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This paper containg preliminary, ves proaisiag,
results for iacsoducing antizeset. wiadup (ARW) prop=
erties in

and incegrating ac=ioan.

that employ
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exzended .'7 space then a relation T is called
szable in the exzended :.2 space if there exists
R<= such that ) :

sivariable fasedback contsol “systexms [lexll< =flx|] vx, ¥ ()
wizh multiple saturating acsuators nonlineasities
The ARW method intsoduces where

simple nonlinear Zfeedback around the intagracorss. p——
The multiloop cizcle criterion is used to decive Hxl] = ~<xix ()
sufficient conditions for closed-loop stabilic 1

&, o s - - -

{requenacy~domaia singular value tests. T
The improvement in tzansient response due to the x> & ) x, (Tix{TidT 3

ARW feedback is demonstzaced usiag a2 2-input

2-output contzol system based upon the F=404 jet

engine dynamics.
1. Iantzoduczion”

Reset-windups (1l}],[2] appear in feedback contsol
whea a linear compensator with iategrators is used
in a closed-loop system in the presence of sacurat-

. _ing actuacors. When the acTuators are satuzatad

’ the error is continuously incegraced; this can lead
to large overshoots on the responsa of the system.
The antireset windup (ARW) idea is o use a lineax
compensacsr with a nonlinear feedtack loop which
“susns-~off” the integrating action wheneves
zacuration ocsucs.  Then the lazge ovessnoocs can
be zadyced and the performance of the system will
izprove (small overshoot, smaller sectling times).

ARW techniques have Deen used exzensively Zor
single=-inpus Single~output (SISO) systems (1,2].
The SISO ARW zechniques ase based on engineering
intuition and on extensive simulations., -little

. mathematcical analysis has been done even in the
SIS0 case and we are not aware of any ARW stratecies
for MIMO systems. In this paper,
mliivariable version of the cizsle criterion (see
Safonov and Azthans (J])° =o develop sufficient con-
dizions for the global stabilizy of MIMO systems
wilh saguration together with
strategies. The thaeorenical examples arce il-
luserated by a simple 2-input 2-cutsut LIG/LTR

The nonlinearities used in this paper are 3mqle—-—
input single—output and time—invarianz. We will
say that a SISO mapping "£* is secriczly inside a
conic sector with radius r and center ¢ if

[t(x)-cxzz 2
< = =¢
| A

-

xro: for some £>0 (4)
Statement of the Problem and
Pzoposed Soluzion

-
-

- Pigure 1 shows a genexal MIMO closed loop systen
wizh several SISO saturating aoplinearities at the
input of the plant.  Except for the saturating noa=
linearties the system is linear and time-invazi;

A reasonable assumpticn is that the SISO actuater
noalinearities are memoryless (static) with upper
and lower bounds GF and UL respectively. The

input/output. charactezization of the ncnl.nea:;"y
g_L is given by

U[:! u, (¢ )>UH
i i
ve shall use the s .
ui(t) = Qi(ﬁ) L'i (=)<U (s)
4 L
MIMC meshods for ARW g, u. (2) 20,

with i=1,2,....3, where for p-soncrol inpuss

based design (4], (S] using a ncdel of the SE =304 s v .
jet engine. u, (2) o v
L L L
IZ. Mathematical Prelizinacies L : L .1 n-z. 4 r. (6)
Assuming that all the signals belong in the ' u el v -] Up
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figqure l: Closed loop MIMC system.

Ffor a class af reference sicgnals (s} and iaicial
conditions of G(s), the commanded conezol signal
u(t) can exceed the sacucation limizs defined gd

and tlr'. Thus, "large” exTor signals are generated
and are integrated continuously. The eleaencs of
the goncsol vector u(t) does not neceassarily change
sign wneneve:r those of the exTor vector &(%) do,
because the inteqgracor states can have large values
at thas time. Thersfore one or More elements of
the exrror vecsor e(f) may aot Se aunlled-out for a
subszancial tine Sefors the corTecs component of
changes sign, and this can. lead o overshoots and
large settling times in the tTansient responses.

Secause the reset-windup problem is caused by
the integrators it makes sense 0 “turn-off™ the
integracors whenever saturation ocsurs. Figqure 2
shows a proposed nonlineaxr feedback system on the
compensacor K(s) and the integrators that will
deactivace the integracors when such saturation
occurs.
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Pigure 2: Closed~loop system with ARW Sroperxties.

The iaput/output characzasization of the £, non-

linearicy, wnich consists of SISO “dead-:zone*
type elements, is gyiven by

"
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a, (%) u, (:)>ul:l
L ;S -3
oo odo o uleq ey<u® .
i =Sy th
) L
u; “i.(t’(-ui.
whese
g L P :
u(el, and U are defined in (6) and
4
':.,.(:)
R . (8)
u”(z) &} :
H
v (e}
B

From figuse 2 it can be easily seen =haz wnen u(el
exceads the saturation lizics the followiang is
tTue:

u(s) = L [T+
- g =

a1 kis)els) = K(s) —— es) (9)

s == - s+ — :
S2lectively =he nonlinear feedback systam replaces
the incegratars with a lag network. The design
parameter @ detarmines the time constant of the
lag and it effecss the stability of the closed-lcop
system. Section IV shows the stabilicy analysis
and how 2 can be determined.

