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Abstract. In many control designs the ¢
signal is split into parallel channclswhiclhaie
tailorcd to be significant over distinet fregus nes
ranges and arc then rccombined. (Micnatlcas
onc channcl contains nonlinear clcments ‘1 i
most common example is a PID contiolier with
an anti-windup nonlincarity in the I-<<hiammnc 1 A
morc gencral  example using highct-oid,
compensators is presenied, which is a theim 1l
controller for a spacecrafl-mounted telesg ope
Although the lincar clements can be designg d
cffectively using frequency response mctliog -,
the design of the nonlincar clen jents is pode d
by siep-response simulations o1 ¢Xpoct g nt »
The Jolt of the nonlincaritics in the poratlc |

channel structure i s further examined 1
int reducing the concept of amplitude/f1 cguoncy
windows. Acquisition and tracking sysfcinsare
considered which usc amplitude witidowin, of

the crror signal to change control modes Fhe

performance of such “multi-window™ coniol

syslems is then discussed, and their design s
comparcd to  the design  of  fusey-logic

controllers.

INTRODUCTION

A common control  System design

mcthodology entails splitting the crior sign 11
into patallcl channels with lincat C orupxensation
such that the channcls arc significant oo
distinct frequency ranges. Nonlincar itics ane
included in some channels, and aicinos{eficn
of the non-dynamic type. Usually the ((hanncls
arc rccombincd lincarly. Such atvartangeni-n |
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allows the desipncr to restrict the action of a
patticularnonlincarity (o the. frequency range
which corresponids 10 the channelin which it
appears. ‘1 his {featwie is thought to be a key to
the populanty of paralict-channel compensators,
sinee for the puredy Yincar case, the design of
cascaded cotnpensiation s equally simple. An
exa mple of this type of controller which is
ubiguitous in industiy "3 is a PID controller
with an anti-windup nonlincarity in the I-
¢hannel  The  nonlincatity  prevent s the
undesirable  ovarshooting  that results from
actustor saturation durwag large transients. The
apphication of a P1D controller typically results
m a Bode diagram which is sub-optimally
shal low a1 crossover * 1 lowever, the parallel-
channel sttoc o is casily generalized to higher-
order sysicms which can be designed close to the
optimum. In the following, discussion) the three
paraticl channcls arc 1eferred t o as low-
ficqueney (1 1), medivin-fiequency (MF), and
high-frequeney (1 1F). andthey arc analogous 10
the I-¢ hannel, the P-chznnel, and the D-channel,
respectively. of the PID controller.

CONTROILI.ERS W1 1’11 ANTI-WIND-UP
DEVICES

‘1 hisinvestigationwas prompted by a few
speahce design problems, and their discussion
provides an intrtoduction Fig. 1 shows an
clectrical analogy to a ther mal cont rol system
foraspacecr aft-mounted telescope. The heater is
vsed to keep the temperatwe of the primary and
the secondary minors within 1.6 K of each
othicr. (Anothetloop, which is not shown, drives
the primary niinrorheater which maintains the
absolute temperaiure a1263-298 K). The beaters
are pulsc-width modulited with a modulation
peiod of 6s, anda Imlsc-width timing,
1esolution of 125 mseo The total heater power



cannot exceed 6 W. The frequency response of
the plant transfer function from the heateratiic
temperature differential is basically that of 111
integrator; however there arc also tidint o
1o sscs, which are nonlinear.
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Fig. 1: Thermal controller electricalunalogs

T h e compensator is implementad il ¢
parallel channels. The compensatiotior .
high-frequency (1 IF) channel is a compley 1ok
pair:
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shown an Fip, 3. 1'he paralied connection of the
ME and FE channels forms the constant gain
region on the Bode disgram near 30 mHz,
which is known as the “Bode step.” and

provides the  optimal Aol The feedback
handwidth was uvitnately linuted by the effects
of sampling

