT structure of Fig.2.
The best result of disturbance rejection is achieved if the

combined absorption filter ®(z7)=d,(z7)d,(z7") is

applied, where @;(z*)=1-z" and @2(2‘1):(1—2‘1)2

are absorption filters that correspond the absorption of
periodical and ramp disturbances, respectively. Thus the

combined absorption polynomial D(z™") is derived from

12 i0() {1201 -1 0u (1)

as
D(z’l):Dl(z’l)+Dz(z’l)—z’lDl(z’l)Dz(z’l)
=z ¥42-71-z7802-zY '

The step set-point response and absorption of

disturbance by the combined absorption polynomial are
shown in Fig.5.
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Figure 5. Set point transient response and absorption of disturbance by the
combined  absorption  polynomial  D(zt)= Dy(z7)+D,(z)-

77Dy (27)D,(z!) (T=015)

The efficiency of disturbance rejection is greatly
depends on the choice of sampling period T. Let it be
assumed that the same aperiodical step set-point response
that corresponds the dominant closed-loop poles having =
1 and w,=25rad/s and T =0.02s. Then, it can be

calculated that

R(z")=R’(z")=0.265371

R?(z)=0.265371
Q°(z")=1-0.93941z"

P (z7")=0.002379
P, (z7)=-0.963046+0.9048372 "

Fig.6 shows the set-point response and illustrates the
rejection of disturbance by the combined absorption

polynomial D1<z’1)+DZ(z’l)—z’lDl(z’l)D2<z’1) in
which now Dy(z7%)=z"" while D,(z")=2-z" stays

unchanged.

By comparing Figures 5 - 6 it can be concluded that the
smaller sampling period significantly improves the
effectiveness of the IMPACT structure in suppressing
periodical external disturbances.

It is interesting to observe what would happen if instead
of combined absorption polynomial, the absorption

polynomials Dy(z') and D,(z) were separately
applied. Fig.7 shows the set-point response and illustrates
the extraction of disturbance when absorption polynomial
Dy(z™*)=2" that corresponds the periodical disturbance
is applied. The set-point response and rejection of
periodical disturbance of Fig.3 are illustrated in Fig.8 when
absorption polynomial Dz(z‘l) =2-z1 corresponding

ramp disturbances is employed. Comparing the traces of
Figures 6 — 8, it can be concluded that the most efficient
suppression of disturbance is achieved by construction of
suitable combined prediction polynomial.
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Figure 6. Set point transient response and absorption of disturbance by the
combined absorption polynomial D(z*)=Dy(z")+

D,(z7")-2"Dy(z7) D, (2 ) (T=0.02)
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Figure 7. Set point transient response and absorption of disturbance by
absorption polynomial Dl(z’l) =7z% (T =0.025)
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Figure 8. Set point transient response and absorption of disturbance by
absorption polynomial D,(z*)=2-2z" (T =0.02s)

Conclusion

It has been shown that the application of IMPACT
controlling structure in the design of RCS systems reveals

advantages when compared with other methods based upon
the application of internal model principle. Namely, in the
application of IMPACT structure it is not necessary to make
compromise between the system robustness and speed of
disturbance extraction. Furthermore, the IMPACT structure
enables the extraction of periodical disturbance completely.
Moreover, the nominal characteristic polynomial of
IMPACT structure does not depend on the internal model of
disturbance. Hence, in the application of the structure for the
design of RCS systems, difficulties connected with solving
the Diophantine equation (8) are avoided.
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Periodni sistemi upravljanja zasnovani na IMPACT strukturi

U mnogim inZenjerskim primenama mogu se sresti sistemi sa poremeéajima periodiénog karaktera: vojni radarski
sistemi, masine sa obrtnim delovima, mehatroni¢ki sistemi za memorisanje i ¢itanje podataka, itd. Od sustinskog
znadfaja za kvalitet funkcionisanja sistema je efikasnost ostvarivanja nulte greSke stacionarnog stanja sistem u
prisustvu poremeéaja od strane optereéenja i zadate vrednosti. Predmet ovog rada jesu digitalni upravljacki
algoritmi za kompenzaciju proizvoljnog nemerljivog periodiénog poremeéaja i/ili za taéno praéenje referentne
periodiéne trajektorije. Opisan je konvencionalan metod zasnovan na principu unutrasnjeg modela, i predlozZen je
novi, zasnovan na IMPACT strukturi. Pored efikasnog otklanjanja periodiénih poremeéaja, IMPACT struktura
omogucéava efikasno otklanjanje periodiénih poremeéaja i visok nivo robustne stabilnosti. Efikasnost predlozenog
metoda je ilustrovana na primeru brzinskog servomehanizma sa DC motortom u ulozi izvrSnog organa.