IV. Stahilicy Analysis
The closed-locp system ix Figuze 2 can be ze-
stTuctused 3 an ecu;va.l.-_n. one, as shown ia
Figqure J. DNote SRe separation of the linear time
invariang (LTI) part T(s) and e 3emoryless non-
linca.: :i:e invasians pasxt F.
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The closed loop syszes Wiin ARW
propes=ies. -
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It is impoczant to point out zhat sisce X(s), and

/s are linear systems the I(t) can enter at the
u(e) signal as shown in

tiie szanilicy of the closed lcop system

=
«

')

Pigqure 4:
oguse

X system equivalent to that of Fig. 3.

Such modification is important in ordec to apply
the multiloop cizele cziterion (3]. The mactema-
tical equivalence of Figure 4 and Figuse J can

be easily seea by block diagram manisulation or oy
explicitly calculating the ¥(s)/u(s) wwansier
zions for both configquracion from Tiguses

J ov 4. . R
-X3)G(s)I/s S
T(s) = e (1)
-K(s)G(s) 1/ 2z
uB(e) = £ (u(t)) : (123
- -L -
£ .
@ (z) = £ (ult)) (13)
u.s(s) u(t)
- (1) 14)
£ .
u (s) u(x)
) 0 _
Fe| - (15)
0 . .

Tne u(t) signals (unsatusated sSats

ssnToolis) can De
ccnsidered bounded (the Sounds zan Se very lacge)

la ] e 6] ve —mc olem wi (16)

Then 4

-

-9
-

the i‘ and aonlinearicies aze stricaly

inside some conic sector as shown in Tigures 3SA
and SB8.
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iqure § without changiag

Conic seczor of the s,

nonlinearities.

w (=),

Figure S5b: Conic sector of the £, nonlinearities.

The conic seczor of the £

L. nonlinearities, can be
N L
defined by a center C7 and a zadius :i.: where
1l 1 -
ci sz l-5/2 e>0;: =0 (L7)
-4
1 1 u"
Cl =z ™ === agr2 2>0; &= (18)
i i H
g,
i
winich implies zhac
L o}
z. - =} .1/2 (19}
it (lec 0 b eLl/
. i
et = tees2-ct (20)
i i
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e Ui. Tepresents tie high saturation lizit Iz
each iapuz channel and iz is a physizal consTsals.

K

The U, will be parametess in the szadbilisy analy=s

and they Cepresent Zhe worst bound oz the unsatus-
ted signals U, (t). U% will be defized in tte
stapilicy S=s2” =5 guarantee closed loop szasilisy.
Similaczly a conic sectzar of each of Ihe £, nom-
linearizies can be defined by a censer C;Z and

radius ::z as

C? - 1/2 . 22y
i .
2 -
:.‘ = 1/3 + /2 £>0; £+0 23
define -
I : Cz Q
CL 0 N
1 2 (24)
g - 1 s & = 2 . .
[s) (o o} =
- P - 2
:L Q T Q .
X i 2 l
_t_ - . ’ i - (25)
0 :1 0 :2 o
- p d P
v ~
S £ o
c - , R= ' (26)
0 E2, 0 i_'2 =

Stabilisy Result

The mulziloop circle criterion (3] can now be
applied and sufficient conditions for stapility
are as fsollows: :

1) The closed loop system has to be stable of the
nonlinearities are replaced by their cencess
of their seciors C.

2) The following has to be zTue for all f£Te-
Quencies :

o .
T w) (Z+€ T(iwi] < 2 27
Trax(® LW {Irg Twl] "1 Yu (27

wnese 7T(s) has been defined by equation (11).

The only two parametezs are G and g_a, where G
is the feedback locp gain paramecer. DNotice that
different a's can be used for diZfezent directions
on the feedback loop.

12 for =0 the UM given by znhe stapilicy test is
not sacisfaczory, the linear compensacor design
has to change or the specifications of the prodlem

cannot be aeet guaranting stability. Iz the oulti-

loop cizzle critarion for c=0 zhe AWR ciszuiz is

not used and the systam is uneffeczed by zhe non-
linear ARW faedback.

