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Abstract In this paper we derive new conttolo laws fbr
a compression system using only drive torque as control
variahie. First we present, wIrth a min-nor miodificationi a rveently
published stahili ing static contrEol law Then this control law is
extended with a passtve part which can be static or dynamic, a
iobust part usintg nonlinear damping" and an adaptive part
The control laws are module based in the sense that any
combination of the control parls can be used in combination
with the stabili ing part.

1. INTlRODUCTL0N

Towards iow mass lows, the stable opmintg region of
centnfigal compressors is bounded due to the occurrene
of surge This phenomenon is characteri/ed by oscillations
in system states such as prssure and mass flow Surge
is undesirable sICe it iimtduces the possibility of sever
damage to th Machine due to vibrtins a high thermal
loading rsulting frm lowered efficie.icy
Comressor performance is usual desrnibed wifth a coi

pres r map, Fig. I This mp desinbes the relation of
compressor pressure rtio, mass flow and speed usiiig
constant pTeed lines in a flow-pressure coordinate system.
Surge is Considered as an unstable opertion mode of the
compessor and the stability boundary in the coINpressor mp
is calied die surge line. hs hie divides die conmpssor
map in two regions. wxlhre thie region to the left andight of
the sur hlie corrsponds to open loop stable and unstale
regions respeetivclx.

Traditionally. surg has been axoided using surge aoid-
ane schwems Such schwems use xarous means in order to
keep the operating point of the compressor axay fron the
region wxhere suge occurs. Txpically, a surge control line
is draw mm at a distane awax from the suW iine, leaing a,
sure margin in the compressor map The snrc axidancc
sclheme then ensures that the operatin point does not cers
this line Fig". 1 This Iethod restricts the opeting r of
the mciaiim to th region in wlxiich the svstem is open loop
stable, and efficmcmey is limted.

Actixve surg control is fundamentally different from surge
avoidance Iii aim acte sur contrl sch mewopen loop
unstable rgion of the compressor Map is sough stabilized
with feedback ratier than axoided. Thus the possible opemt-
ing reime of the machine is enlargdW Active surge control
of compressors was first intrduced by [11 amnd siice tmen
a, nmuiber of results ha e been published. DIfferent actuators
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Fig i. Couipressor p-pirflnhiance iaid surge -relied definitioIIS

haxe been used and examples inlude recycle, bleed and
thottie vaives, gas injection vaiable guide vanes and drive
torque For an oxeniexw consut 121 [3] an [41

'in this paper -we di coml laws by ol using the
drixe torque to actix ely stabilize a compression system. The
idea xxas Initially introduced in [I], and further pursued in
161 The paper is orgmned as fblows. The compression
sxstei model is introduced in seetion II 1In section 1II
prvious result for dnxve torque conmil law is restated amd
discussed, with a minor extension of the laws p usly
reported. Ii section IV tie comtrol lax is extended vmth a
passive part Seetiom V addresses tie muncertaintx imxohxed
wlwn camceellig tenns in the backste n procedure, an
introduces momilimar dammpimg in time control law. In section
VI tie umcertainty ii cammellation is pursued further wxith
adaption of constant parameters Simulationms are presented i
seetmom VII amd section VIII gixes some concluding renmarks

11. CoVMPRESSION S YSTEMi\MOiEii

A classical result in the field of compressor surge modeling
is the model of Geitzer [71 x hind covers a basic commpres-
sion sy stem consistig of a compressot a plenum voluine
iiirbetwxee ductiig amd a thwttle vaIve as smoxn in Fig
2. In [81 tIe authors extemded the Greitzer model to also
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incorporute van-ible lin cller $sed, A similar iuod( was
derived in 191 usitg an approach based on lergy alnadsis.
Winch is the modet tscd herc

onsider comprcssion sa stem in w}hidil a centriftugl
conpressor siplies cotiprnsscd gas to a dutct Wxicl dis
tuhg* iitu a pLum oin;016kt Irton Whith the dompressi
gas ditscacs over 4 throttle. A model tforisghsi ttc can
be urictid ds

