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Abstract 
To pro\-ide fisecl rate control of ari art ificial Iieart a Ftizq- I.oqir ( 'oiit rollt~i. ( 1--I.( ' 1 

iras tlesigned ivit h the aid of a mock circulatory system niocl~l [ I l  to t t V h t  aiirl siii,~ilatt~ 

t lie corit roiier. The mode1 \vas ported to Siniulink. a t lirw &iiiwit aurt it ~ r y , ~ l i o ~ i t  

iras added and the SJ-stemic paranieters irere tirned to pro\-iclc Iwt t csr siiiiiiiai iori 

results (transient simulation). The controller is a FLC' of t l ic  foriii Siiigl~ Iiipirt aii(1 

Single Output (SISO) and iras cksigned to niaintain punip oiitpiit al a rlcsiiwl 1-aliir 

preset by the user. The controller uses systolic force as a coritrul 1-arialilr ~ ~ l i i r l i  i5 

deterrnined from the feedback of est iniated p u n ~ p  out put. Tlie cotir rol niaiii t ai115 t l i t %  

pump output during changes in niodel peripheral resistarirr ( R,., ) 1))- rliaiio,i~ig t l i ~  

s~stolic force acting during systolic phase. To provide nori-iii\+aaivr iiicariiri>iiimit of 

t-oliiiiie a n  est iniator iras designed. it uses t lie pressure gracliciit s acrms t l i t -  iiilet a i i d  

oiitlet i-alves to pro\.icIe estimates of End Diastolic \Olunie ( E D \ - )  aiid Eiid Systulic 

\olume (ES\-)  on a beat by beat basis iv i th  a n  .Aciapti\.e Sciiro i=iizq- Iriftwiicc 

System (.ASFIS). These voltirnes were used to estiniate carcliac oiit piit for t tir FLC'. 

An increase or descrease in pump output iras able to he rorrcctivl 1 ) ~ -  the FI.('. 

The system \ras observecl to attain a sready state iritliiri tlic first ~i i i i i i i t t . .  T t i e  

cont roller was also seen to behave well during sensit ivity st uciies. hiit cliangm t O t lir 

art ificial heart parameters al tered the t rained A SFIS aiid hence proct uced fBrrors in 

the estimator for pump output. The ASFIS estimator is shoivri to pro\-idr a goocl 

estirnate of the EDi' and ESV for changing pump output. Tlie FLC' iras foiind to 

be able to maintain control of pump output by altering the systoliî force oii a Iwat 

by beat basis. 
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Chapter 1 

Introduction 

The number of deatlis due to  dysiunction of the hiiniari carrliova~ciilar 5 ~ - - i t b r i l  lia. 

always been high. The statistics on cardio\-ascular disease slioiv r liat riiorv t liaii a 

niillion people suffer froni cardiovascular dj-siiinct ion in Sor t  h ;\iiicrica aloiit.. Tlit-w 

people require coronary bypass procedures. heart val\e replacciiimt . pacciiia k~i-5. rp- 

placement of the natural heart and sometirnes an assist to 1-eiitriî~ilar perforiiialir<~. 

Todac due to  adlances in medical technolog- and bioengineering. iw have I~rgitri to 

explore the possibilit ies of integrat ing meclianical hardware iiito t>iological t ~ i i s .  

Tliis has been possible due to the de\-elopment of enlianced bio-niatrrials wliicli lia\-t* 

lit t le or no reject ion prol~lems [-. 31. 