The 1.F compensation steepens the response
in the 1-J0 by rnge, providing  larger
feedback at low frzguencies. This would result
in wind-up teo exeessive overshooting,  for
fransaents in winch ihe heater saturates, unless
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Fie. 2: Purollel channel compensator for
thermal contioller

Fig. 3: ¥ oop Breguency 1o ponse for thermal contralles

The medium-fiequency (MF) and low-{romque i
(1.}) channels are first-order:
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and a saturation element precedes e L
compensation. The separate and  ccmbing

frequency responses  of the  Conpens o
channels (ignoring the nonlincarity} are show:
in Fig. 2, and the loop frequency response i

arc anti-windup desics is provided, (For the
tvptcal power-on transicnt, the heater saturates
mnediarely ) The anti-windup device used here
s a3 satunation clement preceding the LEF path,
Tuis presents the B opath from “integrating
up” excessively when the actuator is saturated
and the ¢noas Jarpe After observing a few (5-
10) step response simalanons, the saturation
thresheld inthe 1E path was chosen to be 0.8 K.
The closed-loop sysicrn transient  response is
potably imsensitive o varabions in this level,
which makes a good level easy to determunc.
Note that placement o the saturation element




after the LF compensation results inva nats aent
with a windup error that is small but take . an
cxcessive amount of time to decav. | ndu-tval
controllers, which often place thc satwrastionhuk
after the I-path, frequently use integrator el
features to overcome this problem

The powcr-on  slep  response  {or the
controller is shown in Fig. 4. Thchatrs
saturated most of the time, providing iy
time-optimal performance, anti the overshontis
insignificant.
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Fig. 4: Step rvesponse for thermasd controlivy

PID controllers are also uscd forscrs o
where the plant s essentially & oy ol
integrator.  (This  idcalization is U~ vl
complicated by nonlinear friction andiorloa
characteristics, and sometimes high-f1 cque sy
structural resonance modes. ) At ficaucni .
where the I-channel is dominant, the loon
response has a steep slope of Jintegrators il
an anti-windup device is typically necessartn
provide an acceptable r1esponse  to g
tiansicnts,

A related cxample arc thruster controlivrs
forspacecraft attitude control. The plantis Ose
to a pure double integrator, although theraina,
be flex modcsat high frequencies. "Thethias oy,
arcarranged so that they canbe used topsronid
aposihive or negative torque about Chch axis, it
they are not throttled - the torque s « il i
positive or negative a fixed magnitude, otz
(similar to a 3-position relay.) Thescoontiol s
often do not include an l-channel  {lew
frequency disturbances arc almost nong visic 1),
but do usc saturation in the P-channcl wincii.
then considcred to be the LF-channci 1
avoids windup duc to the extremcactuiio
nonlinearity and the “extra”integrator,

With describing function (DF) mcthod . th
explanation for the windup phenomenon goes s
follows. Actuator saturation reduccs the koo

gainsuch thatthe crossover frequency is shifted
(in\\ wimto the steepicpon which is dominated
bv the 1Fchannel ‘i he phase lag here is
excessive and hicresults a sort of process
instability. The anti-wandup device works by
reducing the gan of the 1.F channel at large
signad lew el Thisakes the fiequency response
mor¢ shallow, and thus testores (he phase lead,
Interestingls 13 analysis d o t's not suggest
anything aboutthe placementof the nonlincarity
bcfore or aller the lincar compensation, despite
the cunious dependenccof the observed transient
response on this choice Not dots DF analysis
cnable the desipner to quantify the trade-offs
\W\ hich g be migde in the choice of the
saturation level A< e ntioned previously, this
pare of the destpnss usually carned out using
sirnulations orexperime nts, both of which can
be expensive and time-consuming,