V U( )S 1
Aq ( tw2)

j Crd lr. W )i3)
Waxhe is the pIctamu pressure l iIs the duict mnass Row atd
w is 1ulpef speed IThotle muss fluxx is gtetii hxr 41;
totAl prestsre doxst reamT1 comnpressor is dcnoted (i )
an1d torue expericned tihanpelter due to comprcsoir tlhid
flow is givetn bvai (u, )F)[thintiorc the xarious constants
epctsen spced of sound at atubteui condtKionrr volucne
of 1ltiu'tit V% cross setwteit of dJtrt I tength of dict L atH
inlma o tatinp pans I
Presre dyxrnims is dtrivaedJ hV coputmi th atus hal-

ance oh thd ladti Volatuie assutingtitiopic codtfitfuns
aMtiunifoun pressure Mass hoax dx ainics is derived h
compuiting til toltnetiitin b aiLce lf di dOct connecting
conlprssor md pletnum assuling inoimplressil ote dini
sionul loaI Cithe duet and coltressor Moreoxe dnameC
ef(ccts ielited to thW compressor st ige are asstuedd smal
leaaitg total pressure doa nstar n the compressor as a pur
napprig front n ass foa ati iieller speedd Impetllr sp
dxiknatlcs is deria d hb cealtulatntg the Atundar iltoiettitutil
bhlince TIIInis axhere the dme to ue appas assuined to
bh att our dipWsal as asteini inputw

Models for throttle tunas floav and cotpressor torque are
tAkn as

k 1si( v/Tj) (4)

t 0,l-Mtl p
ahewr is ahtebit consant prsesure the throttle con-
stain (tpmportroil to throttle ope6mit ad kI is a eompressor
torqu coimattnt 'he edal of trottle a1IxCe uass oa is
shgitlha modified r 1nxewo to 191 1Themtodifiet itmn ols
lcludifig the pssiilita of eahieimss floa ttlhrug the

aalac maid to his ctu tlh thwtdtl chartenrstic is assuni
to be awtiiletne

Fromn (1)(3) it eOin be seen that a desired equmilibriti
satisfa

11U (6)
(

!
P. ) ()

(i)

xherIe iiall pactim cae ises the desird NiiLibritimtnimo hes
Positie aaued tltes amd a lugher .plenutn than abientt pres-
sure F[or comnputationeal 0ctwelnimetie of ssequent amalasins
the desired eqimilibnunii is shifted to the ongin

Ii B t, Y e Y tIrI

(9
ax hee supescript relers to desitred equilhbnrtui TtIhe tide
is then reaxrttim ii error coodirmites siitilg (1).(3) anid (9)

Ii hi'm +' / (i
t U(g'

axmre m A.

I t X )

I(. IIm~13fi ( q~ I
C)

it k3Y!4and
ib U ( . I +

UII+i t

(10)
(II )
(12)

(13)
)) e (14)

I+ L,Xp ) (15)

Moreovr frimi (4). (5)t0 (13)|Z (14) and te obsienoatiolis of
presure dox istre itm tIme comipessori beithg stnctlt iItiic asii0
in ilmnpellt speed. the vaaritouis flction cani be sOim to liaxte
the propet:ies

b) (14 wXiZ). a)i
b) ( i P )

fioVi) (4b)
11s /4ill

1) (1(6)
0 (l7)
0 (18)

nid fi (0) /((0 0) 00) 1)

Mll SiIFi iaDB cCK iAKSEPP l sit N

Contr.ol haws to be derixed ar based on esults fton
161. te re tilts air therfoe restaited for omwciicnce amd
co upfctcest as Wae as the bisis for i xTwr modiication
lhe bakstpp igpiodir reslted iti bikstcpping err
a ariables

ZI = Xi Z2 -2 iii X (Tii()((19)
wl ttre is a 51 mhmtimmgimmiet defined ha

(20)

x iher iN is a PMitia constait Iwto n acording to

(21)

irthermlor the imput

atid the functlon.

lziZ- d(/
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(22)

2 :J) (23)
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+ 1112

+zo ( i,! + fi (2
1+ a 1) i2))

I, ). 2 i) aIdA t

withi ati t4 E L kw + tI"
A ailteriatixe orinudarioti fr conprssoi torque iii (24
latWie to 161 chNhe nude4 bV rwniitig

(2o)
wliere (19) las betn tsed Ihle ieutifitv (24) caut itw be

expirssed

13(1z)
4 1( + (i2| 3

X4X6 Ch (z z3 + tv-z)) (27)

id ttas beet rised thtit (i t (x3)) <
dti to (18) and (19)i

Iwo i pheinetinto of wtw hecr prop ed 6nH61 One in

whict ill tenis enclosed hx the samehrbaket is iii (24)
x8xt& caticl atd 0ei that did not ccan Li k +/1)

On aidditonil ilniphedicntaiiof canhbc ntde basd on the
rewriting (26) wher iCll tetns etcloed bv thi saune bhket
as 2t in. (27) is ceinclled. The thtre xcriants of tk cont l

iW -u a* ir suniarz d fot coxeCnie

fbr tih throttle imdtl (4! II does tiot 1iO1d tohbaltv since
nil ()l&S
For dl tillL colitOl hawsX the gon IihAs a lower booid

gwein bV t(2 I For contml awbs anad b it is sufficient to
toose .1 Adiibtriad lar wherw is it nmst he c1osen suth
c1itfX large for 6ntr1low eh7T dilfrtinde of the coitrol

laws ire fortid in Iii Wav liHressor toriL is h11andled. Thc
first law ditctlv caec6 die model for coniprssor tonrue AdM
thL SCeOW ecIels pIadS of iti TIe third control Iliw does not
include ani explicit tenr for canLelling coiipnressoir tor
Iere stabiltix is achieved Lv JiitntaiiatIng kluL witdi a hiiear
tenLll (uand htie rqtnre stflfielLta\l d)