Kljucne reci: princip unutradnjeg modela, IMPACT struktura, potiskivanje poremeéaja, robustnost.
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Ilepmopnueckne CUCTEMBI yIIPABIICHAST, OOOCHOBAHBI HA
"UMITALIT" crpykrype

Bo MHOI'MX FWHXEHEPCKHX IIPHMEHEHMSX BO3MOXHO BCTPETHTBCS CO CHCTEMaMH CO BO3MYIISHASIMH
MEPAONMIECKOTO XapakTepa: 5TO BOSHHBIE PAfMONIOKAIMOHHbIE CACTEMBI, MAIMHLI C BPAIaTEILHBIMA YaCTSIMH,
MeXaTpOHWYECKHE CHCTEMEI [JIsl IAMSTH F 3alUCH JAHHLIX H.T.J. [[/1s Ka4ecTBEHHOro (PYyHKIMOHAPOBAHMS CHCTEMBI
HacTosmiee 3HaueHme uMeeT 3(GEKTHBHOCTL OCYINECTBICHHS HYJIEBOH OMIMOKH CTaNMOHApHOTO COCTOSTHHS
CHCTEMBI IIPH NPHCYTCTBUU BO3MYILEHHSI CO CTOPOHBI HArPY3KH M 3aflaHHON Benwm4rHBI. TeMy Hacrosmeil paGoTel
OpEeACTaBIAOT - ImMGpoBble YIOpaBIsAiompe anropu¢Mbl [ KOMIEHCANWA IPOHM3BOJIBHO BHIGPAHHOTO
HEN3MEPHAMOTO NEPHOAMYECKOr0 BO3MYINEHUS W/HIM [Ii TOYHOTO HaOmIOAeHWs pehepeHTHOM NEepHOAMYECKON
TpaekTOpHH. 37ech ONHNCaH YCTAaHOBUBINHMMCS METOJl, OGOCHOBaHBbIi Ha NpHHOUWIEC BHyTpeHeW Mofjend, H
MpEeANIoXKeH HOBBIN Meroy, ob6ocHoBaH Ha "MIMITAIIT" crpykrype. Kpome Toro uro ad¢eKTHBHO ypaiseT
mepmommdeckne BosMmymeHmsi, "WIMITAIIT" crpykrypa obecmeumBaeT u  3(¢EKTHBHOE YCTpaHCHHE
MEPUONUIECKHAX BOMYIIIEHUI ¥ BHICOKHI YPOBEHb KXMBYYECTH U YCTOHYHBOCTH. D (PEeKTHBHOCTD NMPEIIOKEHHOTO
MEeTOfla WILIIOCTPHpPOBaHa Ha IIPUMEpe YCKOPSIOMEro cepBoMexanm3sma co [III-nBuraTemreM B ponu
HCIOJIHATENHLHOTO OpraHa (3JIeMeHTa).

Kaiouesvie caosa: muadpoBoe ynpasleHHe, anropacM yIpaBIeHA], KUBYIeCTh CHCTeMbI, BO3MYIIICHHE B CHCTEME,
PeryIapyIolnasi CACTeMa, IPHHIMAN BHYTPEHHEH MOEIN.

Les systemes répétitifs de controle basés sur la
structure IMPACT

On trouve les systemes a dérangements répétitifs dans plusieurs applications chez les travaux d’ingénieurs: systémes
de radars militaires, machines aux piéces rotatives, systemes mécatroniques pour mémoriser et lire les données, etc.
Pour assurer un bon fonctionnement du systeme, il est essentiel de réaliser efficacement I’erreur zéro de I'état
stationnaire du systéme en présence du dérangement de la part de charge et des paramétres donnés. L’objet de ce
papier font les algorithmes digitaux de contrdle pour la compensaton du dérangement arbitraire incommensurable
et /ou la poursuite précise du trajectoire périodique référentiel. On a décrit la méthode conventionnelle basée sur le
principe du modéle interne et on a proposé un modéle nouveau, basé sur la structure dite IMPACT. Outre
I’élimination efficace des dérangements répétitifs, la structure IMPACT permet d’obtenir un trés haut niveau de
stabilité robuste. L efficacité de la méthode proposée est illustrée par un exemple du servomécanisme de vitesse avec
le moteur DC dans le réle de I’organe executif.

Mots clés: commande digitale, algorithme de commande, robustesse du systeme, dérangement du systéme, systéme de
contrdle, principe du modele interne.
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