There are two existing classes of artificial hearts. The>- are Tot al :\rt i ficial I I twts  

(TAH) and \éntricular Assist Devices (\-AD). Their main fiinctioris are tlie sariie. 

however the latter one is attached in parrallel or  in series to a clarriagecl 1-critriele 
. . 

when lorv cardiac output is detected. The \-entricular assist device Iielps iii assisr iiig 

the pumping of blood to either the lungs (Right Ventride) or t lie aort a ( I d t  \*t*iit ri- 

d e )  [-]. The use of an assist device reduces cost . material implant a t ion aricl aitioitrit 

of space required in the hurnan body for implantation. The  clecrmse in iiliplaiitctl 

material also reduces the risk of rejection and other complications. Tot al artificial 
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Iiearts are used when assisted piiniping (\*.AD ) is not siifficicwt ( wvtbrtb rii>-orartlia1 

dysfunct ion) and where replacement of the entire nat ural tieart is iieressar>- to rem- 

ed>- the situation [dl. -At present. the met hod used during surgical proccdiirrs is a 

fised rate method of control [5] .  .At postsurgical situtations a Full FiII-Full Ejjrrt 

( FFFE) met hod is used for nornial operation [5] .  The use of art i\-r roiit rol ma>- 

he rcquired to regulate left and right ventricular pressures and strokc \-oliiriics [(;] 

for rapid changing of peripheral/vasc~ilar resist ance cliie t O nirt a holir rliarlgrs. 11it+ 

ication o r  esercise. -4 fuzzy logic controller is propowd to pro\-ide hrtttlr corit rol 

during surgical situations as an alternative to the fised rate nict hod of cositrol to 

coniperisat e for cliangirig requirenients. 1 t nia>- also he iisrd a ï  a riioiii  t ori 11% d t * \ - i ( . t *  

for an artificial heart [Ï]. 

1.1 Simulation Study 

The niathematicai mode1 of the circiilatory systern was simulatecl with the aid of 

.\IATL.AB and Simulitik aiid is further discussed in Chapter 3. The coiitrol of the 

artificial heart mode1 and the pump output estimator was irnplenictited iritli the aid 

of the Fuzq- Logic Toolbos. The simulated response and effect of the coiitrol ac t icn  

to changes in the circulatory mode1 a a s  stuclied. 

1.2 Cardiovascular model 

The cardiovascular mode1 [l]  as used to test and e\aliiate t lie proposecl corit roller. 

The circulatory model was represented by 12 first order differential equatioris gerier- 

ated from a bond graph shown in Figure 5.1. The equations define 12 state v a r i a l k  

as described in Chapter 5. The model is divided into an aorta. liiniped arterial. pe- 

ripheral. venous. inlet/outlet cannulae and the artificial heart. 1 lie artificial iieart is 

modeled by a generic model represented by a cylinderical chaniber witli a piston [LI. 

The ordinary differential equations were t hen integratecl \vit h t lie 4t li  orcler Rutige- 

Iiutta routine to generate time response ~alues .  The niodel \vas siiiiiilat cd wi t li 

a fixed rate of 1 beat per second. Some modifications n-ere riiade to t l i r  pre\-ious 



niodel to iniprove performance diiring corit rol. T!irsr i riqmn-c~tiimt 5 wt*r(* riiailr t O 

the system niodel wtiere the artificial dcvice was at  taclictl t O t lic tiuiiiaii <-irciilat ory 

systeir-i. The iniprovenients iiiclude a ttirec elcirient aorta segniiwt. cliaiigits i i i  in- 

Iet/oiitlet caniiula conipliance and inclusion of resistance eienients on tlic irilct arirl 

out let cannulae. 

1.3 Controller Design 

The goal of this stud!. was ro enable an artificial heart sysiem to pro\-irlr t I I < -  rqiiirwl 

purtip output diiring clianges to system. This \ras carrird out iisiiig ftizzy lugic. I - l i t *  

concept of fuzzy logic provides us with a wax of <Icscril>ing kiiowri proci8.;ws i r i  

comples systenis wtiose behai*iour is understoocl 1>y esperieiice and roniprelirrisioii 

of the systeni cl)-naniics by specialists. Tlie dynaniirs and heliaviotirs w r e  t h i i  

inodelled with the aid of fuzz~-  logic and enipirical rules. Tlie rontroller des ignd 

for the circulatory niodel pro\*ide the reqiiired change in s-stolic force hased on t hc 

estimated punip Our put on a heat bj- heat I~asis. The piinip otit put [ras niorlclletl in 

tivo stages wit h an Atlapt ive Setiro Fiizzy Inference Systerii (;\.\'FIS) LI-liicli ~ s t  iiiiates 

t he  End Diastolic \alunie and the End Systolic Voliinie on a heat 1-• Ilrat basis. 