U(I/tlrk I. (ontra liam b has ali additied stabdi ing
tLnn iin (29) i t ( ) / ( e2 )t conp d to donl
trol law ( o arngpunan d b isLs likes1 teelt IcelatiI
done in b is n0L obhiist tikin the one ri L in i siLLcc id
leixes atn additiotial stabitzni ter, TIhis elainin Ias o rigid
tstification in a;nilvsis but is rither based tie ohbseritiaon
tht I hbecotiis mIore negtihlc for contro law b titiibrfo
Ttie additional stabhizitug tein cau alo be show i ltfr eoitrol
law v. tibt in tlins case ats ruuired sunffieentvi large t
contrast to requinunent of afibit>iarib laie inx Kte hrrt two

ITle derived eontrol laws are all on the foiin U 1i
Recabiinig the analsis ILaditig to (24) it cnl be reeoinicd
that ficretining t + Q + l1eaves a term in (29).
Sinc lt is at our disposal and can he chWosn ftreiv this
iiiotivales the iiestigatioi of passmix Properties of the pair

Using the redefined Conttrl iiptit with previouisx deried
it and tvhth en0er l x stem dtnamics can be exssed as

Eii i

Y. W- zvg
v tv }

(3 1.)

X;~~~~~~~ tRS (.S k 'S
+

grt.12 21 k. 1(M

12 1(2 r {

3

(28-)
t1 givx tn bh (22), iicha ged for vanous

tt3pleinentatiotis results are der Cd usitg
t23) aii

i 5 Q7wW83
t1X!z2. 2RI !!+ f (29)

1hatQe(' t = (b
AdditiOitiil terms eiatixeto Q I) t tid thl super rtpt refers to
thet conr ol lax qin cs titit Setmii g ohal asYnip tiestm ahttxi.t
of = 0 coteui d iSting (29) and lh6) W htn (21)

and () > bolds scini glohalxv. Moteoet if

z,f, (ii) < -'61gI (30)
thertitOltk exponent'Il since (23) and (29) ai qnadtt

Celx bouided m P46 s 'qnaltx hols scm gloal

On to lpoli itii)I ti. se mein jowiitig 6c AN at

ol ii 13 andi y are sv tei n input and 6utpti iespeiclxfiS
namecs of tins tstem Wx l depeid on s c'fif nnpl.

itio ot (28)( Furtieniwo. it tolioxs rm prxiotus

tiilvsi that is g1.iiobahlv Ai5 lnpiot icallxv

.fr z (Z [z0)
ITh aipproai of iixestig.aing passivity ptopees was

inotwatcd bh appe irinc of Ir iii (24). flenec A stortge
ftinetion l for the SxSteti is dfihrd On thie bhsis of V3

t ( i) (32)

Usttig rsilts Wtot pIC mOts afialist ile ttite dui t c Of
2) aulo W (3 ) in the iincqiUalitx

/4'I (ZI) (33)

wiuxic i lkhs beeti that pOsuttxe definite
bv elioosithit otitrol gaiis properv and 1d4 f,( i)
is postttvx dcfitiite bv (h6). RR itttig thei ttic lities as

z3w) V. (tW il is cotlutded that E. i's passivxe I Ol
Th sim that E is output stnrctly pass x pIi

,einporars dfined asic for soiiic

6439

tsulted in

o- /i i)

whrile t zmZ.A

losittve contanits aid

) 11d hX k,
xI

2 .t.j
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From this d&SnitilotI Is considerd tsed in (25) Aid do!;4
is used to showv td $ystali outpuit strictl pSsiEl 1 sing
tle tetioanredefiied Ct iqusilhties can be Ewritten

4!Wt V 4 iZ b wiich it is concludd tdiit
EM is otlput sinti piissive Futlicnuwoir front (303 And
Ieclgnt t1gdxiit ( ti) IIsI( itt
dkfilut in i it is dc6tlhdcd tlat EYt is strictly passve

Di)L to E beiIog u t stictI\ passive of the gnithLin.
it is also fnlite gain 1 asthl xitli finite-gain lss thnAl

