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Abstract
This paper deds with a systematic goproach to design a cntroller which, on one hand satisfies objedives of
performance and on the other hand, prevents from noxious influence of saturation. These different constraints
leads to an augmented plant on which the optimisation uses p-synthesis and its D-K iteration procedure,
judicioudy initialised by a pre-scding.

1 Introduction

Inpu saturation is the most commonly problem encourtered in real systems. Physicd li mitations
impose anstraints, for example voltage and currents amplitudes are limited, pumps and compressors
have finite throughpu capacity. So a nicely designed linea closed loop can exhibit poor performance
with apparition of long lasting and badly damped overshods, the plant can even drop in instability.
Anti-windupcontrollers are usually based onthe following two-step design :

-first design the linear controller C(s) withou any consideration for input saturation.
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plant input
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Figure 1:1ded linear design-error feedbadk case
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- then design the anti-windupsystem to overcome the dfect of the nonlinearity on the behaviour of the
closed loop.
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Figure 2: Controlled processwith saturation

The anti-windup control (AWC) has to deal with two distinct objectives. It must preclude the
emergence of undesirable dfects as oscillations, limit cycles or instability when the actual control
input reaches the saturation level. In this case, AWC should provide graceful degradation d the closed
loop performance.

In linea mode, the saturation behaves like an unit gain , the AWC controller C(s) must ensure same
performancefor the dosed loop as with the controller C(s) of Fig.1.
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All AWC structures take into account the signal u(t) as an auxiliary input to design C(s). However,
Usx(t) is generally not measurable so clasdca approachesintroduce asaturation model in the controller
to rebuild this signal.

Various methods exist to resolve windupeffects. Horowitz (1983) propaoses to apply feadbad so that
the open loop around the saturation model behaves roughly like an integrator with gain k he aljusts .
Next, comparisonis made between the precedent open loopand the transfer G(s).C(s).

Morari and Zafiriou (1989) recommend the use of an internal model control scheme (IMC) with
insertion of amodel of the saturation at the input of the processmodel.

Wurmthaler and Hippe (1991) propose an dbserved state feedbadk solution. They show that plant
input saturation can cause two different types of windup,the controller windup and the plant windup.
The controller windup is related to integral action or more complex disturbance signal models
incorporated in the controller. Once the ntroller windup is prevented, if the dynamic of the closed
loopistoo fast, plant windup shows itself in apparition of nonlinear oscillations or even limit cycles.
In this case, provided the plant is stable, plant windupis avoided with a ssmple phase aiterion for the
frequency response of the transfer By.(S), transfer function between ux(t) and -u(t) when the saturation
isremoved.

(t) et
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T

Figure 3: Control loop with isolated nonli neaity

A

In Ygorra et al (1998, we present a systematic method where epasition of the objectives and
aswciated trade-offs is clear. The scheme of fig.4 is considered and an augmented plant based onH.,
iteration to design the controller C(s) is proposed.

Controll er C(s) with anti-wipdup

Internal loop
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Figure 4. Antiwind-up system

Nevertheless, in this paper, we consider a different approach of the AWC design becaise it is an anly
one-step design. An augmented plant ,which simultaneously cope with the mnstraints of performance
in linear case and the necessity to overcome the eff ects of the saturation onthe behaviour of the closed
loop, is presented. So the antroller “target” C(s). is no longer necessary. We will expose the
procedure to resolve this multiobjective optimisation using p-synthesis. In sedion 3, the example
propcsed by Doyle d al (1987) istreated, results Smulations will be coommented and compared.
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Notation

Risthe set of real numbers. For amatrix A, A”denotes its complex conjugate transpose, A" denotes its
transpose and A denates its inverse. A>B (A>B) means that A and B are square hermitian matrices
and A-B is positive (semi-) definite.

The structured singular value of a cmplex matrix M for a given block-diagonal structure

A= blocdiag(a, ....Ap) is defined as:

1

min (E(A)/det(|+ MA) =o)
AOA

Uz(M)z

and
MZ (M) =0if noAin A maked + MAsingular

2 Anti-Windup Control
2.1 Objectives

Thebasicideaisthat the designer has to consider two distinct objectivesto achieve his goal .
* In linear mode, when there is no input saturation , the saturation behaves like a1 wnit gain
transfer function. So the design of C(s) must take account of objectives of performance for
agood kehaviour of the dosed loop.