The estimated pump output iras then used in a 1Ianidaiii fuzzy logic coritrol niodel. 

The Slamdani fuzzy logic controller controis the systolic force ori t lie riiotl&xl piston 

during the SJ-stolic phase to  maintain the desirecl piinip output \dieri cllatiges i i i  

p hysiological conditions occur. 

1.4 Controller Evaluation 

The cont roller was evaluated by altering the circulat ory mode1 pcriplieral rrsist aiicr 

( Rpe ) and the  initial conditions while observing the systeni and coiit rollrr rcspoiisrs 

to correct the pump output. Also Pressure-Yoliime loops and eject ioii fract ioiis 

were used to confirm the performance of the cont roller and art ificial licart wliicli is 

esplainecl further in Sections 6.1 1 and 6.12. 



1.5 Sensitivity Study for Controller 

.4 sensit ivity s t  ud- was conducted after the cont rollcr design \vas iriiplcrrii*rit c r i  t O 

test t hc cont roller's domain of sensit ivity in the simiilat ion dile to cliarigcs i n  selc~rt et1 

niodel parameters. The effect of each parameter is disciissrcl in tlrtail and sliotvri 

graphically in Chapter 6 .  



Chapter 2 

Literture Review 

2.1 General Artificial Heart 

The art ificial heart \vas developed as a teniporary soliit ion for pat itwt r wai t iiiq for 

donor hearts [1. à] and as a support for patients who have bec11 cIeriir<l t hc. t raii+pli<iit 

option [vit h a mecliariical assist [9]. The art ificial heart u-as first iired cliiii<.all>- aft ibi- 

the second world \var and was first reported in use b ~ -  Gil,l>son in 1934 [IO] 11-lio 1 1 - t d  a 

heart-Iung device. .\ssist det-ices have bbeconie of iiiajor iiit ereat s for ïarioti- nw*a rcli 

groups since t lie 1 !%Os. Increases in bioengiiieering aricl iiiedical <Ir\-ire & ~ ~ - ( ~ l q m c i ~ r  

ha\-e generated niuch research in developing the first cornniercial art i ficial Iit~iirt aiid 

assist device. 

2.1.1 Types of Artificial Hearts 

There are two main types of artificial hearts: the total artificial tieart alid the 

ventricular assist device. The main funct ion of vent riciilar assist de\-iccs ancl total 

art ificial hearts is to  provide blood flow at an  acceptable rate ( p i r i i l )  out put ) t O 

maintain the  patient's health and the proper function of interna1 organs aiitl tissues. 

Total Artificial Heart 

The goal of the  total artificial heart is to provide a replacement for a patietit 'a iiat iiral 

heart [ I  Il. The replacement involves the  removal of t lie left a tic1 riglit 1-iaiit riclr. 
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Geiierally the right artificial \rentricle is attaclicd to the riglit ai riiiin o r  vcria ca\-a 

via an inlet cannula and the outlet canniila is attacliccl to tlic pulmonarx artrry. 

Sirnilar1~- the left art ificial vent ricle is at tached via the  lcft nt riiirti I>y a n  i rilct <-ariiiiila 

and the out let is connected to the ascending or desceiiding aort a. In soitir (.-airs 

the entire natural heart is remoi-ed and replaced hy a T;\H [SI. T~IPSC clc*vicw arr 

generally an estention of an assist de\-ice with a miich niorr cori ipl~s rorit rol sctimir. 