It sinoxWn fioin geWnel tieon ot pssio itt tin Ea stnicthI
piasstiv sx steun in feedback inttertonnection "Fith a stnitN
pissre or a output stfictti Passite and erO sta1t observible
svstetn poses tsxiptotic stAbilitv of thl overallsissteit
origin tnis Motivates the definition of a second ssvtetn

t3~~~ 4
if34t)

rprLelttiig a SISO dls iaiic oiitrtl Actifo rue Notice
thait s stet ii put is I li ii eoiiibiiLoditiu of Ltg tlilibnimii
iror \v iabtLs tr coipressor inasE ftioM aiid iilpel t spie d

(¶ 6 3 vt: + 8!t2Said sySteiri output is it oir dispsa
HenleLt tiLtS\stcil N] can beLIcsen nuder restriction of
a gix e i input and ottput pJir (dx uinics ol the i steal ii
be chaser fetds ). C(oosong it to coinipN W i the pperteis
of stfctly xiassixe or output stictxy pissivc aiid eto state
observable til $Yvnteissuptote slabditytt oer itt
feedb interconilItion xxith Ai Such A dx n1inc s st in
ctai for hiita ie W A PI tpe coiitrl lawx witit paltutter
1ston si IhEpat ii t pr s nts titI -pss" xm H| tt |
Moroovr it is belixed thut bstic stilts for the control laix
is obtained b8 choosing ii,iMsltas soill as possible o
that stabilht is achixi d for N" d dthen 1nie' the dvxiuntu
part oftith eentot rl lorPtperoinaiee. nJh inoits tion
for this is fotnid ini distuftfieso siCC A dVhxaiitc controller
cin offer low pass filtcring in Mddition to gain., F tilicnnorc
a dx urninc Control law can a1o otcrint grating effet O itS
error ianablc, a,Icncin itmip ms e stead state pcdlibacllc

Assiie nWo that 415 is hIosen atordting to preding
di iussiw An 'immediate consqi ene is the passe its of
OueraIl fccdb ick i itcrcountcteion of 1.` aid Ei. If s ster

3 IS oUtput stictIt psrv5t 1followss that the initetoicn
ion is fiuiite gain I2 stable. [nilcr noew itf (30) olds at

i us fii at tlii tstit xWill be expoientiiAl stabilitys Of tlio

Sot It the muemril stabihit of 1 in feedbac Intereofnmce
tion wxih a second dx snatucs sticm ot apppnate passx c
properties taxe been discussed owex thc also cxist
siniilat resulits statiit that the origin of NE` in feedbac
iuiietoiiiittiioii 55 ith a tui-a1tiUr'g 11nCinnle1ss fibetion
q /l iaTF3 ( K}1 ) isliere / jF(t 4) is passle wtains
as ittip calls stable | 01 Oii possible chice us a sat ittd
li neasr unetoiunl h/ (( ), sa (u Tl SIns cn tnsed
to pmcticA lxv rettele fwt iinpeit tions aid b bs
ehousin ' -vanmsgiiglx snitwlt

V U<NCETi N't'fiN

The conttol Iaix insolves direct cancellatiotl of itode
ternIs. i se canCelations can be fotiid iii an r
dotic in the tinaI step of tIhe desigii pocedire to axoid sig
iuidcfitite cross tenns in t 29), Sitnce the termis tuipleruenttd

atn21 odel baised=thsc cantebIlationi lx th in os0le some
niicertatitN Witti tspect to the a6trI valtne [oltoswiiig 1121i
a relattoislitp between Modeh atid actuan alueh will be takei

t 61 A, e (1 L A t))
wsher A / is asSttiied bonuided. Fmtri this it cii be
recogfii£d thtir A (0 represents the iiiodles di Nfion tlrno
its actual s ilie ix utt A 1t) 0 ijipts tng pHeufct niach1i of
moodel ati teal vxaltre! atid the iiol& errr incre s as As /
de iates awaxv till Me,

tli omer to htitiii the 6de t ot errrs ititroduced b utinter
taitits iin caliettiitg lens. the coetol kissus extetied sWithi A
iouiliiei daliipi g teri it 4 liTs us not irtodi od tb alteh e
assyinpiottc stablitv iii tit pretseiee o t icrtiinttv btit athler
lmuiri the kect of tIhse errors and to tiaitned buttidd
solutionts iin their presence

We rstrict the anaitsis to the caw wxlere (34) is
strttly passixve With a tradiAlts utboninded stout4e function
1 diW)z13 satist ing

4....wii 0 (36)

1xherItre (z ) is ntdialhx titbounded.
AnhA§itss i owco dnidtid for th entroit ilx incltidig

fie pi ntp t suite tlIs gises ti iiost geteal as
(i1o inCorporathig flu ise xWhei no iSsive couirol parl is
tscd] (C6oisldcr the friic tioi

i (itz£)I (z) + I d(iit 37)