« When input saturation occurs, C(s) must cancel instability effects. The nonlinear loop
system, figure 4, must be stable.
An analysis based on describing function, see (Wurmthaler and Hippe, 191), leads us to maintain a

minimal phase distance between ﬁNL(jw) and the negative inverse anplitude-dependent describing

function N(u; , u0). In the cae of a saturation nonlinearity, N(u; ,up) is a haf straight-line in the
Nichals chart, with an argument equal to -180°, and a moduus greder than urity.

The goal is to have asufficient phase distance between ,BNL(jw) and the ais(-180°). The classical
Nichals charts will be used because it alows to have acorrelation between the open loop ﬁNL(jw)

BNL
and the closed loop .
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Figure 5: Contours of moduus

1TZ‘ = C"are represented in Nichals plane, z isa complex number .
z
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Depending on the mnstant C*® chosen, the open loop By, (j a)) will tangent the correspondng curve.

By an augmented system, a judicious ®lection of the weighting function leads to have agood phase
distance.

2.2 Augmented plant and weighting functions

We propase the following augmented system to design the controller C := le,CuJ

——» W, —» Yu
U1 > Wz —» Y12
> W Y13
Uiz —w +
—» O G >
+

U, C < Y21
o

Y22
Figure 6: Augmented system

Let us now discussthe methodology to choice the weighting functions. Each weighting function copes
with aparticular design specification :

*Inlinear mode, C=(1 +C, )'1Cy , S0 we have the foll owing transfers

A1y (1 +cc)t 1)
Y11
N2 =W, (1 +GC)c 2)
Y11
%3 =w,(1 +Gc) e 3)
U1

Wi, W, and Wj; respectively penalise the senditivity ,the input sensitivity and the mmplementary
sengitivity. These transfer functions deal with the objectives of performancefor the dosed loop, it isa
classicd mixed. sensitivity problem, seeKwakernagk (1993) for a good survey onthis problem.
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Y1q _ -1
. 0 _—w4(| +,BNL) BaL 4)
The weighting function W, copes with the specification of avoiding the noxious influence of the
saturation. Typically, W, will be set equal to a value close to 2(6dB) in order to maintain a sufficient

phase distance for the open loop ﬁNL(ja)) in the interesting band of frequencies. Beyond, W, alows

to make the moduus of S, (ja)) decreasing in high frequencies because it needs. a controller Cy(s)

strictly proper so that the interna anti windup loop formed by Cy(s) and the saturation model is
realisable. Inthis case, Cy () = (I +Cy (5))C(s) is also redlisable.

2.3 p-synthesis, DK iterations and pre-scaling

> Y
th < > Yo

>
Uio > Y13
P > yu
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Figure 7: Augmented plant

The problem is a multiobjective problem because we are ancerned with two distinct objectives:

1Ty11U11
PLIVT 5)
3Ty13u11 0
and
||W4TYl Uiz || <1 6)

If Te,represent all the transfers that can be found from exogenous inputs e and weighting outputs z, 8)
and 9 are satisfied if

[Tez]o <1 7

Relation 10 is equivaent to the robust stability condtion of the dosed loop, including the controller
C(s) and afictitious uncertainty block, whose H., norm is [ower than unity, seefig.8.
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Figure 8: Equivalent closed loop gant

Thematrix A isblock diagonal and hes the foll owing structure:

A [A Y11 A Y12 A Y13 i_ 0C 8)
=B e AT C
O 0 0 0 : A)’14 L

Nevertheless, relation 10) can be too conservative so we introduce the foll owing sufficient condtion,
using the structured singular value (Doyle,198), to reduce the conservatism:

TRUSES! 9)
Our problem is now resulting in a problem of p-synthesis, and DK iteration procedure of Balas will be

used with alittle change. In Prempain and Bergeon (1996), it has been shown that a goodinitialisation
can improve the D-K iterations. So we introducethe following pre-scding.