In general, the introduction of
nondinecantics greatly oxpands the design space
frow the purely hue v case, where the Bode
miegrallimitations fora trade-ofTs between, for
ox unple, fast response o large errors and
nunimization ol slcld>-slate ¢rror. It is not
obyious, however, whick nonlinearitics might be
advantag: ous, and whacinthe control system
architectu 1e they should be placed. The anti-
windup devices gie placed in the 1, F-channel,
simce it i. knows th o the conbination of this
channel’s ficquency tesponse and the actuator
satur ation causes the undesitable overshooting,
M othet atangements can be useful f o r
nnproving asvstem’'s perforiance beyond that
achicvable by linear compensation, One of the
mere intuitively ¢ ppealing 1S the acquisition and
tracking avchiteciuie, wherethe control law is
"oy witched as the ¢ rosmgnallevelchanges.

ACQUISTI L IONAND TR ACKING SYSTEMS

Acquisition and tracking, systems, like those
uscd mhoming misses, are designed to operate
m o modes: “acquisition mode” when the
crionislargc and Uk mode” when the error
15 small Another example o f the
acausition 'tacking type is a pointing control
sysstem for aspaceaafl-mounted camera, in
which a rapidretirgenny mancuver is followed
by a slow preaise scannang patlern to form a
IosnC Irung Whentheertor signal is in the
acquisition  repine, the  controller  should




respond as rapidly as possible, i.c.theicedias
bandwidth should be as wide as possible 11 (hu
acquisition mode it is not nccessary thistthe
feedback bevery large, since thecerrons 1;vp.
In the tracking regime, the feedback bindw idily
needs 10 be reduced to reduce the ciicols ot
sensor noise, but the value of the fecdback
should bc made rather large to sinmiiscthe
tracking crior. T he differing loop 1 couene
responses for the two modes arc depictedinty
s,
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Fig. 5: Acquisition / track loop frcqueac
responses

While the determination of the optnel
frequency responscs for the acquisition 1111 v
and for the tracking mode is stisightiorw.ac
guaranteeing a smooth transitionbotweon 11, >
two regimes can bc difficuit. First. a crnonon
must be established for changing the ¢ oni ot
law. It is usually sufficicnt to alter the connol
law based on the amplitude of theertorsigi,
alone, although clearly other informationyiein
be factored in Second, it musibcdetc 11111 o
whether this change should be doncabrupiy b
using a switch, or gradually scmchow b,
blending the separate rcponses (the soituiition
clement in the. LF path of the parallch-chinnc
controllers discussed above is to provide this s
of blending.)

Abtupt switching from acauisiton o
tracking mode can generate largetransicnts
the output and error signals, Thesituationpg
Le so bad that the target is de-scquired
conceptual solution is to smooththetrinagin
so that intermediate frequency responses diring
the transition will look tikc the dottcdhme i
Fig. 5.1 the frequency responscs of the 1at

channels are ble nded with the relative weight
being a funchion of the crror signal amplitude, a
steoth transition ¢an be provided. 1 lowever,
carc must be tzken (o ensure that all of the
mtenmedsate combined fiequency responses of
the parallel ¢ hanncls ate acceptable. No
miermediate 1esponse should be allowed which
1esults i anunstable svstem, or even in a
systern wath sruall stability margins, since it is
kilo\' 11 thatsuchsystemshave poles Close to jor-
axis and therefore, produce excessively large
vansient responses ‘1 hisisa problem more
of:enthanone mightthink, As an c.sample, let
the: total loop respon se 7 be the weighted sum of
the acquisition 7, andtiacking 7, responses:

¢

7= A1 /f:)'/"“w, kL
and suppose that & sinoothly varies from 0 to 1
as the transition from acquisition mode to track
1mode occurs For a cenain value of &, the gains
in the two paths are cqual at the frequency
ndicated 1 Figo 50 At this point the difference
in phase between the two transfer functions
excecds 1807, aud the result is that a zero of the
wotal transfer function  moves into the right
half-planc of s and the system  becomes
unstsble. The tanacnt generated while  the
systern temains an thns state can be big and
distuptive, even cansing the tatget to be lost. For
this reason care should alwavs be taken to
provide a smooth transition,