Ihe oxvtill control iss is iiW d6fined bx i t+ zux+
3 + IN (including Also tic pssut prt) or P; u

(cxcluding p issixc part) wxtxhuct constitutos -Iic noiiinear
daiiipug part of the control. Using tihi pPtcx ous restit (24)
or (27) (28) (29) atu (360) sith thlie rncuuient (35)> the
rtie desvatisc of (37) rsupr bounded bx

( t Zzii 9I .5

i (
4 Zl hz () (I)Cit) z

i. 1t + fl1 A tI+ (t t A i

1f/ W~A~(
xiere A (t) sate thu A () d6fine in (
lAtodtu Ai twt 1fs air gsve bs

&I i(t
- fi....(11(

/2~( *~ ii) Ut(

44 §) (39)

/ir (z~i ) dO40)
Nxshie te friietion (4(0) ill vanxwit thi diffett iiptle-
ine attios of it, (2$) I le tens , IAI (t) rprestt error
made xweii Using a given niode&L

6440
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TIi effect~Of pLfurblt)001 restllittin ftom In~I aittix is
nux souiglt eduLed xith (ihe control inptul

Mi -KZ k2z.(1
an ii Anptput bound fbrt(38j is tbLo given bx

(i ti. and A jj (t) L Al(1 J A~(i) is scahttr
anid tunle~l va irahg~II 2] &l'oibitintig tk prwa ons resuilts Of
posinacUhnuc itad the Assnufpuon nUade in 6).

'it is knowxtiihait 11i (il zt is Positive de1hile in its
alguinenis stain globtdia Inrthkrmoic tt is noticed tlbat
IA~uj t)II reduiccs Ixith nicmisting S, Sinicc 0cZ 0
nidiiIf (z. z 0 arc positi8 e d0fitatc and rAdiathl unboun&de
ffnifitins. thid ton lx boundecd 1w Class KC fiiunticuWi
as(t~~~~ ) ~ i it 11i t ~I) and

< 1 zz~ It can i no be sliox u that
sv stemn sitets irte bounded hv

{ ( (1U i 0) )D
(43)

xx incht gixFks a coniditioni of Wxorsi case axitht reSpect ft eliets
of niodel unItertA t6ni or Infitial coniditionas I J Fourtheunotire
it tan be shoxat tiitht tihe ox erill sv teIn is inputato-tvstate Stable
ax ith respect to theo dimtiti niec A4ip Vknotteir wsxtetiu
states eoiixrgenee to die set

(44)
dw semi~globb 11uifounbii boundcd solutio (z ( Zz t

As alreida inientioied, theyese ilts 'holds whietbeor or iiot
the pois ixc Control part is9 usedl bTe praetctai differocec ilcs
int ii eStittinnts Of the global bound.Mtsineth Y5 xxill be
differenit fort the twxo cases. oxcarct h A I llb
the s4ine xxhethier or niot the issiVe part is fihi ded since
A I) us related to bolhiafthleinor, the itrituh
Also giav ani estiolate on botods of sboltions§ (43) 1Tbits 6an
be used to estir ite A less restrictivc 'bountd oni gains used to
achutexe the semiA globah results bx restrictung the region Of
ittractioti ftri stIlu global to some pr deti ted region fbra
poeifie planin

lbhe triuhuar d4nnptg xwas irttodutced to guatintee a
bound Of Solutions iii presncec of nrueertatntV in caMOchle
tc nus, i lie results Showxs that oiftito-us' ire bo utided 1itatd xx ill
Counuge to (44)R IFfiitlheuuiou itan be iceogn ie6d fwouu (42>
that AU11 (I) (bresultsmIuV4l,4(l ,i:) hI- (.zlgl)~
id thte Ws ten is isaniptotmealla stablei 7Iumng foto

'itur xwiii ddep n oii bothi tlue Specific it 1neiiinof (28)
aiid the pamssixe part of tit controler ince Iluese Ii tors litaxe
ant elIet ott blue / I~and funettoib xxiii it!' turt Jdfime

The State heedb ik baiesteppttng procediii resuited ini
three ba-sic controh I axS (28) Wxhuere their ddlereiuee is due"

uo itox they anetcel the conmpressot tomrepmc IIIfissilso'becim
shoxwni that timese basic conftrol laxa s ani be extenmded xxitli a
vussuxe pati zg i tFrtluennore, tisimug noonlneam d;amip
mug gntomutueed boundled solutmmus iii presence of botnded
uttceirtaintites in Cattelled trimus.