A vesy imporzant final point oa the stapility

analysis is that the ssasilisy sest is onlv a
i —

syfiicient condiztion whick peans that if the con-
itions are satisiied then the closed locp sysctem
is guaranteed 5o rezain szacle. If the canditions
are not satisfied nes Zhe closed loop System may
or zay aot be closed locp szable, or the U! is
20t a necessary bound for u(s). -

V. Nuzerigcal Example
A linearized nodel of the GZ F404 jet engine has
bean chiosen cogrespondiag o sated Ihirust condition
atc 35,000 £2 alzisuda. The example is used here

for academic purpose enly. And zhe state-space
representacion of the scaled F-404 model is given

by
-1.46 2.35 O 476 4.9
x*(g)} =| .32% =2.23 0 [x(r) +|.708 .027 |ud

175 -39 Q 471 ~l.24

1 0o @ ,

zig) = x(z _
6 o 1 (29)

-l -

G(s) = CsI=A) B (30

The components of the state vector x(t) are scaled
and represent low pressuce speed, high pressure
speed, and thermocouple dynamics. The cencrol
vecTor components acte

ul(t): scaled fuel flow with limies level
-3g, (2163

g, {t): scaled nozxzle area with limits
~liu2(=)_<_#3 .

The conic seczors that the input nonlineaxiti
are strictly inside are given in figurze 6. The
conic sectors that the autowindup feedback non-
linearities are strictly inside are the same as
always to the ones given in Section IV. With
the given defini-ion of the conic sectors the C
and R matTices aza
r 9

12 (1.—3/0’:)

hd
L/2(1=2/U)) . (3la)

e

vz




1/2(1ve-30"Y
R b S
' ’ 4 9
R = L/2(1vr€=3/Ty) : (215)
1/2+€/2
°
1/2+¢/2

In the next step a compensacor K(s) was designed
using the LJG/LTR methodology [4,5] iacluding an
integrator on the loop Transifer Matrix., The ¢Ssse
over frecuency region was set bDetween approxizately
4 and 10 rad/sec, =he resultant singular values of
the loop transfer macrix are shown in Figure 7.
After the compensatar was designed the followiag

magTix was formed
-ameml 2z .
Eh (32
‘ r e
ssiglsiy gL

o (<) 4

Figure 6a: Conic sector fSor the saturation of the

fuel inputc of the F3ils Zagina.

the

for the sasuration of
of the 7404.Zagine.

Figura 6b: Conic seczar
noz=le iapu:z
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Fiqure 8: Singulas value stabilizy test (eq.l3).

N Recall =hat zhe test fof clgsed looe stabilicy

wvas -1 )
g [R T(iw (2+ Ttiw] "1 L Yw (33
[ax = = -

It was found that for g=l, £/2=.0005 and U =3-L the

inequalizy (33) was sazisii for all %f-ecuencies
as shown in Figuze 8. Since the examcie 1S only

A .
for academic susposes tne lagnituce Sound g, for
d suZficient.

sne u(t) Signals will be csnsiders
Y aot aven for g=Q

I£ cne sound L is aos susficzienc

chen he compensasac Els) austc be redesigned.
wne secand zest far scapility was To Ieplace the
acnlineasiziaes wiih their ceatess % , so for

UNl = 5-Z



reslacing the aonlineacizies wizh € wne zlosed locs
system was fiad =3 »e stable.
Since szasilizy is guasanteed az least foc
M
U = 5-I. A simulacion was pesformed wish iaizial
- condizions x(0), csaszant refereacs signal (%)
and coastant ocutrput distusbances d(T!)

-3

[X]
)
n

x(0) =| =3 z(z) = a(cs) =

[
]

.

n

-3
>0 t20

(28)

fiqure 9 shows the time responses of the closed
loop system wizh and without ARW proper=zies. One
can readily see the performance improvezmeat of tie
system wizh Zhe ARW feedback. )

Figure 10 shows tha transient response of tle
sacuraced contTal input g, (&). Notice that the

system wizh the ARW propertzies "takes action”
faszer than the original closed loop systems.

V. Conclusions
. Ia =his paper we have presented a promising
tecanicue for insroducing antireset windup (ARW)
properties in a linear MIMC contsol system with
incegracors which are followed by saturating non-.
linearizies. The desiga of the ARW feedback loops
must be done in sush 4 way SC as 0 guarantese e
stabilicy of the noalinear contsol system. We
have explozsd 2he use of the multiloop cizcle o
guide us in the ARW design.

We view the results in this paper as promising
but cerzaianly not csmplete. Much more research is
needed to asTive at a genezic design mechodology
to intzoduce ARW propert=ies in a MIMO contzol sys-
tem with aultiple sacuration nonlinearities. In
parsicular, we plan =0 examine the degree of con-
Servatism induced by the sufficiency condizions
innecent in he use of zhe multiloop cizcle eri-
terion, and nmeans sy wnichl The conservatism can

. be decreased.
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Ficure 9: The output for both the original s;sten
and the one with AWR feedback. The tog figqure shows
scaled low pressure speed transient and =he botswom

~. -figure shows scaled temperature transienc.
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Figure 10: Saturaced control inputs for boeh =he

originali closed loop system and the one wizh Zaed-
back. The woe figure shows the fuel flow cesponse
and the BOCICE one shows =he noz=le area c2sponse.