The conditions far the parallel-channcl
transfer  funcvon  Ji, 4+ W, to become
nontninimunephzse (when cach of the channels
is mininvin-phase) s ilustrated in Fig. 6.
When B is a Tow-pass. and W5 is a high pass,
aud the slopes of the gain responses are
mercased as shown in bigo 6(b), then, the phase
dificrence increases between the two channel
vanster functions at frequency where the gains
me coual. Thaefore, from the vector addition of
the two cutput signals, it is clear that zero
transnussion occurs when the phase difference is
7, 1.¢. the root locus for the transfer function
zero crosses the fm-axas as shown in Fig. 6(c). A
pencral criterion 1s given in Ref 4,
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Fig. 6: Parallelchannclsythnon minimuni phase shift

MULTI-WINDOW CONTROIL1.ERS

InaPll) controller with anant-wirfin
device, theerior signal is filtered mto duygen
frequency channels, but the input to (oroup
ofy the LF  channel is restricted y sinad |
amplitudes. In the acquisition and 1 ac
controllers, the error signal amplitudeisns o
determine a weighted sum of differentficaun .
responses. A general  view is 10 <o
nonlinear compensators whichparabon (e
error signalinto “windows.” Thewmdow
divide the frequency spectrum (or, eguivale iy,
time-response behavior) andtheampliuc
range, as depicted in Fig. 7, This archijceigicis
referred to as “multi-window,” and g
number of useful nonlinear controlschcies can
be cast in this form.
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The diagram in Fig. 7 is somewh g
ambiguous since it does not indicatc whothe U
frequency selection or the amplitude sclecicy s
performed first, aud the order dots nosticr (i

« particular order is required. In audio systems,
for example, the freguency selection must be
done first to eliminate intermodulation. On the
other hand, when designing nonlincar dynamic
compensators 1o guarantee stability with Popov’s
method, the fiequeney selection should be done
{irst so that the nonline ity can be combined

with the actuator nonhncarity. 4 Fig. 8 shows
two different types of architectures for multi
window sy siems,
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Fig. 8: Multi window architectures

ForaPID withant-windup, the best choice
depends onthe sorcol connnand the controller
nustrespond toand also on the nature of the
disturbances Wacnthe only command is a step,
piacing the satravon fust will prevent the
accumulation ol integated etror that causes



windup. Howcver, if there is large-amplitude
short pulse-typc random noise, andtheim
frequency components of this nose
substantial, the integral term neods Wb
effective to reduce the “hang-ofl” ¢riom i
output - but it is not if the peaks are bomne
clipped by input saturation in the:-channcl

whichmake the nalt-window controller design
casicr than convennon g fuyzy-logic systems.
The concept of & lincar compensator does
not ususily apy sear  vsplicily in fuzzy-logic
contollors, Infact. one of the selling points of
suchcontrollersisthat the user supposedly does
not neca 10 know  anything about control
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Fig. 9: Possibic J-pavh jvoplemen tations for anti- windup

this case it would be better to firsiwioen e
pulses by using a low-pass filter, andcnintt:
to clip them.

W hen the errorsignalcan be arbitiai e
best per formance (In @ minimax sense) v m
provided by a combination of the two straley: .
1.e. the saturation link could bcsandw1ciicd

between two low-pass filters. Here two cpltons
exist: (a) half of an integration canbu piw o
before the saturation, and then another b i
afterwards; or (b) using two first-orderin . ..
one before the nonlinearity cutting ofithe Invti
frequencies using a singlepole, andai
afterwards cutting oftf low-frequencivs whi
zero atthesame frequency as thepol, o
Zrst link. These ilmplementations are in¢ic it o
mmFig. 9. The pole / zero frequency cuhe
adjusted as a single “knob. ™ Butstill couaiiing
the saturation level, two extraknobs: .
required compared to the linear PID cont il
(For the half-integrator version, thoreas i,
otie additional knob,)