bnthiu, seLtioP thue tuicetttltxt im"hxed mix datating~ enm~
aresoughtmitiproxe ha arauietA r esttumntion, Moe speCib

kialla. comsistan paruttieters appeAftun affhiei In the etiteelledl
temuus xxilli be, luddrcssedi All caneellatiotus coinplx xxitli tit
tuitching cotditton x Inehi Means that catcelledl tentits are

1n"the epIi cftwitihec iutn vaiunble. Momslcirepllc~ailk All
iiicellatioits am dolte iii the fitial step of the procedare and

colleeted iii tIme a pu t ol co~Iutroi uax
hTutree imuode IspIecific coiutauttsmkA I~ mud A. eti i be

recognui ed froitu (2$) (xxtutI A tin polrated .PinI) Oaxexet
siceAaiAaxxx s appear iii Ithcmiiuttooi- tis
Wxil b treatted as otmie uklluoxni cotistanit otmix IFotr tlxA is
it is eoixeilieiut mo fewxmite ai Wq q6) A 15 ('it. )

xx here 3)(qt~ ) q a ('iiii ordem to get itii
expressioti xxhlure A appeair explicit. At tibut stage xxe igixore
tisut ricolittamius I- sfimuce ini the acttmimlm uietimemietatuom, axe
lItavc -r E+ uantd thc rds ob ti-nmd xxi iil eain eh
out I or thfe samiiue measonm xxe expresgs Ii: a71 .Omw

Paotainte estimators arc demrixedtba certainty qtxhmc
IThis mixoix repolacing Comistants ini the prexmtiuslx dci iedta
eotutrohl laxas ha their estimmiates. anid theuc tilvmuhic to dsign
tle dx muui part h erot te la.. s~Pun muueter esttmuates xxil
getueiltx 'be deutoted bx (I xxtth suibsedfpt I refeirrting to
mud suibsrmpt 2 refeirmlig to k~[utithuetiruor dcx iatiotu of
Ixmmteter estulmnte's Ifromu III(1ir actual valdue is demwiotedI

Aok 6 (45)

kxilL refenrung to the1 aetmt Ii
deuxVation is 1-omih iioxx for
othuer xx il dotiist of the exact
[tinctionvt

eonStaut Tilhe d Ituuis of thue
axhiemWt detuxitig for te taxo
true exeretse. (on ider Ilhc

I
= 4

2V" (zi i t.." (i) + Z60 0) 3 Cl.i. 2 (46)

xxhich is posutta d Itine utid tiudiahix tnbotutudeid in (z, zV,
xx er z6 z, z- ) [hic thine de noaixNlmv of (46) ustug ticu

Certainly equiuu0lctuce cohttrol lau

~02 cii ()-lo (I'(
(47)