U1 Y12 ,

11 —P y’u
. —* p F—H o, E oo
—P — L » p Y

"14
U2 Y14 y

P’
Figure 9: Modified augmented plant
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With ;
DL=[1 pwt]
00 OrC
C
_%) 10 0 10)
Dr=m 0 1 OE
%3 00 l[
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This pre-scding permits to reinforce the decoupling by minimising the dfects of the ati-diagonal
transfers. ps is %t to a small constant value and increasing p leads to urderline he importance of the
transfers which cope with the nonlinear objectives. Typically, p isavalue very close to ps. So the D-
K iteration procedure begins with the modified augmented plant P

3. Application

This example is taken from Doyle et al.(1987). It is interesting because it presents a little weird as
underlined Doyle when he applied his CAW method.
The plant model G(s) andthe controll er C+(s) are given by

I . ke s Mk
+Z s taSH+ 2 posras

wl =0.2115 w2 =0.0473

Zl =0.3827 ZZ =0.9239

CT(S)=Z .

The Nichols plot of the open loop B(jw) = C; (jw)G(jw) is depicted
Gain(dB)40

. ¢
PZ

| \
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Figure 10: Open loop Cr(j w)G(j w)

There ae two intersection paints, P; and P,. Only P, which correspords to «w=0.03, rad/s can lead to
stable limit cycle according to an describing function analysis.
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Figure.11: Inverse weighting functions

The weighting functions are chosen as:
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Figure 12: Evolution of p(w)
After the fourth iteration, the curve p(w) is nealy flat and the greatest value is 1.3 which is satisfying.
The order of the controller after reductionis 18.

The open loop obtained with the controller C:= [Cy , Cu] designed is depicted .
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Figure.13:. Open loop LBu(jw)

It can be seen that thereis no intersection between By (jw) and N(u; ,Ug). So, reset windup, limit cycles
or instability effects have been cancelled.
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Figure.13: Frequency responses of the controlled plant and inverse weighting functions

Based on the precedent figure, we can see that the controller achieves performance

requirements for the linear case.The time resporse to an ouput disturbance step of level one,
at timet=0 s, is represented

y(continuous line) usat(dotted)

time(s)

Figure 14: Time resporse
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We obtain response simil ar to the one obtained by Doyle et al.(1987).
In next figure, resporse to an output disturbance with unit step at time t=0 and a switch to -1 at t=4sis
depicted.

y(continuous line) usat(dotted)

0 50 100 150
time(s)

Fig.15. Time response

In this case, nolimit cycle emerges asit isthe caein Doyle et al.(1987) .

CONCLUSION

In this paper, an anti-windup asign has been presented. The originality of the methodis that it isonly
one step design, notarget controller is needed since the performances for the linear case are aso
treated during the synthesis. An augmented plant has been proposed and an procedure of pre-scding is
introduced to improve the mnvergence of the DK iterations. Doyle's example shows that this method
is particularly suitable for the plant windup. The method proposed in this paper is g/stematic, the
exposition of the objectives and asociated trade-offsis clear. MIMO systems and the LMIs tools are
topics of ongoing research on this problem..

References

Doyle J.C. (1982). Analysis of feedback system with structured uncertainties. IEEE Proc. Part D. Vol
129

Doyle J.C., Smith R.S., and Enns D.F. (1987).Control of plants with input saturation nonlinearities. In
Proceedings of the 1987 American Control Conference, pages 1034-1039,Minnegolis, MN.

Horowitz 1.(1983. A synthesis theory for a class of saturating systems. Int.J.Control, vol.38,
n°1,ppl69187.

Kwakernaak H. (1993. Robust control and H..-optimization. Automatica 29,r*29,pp 255273
Morari M, Zafiriou E. (1989). Robust process control. Prentice-Hall, Englewood cliffs.

Prempain E., Bergeon B.(1996). An initialization procedure for the D-K iteration for a dass of
problems. IFAC World Congress, San Francisco.

1618



Proceedings of the 7th Mediterranean Conference on Control and Automation (MED99) Haifa, Israel - June 28-30, 1999

Safonov M.G., Jonckheere E.A., Verma M. and Limebeeas D.J.N. (1987). Synthesis of positive red
multi variable feedbadk systems. Int.J.Control, vol.45, 1f3,pp817842.

Wurmthaler C., Hippe P. (1991). Systematic compensator design in the presence of input saturation.
Proc.1991, European Control Conference, pp1268-1273,Grenaoble (France).

Wurmthaler C., Hippe P. (1996). Systematic anti windup design for control systems with saturating
aduators. Proc.1996,CESA Imacs , pp.10381042,Lille (France).

YgorraS., Lu E. and BergeonB. (1998). An H., design for an anti-windupscheme. IFAC SSC, Nantes
(France).

1619



	HOME
	SESSION