COMPARISON 10
CONTROLLERS

FUZZ7Y- 100G

The multi-window archite Thu e s
particularly convenient for enhancine ol
system by using nonlinear ities. 1 he potionan:
is often muchbetter than what could be oblsin
fromm a linear controller. The adyantoy ot
nonlinear control are also exploited bfu/»
logic controllers, which are similaito
window controllers 1n that nonlincaritivs i«
used to tailor the controller icsienoe
charactenistics for different signal levels il o
arc severalimportant differences howin

cugrincering, As an exsonple, one of the rules in
a fuv -y centroller nught be if the error is large
apply maximm torque 1o contect it Except for
the  threshoid,  the  hnear  inforination s
aisresardea. Many furzey controllers do compute
derivatives of the ouiput variable by  back-
oiiierencing, and this 1~ ccopnized as first-order
Fear compensation Tie furzy controller uses
different lzws for diffcient combinations of the
output and ity racc ostimate. Moving further in
tos dircchon s the Cfuzzified” PID
controller -6 w hich uses fnear compensation o f
e crror ssgnal to o pencrate thres parallel
chnannels, and then gy pnes fuzzy-logic in the
low~f requeicy channe @ which benefits m o s t
froms  the  introduction of  nonlinearities.
Cbviously this soteot approach does require
sone conttol envmesniuy knowledge, and also
breins to ressia D controllers with anti-
windop dovices that hove besninuse in industry
for iany yo us A Zurmimon selling point of
furzy-logr C onuolicrs asthat they canout-

perform linesr controdles.® The comparnison is
mappoptale since noslincanties are routinely
used with PID7s 1o bnprove transient response
ad robusingss. A ere honest comparison was
made in Rell 6, winch considered a fuzzy
cortroller for & bateh distthation column and
corciuded thet the perlonmance was about the
sarne 55 a conventionsi PID with anti-windup.
There are seversl nmportant  differences
betwesn the design of multi-window controtiers
and the design of fur sy oeic controliers:
I Por mlt-window systems, there are large
regimes of operation where the system can
be consider<d 1o te linear. The classical



Bode integrals can be employed 1o ke
trade-offs iclated to the feedback b wndwiitl
himitation by noise and plant uncerizinty
and to guarantcc the best  avilabh
performance. i n o fuzzy logic conu olli 1t
these trade-offs are nottransparcntandi.
difficultto make.

2. For multi-window controllers the yunmisc e ¢f
windows required is not large Assuorin
the desigh examples, 2 or 3 windovwsicn
it designs that appear 10 b¢ ¢losgtn
optimal For fuzzy controljers he iyt
of windows required for goodpcitort:
can belarge. If there are SCveral put e
(and  their  derivatives) and st et
amplitude windows pecr measutcined, .
number of control laws grows m o
combinatorial way. Thic situstioniciyn
worse for Ml MC) systems. sinceJoruh
svstemsit is all the more criticaluh Il tr:d
offs can bc made quickly andeicicntly

3.For multi-window controllers, rclatincivicw
paramelers need to be chosern to de st
nonlincar clements. This is imporiant 11 1.
the choice of nonlinear paramctersiivilyes
a significant amount of <imulativt
experiment, and gets out of huind gucky o
there are more than a few of them

4. Implementation i n hardware or softw o o s

simipler when only a few satwation \ o
nonlinecaritics arc required

.Multi-window controllers donotic uite

any sort of fu~xy-set opcrations o proninc
sinooth transitions, Tnsdend I
nonlinearitics arc chosen (Jike s itunion)
such that sharp discontinuitics areaved.i
Minimum-phase  conditious care bo wly
preserved since only adjacentchanngisnoed
10 be considered. (At each signallevel ouly
two channels arc significant. ) Atvmp .
often made t o design furrsy contioll s
without paying, any atlention to this:ssi,
and the results can bcconfusmg @ od
disillusioning.
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