(45) umud (2"7..). eati be upper boutided ha,

vI~~ (iiz) W". m) 11Q

+Z. + in)) Z

~~~f cZ)) (4$)
axhire mudatr it ourf djisposml. lies are ioxa cuosetu

su6ch dint the ciotot t thi'rbimUtekr tn (4$) beeotmes zero

i .1 2 i

eii) ~t) (49)
(50I)
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which results in

VW(Z zo) < 422(A~ -) = 2 3Q' (t) z2 !3 (5l)

bein eul to (29). Usig prous results; it is kn
that 1(z zo) < 1W(z) where1W(z) = *zjj (zi)
2 3Q (t) I2 ositive defiiite and radialj uinbouIned in
z. Ths iMplies that all solutions (z (t) zo (t)) arc umlilbfnly
bounded and that liitu z 0, since liitu W (z) 0.
ow exer 11 conclusion can be dmw on the comergence of

parameter estimates.
Following the same approach t can be xe.nfied that

the otier two control laws are given by u -rd +
024' (Z2 CV3 i (12 (Z Z3 + a3 z) and va = +
020e _(30- (12 ( 22S3 + a3) - zl) . Fbr both of these, the
update law fbr 0 will be the same as that fozir , (49)
The update law for 02 will be 42 (C02ZI (Z2,a3) and
02 =02 3 W respiecticly Furthermore, it is considerd

a design cloice whether C is included as part of the unknowi
parameter 0. or not
An alternative formulation can be made by splitting up

the bmckets enclosing h aid z in (28), and then treat
the constant as two diferent constants x hen appeanrig
affine in 1 anizd rspectixvely Teating them as different
constants has no root in the ph sical model, but is iclude-d to
imestigate inhluence on oxerall syste dynanmcs. A certainty
LqLialeince cmntrol law is then given 'by

it2 -T +02f (Z2 .i + a3)+C30 z

- 012h (Z2 .3 + Q3)
(52)

wxre the notation 0, an 0 2 is used fbr estimates of
Lzappearing in front of zm and fA respectixvely. The resul-t

fbr this schme is derixed in same manner as that of (47)
Consider the functiom

1o(z' z) 1 (z) 4 = I I + 412+ 2 3)2cZ1 2c012 2C211 C~~02
and the certainty equivalence control law of (52). The time
deixtixe of (53) is found as

TV (Z ZO) d2k2
d3k3 i

...

2,t3Q (t) Z2,3

(1 )

1012±J J12( 2 J+(VJ)> 012

( 02 31( ZS3+a3) Z02 (54)
where I,om i2 amnd 02 are at our disposal Tkse are now
closen such that content their brackets becomes zero

Mda

Fig 3. EqUilibfiunL pOits represented in co1ressor rnip

beitg equal to (51). Hence,by bllowing the same argnu nts
as for (51) it is concluded that all solutions (z (t) z (t))
are uniformly bounded and bin1 z 0.

The oxerall system (z, zo) is not strictly passive since
V (z, z0) in (5 1) or (5k) is ody negati defimute in z. It

is output strictly passwxe with respect to z, but it is not
zero state obseraible since it can nt be guaranteed that
zo conwerges to ero. Hence, the result of passive feedhack
interotmections cam not be used to introduce the passixe
control part U3 imu the same rmnnr as was doc in the case of
nomnadaptixe control law. oxexer xitlithe passixe part (36)
and the related assumptions. it is still possibble to incorporate
a passixe control part. This can be seen by detfiing

V;1O (Z,ZOi Z,,3) = l (z* ZO) +A ,t34(ZU3)
and calculating the tume dernvatix e

(zsz0ZZd)3

(59)

(60)

xvhiere IV.t3 (zu3) aid W (z) ar positixe definite ii their
arguments, as can be seen from (36) and (51). Hence, by
followimg the same arpments as for (_5) amd (58), it is
concluded that (z (t, Z0 (t Z3) is Unifrmly bounded aid
iimti (Z, ZJ) O0
Note tlht a passix, output strictly passix e or input strictly

passixe IS , .3 will still gixe bouded solutions of oxerill
sxstei and coergence of z to dth origin owexer no
comlusmom can be drawn oi the convergence of E 3 states.
This can be seen hy evaluating (60) Wxhen IItu (Zu) is not
positixe definite in Z, bbut rher t esmi definite.

VII. SiMULAIiON
ii =.... COj 3 3 Z

192 -=e10 4heSS (Z2, ZSS + a3)
Z02 = C-02Z3hI (Z2,Z3 + a3'

which results in

£ (z. ZO) <I3 mf (Z ) = 71Q3Q') 2,3

(55) The compressor map used for simulations is the same as
(96) used iii 1131 This is a map based oinicasureniit data".

for wxhich third omder approximations i:ln both compressor
speed amd mass low is done to make the mp continuosmi
these variables. Using (6) and (7), the throttle characteristics

(
can be plotted in the coniressor map. This is illustrted

(8) in Fig. 3 for two different thrttle opmings (represented
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by diffeeta k1's),wxlere the iersection of compressor and
throttle charaeteristics constitutes the possible equilibrium
of the sstem Tis means -that freedom to cioose a desired
operating point for the compressionsvsteiusimg onl the
dive torqe as actuator islimited to some point on the
throttle haracteristics

Usiig (7) and (8) the torqe characteristic can be plotted
in the compressorImap This is illustmted in Fig 3 for tw
constant torque iputs of different ampitude. The system
eqnilmbumn is then given by the intersection of throtde and
torque characteristic.

Sunmlationswill go through a scenano inwxich th system
is initially operating in point I of Fig 3 (At O O
antd = 254). The ssem is then driven to operating
point 2 (kt = 0.015 ad Td 400) after 50O secon
wxxich ixtwoles a cihnge of torque iput for the uncontriled
sstei and a change of dsired equlmbrmmnr form thcontrlled
ssteni The systen i's drnxvc to oprating point 3 (kA
0.008 and= 400) after 1500 seconls, which ix olxes
a, change in the throttle openingfbr the 'both uncontrlled
and controlled systei in addition to a change of desieds
eqilibrium for the contlled st Change of' thmttle
opening an equlibumnd with a step change
of the pamrmeterintqetion in series xxih a first order filter

(T 100) Tins is done to get a realistic epone from
the control lax xith respect to commanded torque, since a
stepchange introduces a relatively laWrg amlitude of error
variables Without ths filter the svs-tem still poses the same
quAitatixe response as xith the filterfbut the commanded
torue becoms unrcasoiably large in the transients

For the scenario described, the throttle openings consti-
tutes equilibrium points fbrwxch the compressor charac-
teristics has a negatixe and positixe slope in 'wFrom the
literature it iswell know m that a negative slope constitutes
stable equlibriums, Flor positi c slope howxexe the system
md not he stable aid surge can occur.
The open loop rponse is shlon in Fig 4 Thsis simulation

sloxs stable behaxior for the first txo operatimg points.
before cxeentuallx entering sug in the last operating point
Fomm th plot of compressor speed, it scems like this state
is nt oscillating. oxcxer. a closer exanunation rexeals
relatixe small oscillation also for ths state.

The closed loop response of thie stabilmiziig control lawxs
from section III is show in Fig. f,br comtrol gains a = 20,

1 and m 0 1. For i 1 the resp is practically
identical for the xarious implementations, wxhereas for i4
[1..1 one camn identif some diferences Furthermore it camn
be seen thmt th amplitude of m ntfluences the coin ergence
rate. Tis is especially the case for cotrol law a.

The closed loop response of thk adaptix c rol laws
fm section'VI is shwn in Fig 6 an Fi 7 fr control

miaiusc 20 c 1 (in 10 and (() 1ai.m C = 20w<=1c1=1- aW C02 = 10.-l
These simulations -xxhre conducted with the adaptix gain
0i beitg bounded to a Positrie xalue The justification for this
is found in the physics; when it is knowx i thmt this parameter
is positive. if this pammeter xas hot bounded and the gamm

xxascwhsemn relatixely lgh the svstei states shxwed the

i 0

'o
0 50 oo I50 20 50 30

Fi. 4 Qpen lop siiniuatioii

X

5 ..
0

T[ime

Fi 5. SNysn siaies aidconrol input o' closed loopsnnulation usinT
stabilizing control laws ftoni scion 1ii. Control lws a b and c are
represented by solid, dasdottedand dotted lines respecively

same transiemts as in Fig. 6 but the coitrol itputwould be
unreasonaby large Cioosing ci relativxelv low resulted ii
reasonable amplitude of control input, but the Vsstem wll
enter surge while "waitini" for 01 to comerge (comerge to
some value that stabilizes the System) The xanous control
laxs seems to give the saine response fbr sstem states amd
inut ailso in, tis case (mot different scale for Td relatixe to
pre ious plots). Furthermore, the response fbr 02 is almost
identical for the diferent control laxs Some diffrences ae
found in the 01 response. wxle it is also evident that the
hoxer saturation of parmm nter estimate lmx been acti e. The
actual valies of' the txo uAkwn pammeters are kA0
0 0497 and A02 0 0285 These sinmulations slhx thlat 0
does not conxeW to its actual value, wheras 02 does

VIII. CONCLUDING RENXARKS
The xarious conm l laws can be dixvided into a stAbiliziig

part, a robust part, a passie part amd an adapti ve part It is
shoxn that te ox erall control law can consist of all these
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01

0

4.g000

2 )000 I

0I

T inc,

Figi 6. Sygteni sates anud contoluitl t of closed loop smniulaion usioig
st=abiizing cLirl 'laws from sedioni VI. Control law a, b and c ar
represented bx solid daah-dofted and dotted lities resp ively

dhdof:ld anddoLd nL e.tfil.l.0l
(} 50H§ ]{{1}1006 I{0NOO 250 3{)(H

Tittt

Figt 7. AAptive giIS of' cimed oqp sinillatioii ulsing stabilizitig cotro
las ftoii section VI. Coiiro1lawsa b, and c are repesciite bv sotid,
da.h.-dafed an.d d(Ated fina.es respectivelLy

parts or a selection, but the stabilifzng part fust always be
prsent to guarantee stabilit Furthnrore, the stabilizig
part can be imnpleented in three diffebrent xays dependig
Ofn how the contrller compensates fbr compressor torque
Simulation using oni the stabiliZI part anid sirmulation us-
ing the stabihizng and adaptive part showed small diffrenes
for the vanous fniplementatfons of the stabilimg part

The control laws fakes use of pressur dowustman
th compressor Ths can either be implemented using a
model (compressor Map) or measurement. if tWleniented
sing a, compressor map this introduces uncertaint due to

model based cancellation (addressed in section V) Th,s is
especially the case to the left of the suige line when limlted
'knoledge of steady state compressor behax ior is available
in this r1on. Furthermote the uncertainty ix olhed in the
compfessor map gix srise to uncertainty of equilibrium
points for a pract.ical installation, as they are identified using
this map A solution to this problem might be to estimate

the equilibtium points.
An alternatixe to estimate is to use idenficatin

techniques such as reported in I 14. These techniques can
also be used to get a good imfitial estinate for thL xariables,
wlhen an adaptixve scheme is preferred

All control laws require measuement of mass fow ow
cxee measurement of mass flox for d tmc purposes is
tmrublesome. Hence a mass flow obseter should be mncor-
porated in the control law before it can be inplemented im
practice.
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