Assist Devices 

These de\+ices are punips designed to provide assistance to i tir riat tiral Iiivtri . -1-110 

piiiiip <le\-ice is gerierally abie to be implantecl int eriially. Tlir (lv\-iw c-ori'ict 5 or ail 

input cannula. a piirnp mechanisni and an out put canriula scgriiriit ~ i t  11 i-i ~XJ\WS 

source. The clevice's input is generally from the lcft atriiiiii or frorii t lir aIws o f  

the left ventricle (left veiitricle assist ) and t lie outpiit is coniiected to t lie ar;caidirig 

aorta or the descencling aorta. ;\ similar t>-pe of device ran he i i s d  in t tic case of 

riglit wntricle failure and the input cannula is attacheci to the rigtit at riiiiii or the 

right ventricle apes  and the oiitpiit canniila is att  aclieci to the priliiionarj- artery. 

2 -1.2 Human Circulat ory Requireiueut s 

The artificial heart is used to pro\-ide circulatorj- requirenients t hat the natural Iirart 

can no longer provide on its own or cannot provide at all. This corisists of pro\-itlirig 

blood flow at the recpired flow rate to adequately provide iiiitrieiits. tenipcrattirr 

control for organs. osygen for tissues and organs and ivaste remoral froni cells arid 

tissues [l'LI. -411 these functions can be regulated by niaintaining one of t lie niost 

important parameters in the circulatory system tvhicli is the kno~vii as carcliac out put  

or pump output for artificial hearts. 

2.2 Circulatory Mode1 Elements 

The present model of the human circulatory systeni lises \arioiis eleiiirrit s to (lcwlop 

the computer model. These elements are descri bed helow mat liriiia t ically aiirl arc 



used later in the  thesis to esplain the  behaviour of t tir sitiiiilat ion. 

.An elenient commonly used is the cornpliarice elenient n-hich is t tir prrssiirr volit r n ~  

relationship of an? \-essel segment [II. [Vhen volume is increasecl in a srqriitbnt i t  s 

pressure also increases. The relation whidi defines the aniotiiit of iric-rt-asta or clcbcrcasc- 

in pressure for a unit increase o r  decrease in \-oluiiie is givrn hy: 

€1 1 a11>- The flow resist ance is the resistance encount ered by t lir I>lood floivi iig t 1ii.uiiJ 

segnient in the honiari body [13]. The Roiv resistancr of a t iilw is gii-t-ri 1,)- r l i v  

difference in t h e  pressure across two reference points and t lie riiraii flow ratc 1 ) r t w r r i  

the reference point S. 

1 P across segment 
R =  (2.2) 

.\lean Flow Rate in segnient 

The blood inertance defines the inertia of the blood in a segnient [ l .  131. The I>looïl 

density is assunied constant and equal to tliat of [rater sirice blood is coriiposrd of 

about do% water [13]. \\'ben t h e  geomet ry of a segnieiit is knowi t lie iriert aiice ran  

be calculated. If the Interance. is given by: 

Khere -4 is the cross sect ional area of the  segment. L is t lie leiigt li of t lie caniiiila 

segment and p is the density of blood. 

2.3 Measurement Of Circulatory Parameters 

\\'ben artificial hearts are implanted in the human body. sensors are also iniplantccl 

to record and diagnose the performance of the art ificial heart. Sucli sensors arc iisu- 

ally irnplanted wi t h the artificial heart . Generally. pressure sensors. os>-gcii seiisors. 

flowrate meters and hall effect sensors are esamples of' typical serisors t liat cari iiiay 

be implanted t o  provide a met hod of diagnosis of the art ficial Iicart st at c [(i. 81. 111 



ordrr to provide a suit able cont rol certain lieart paraiiirtrrs lia\< i « I N .  ol,c<-r\-wl ancl 

from t hat informat ion a plausible method of control cari he drrivrd. 

2.3.1 Estimators 

The use of sensors causes =rious problems when t hej- are iriiplaritctl in t Iic hrilan 

bodj: Some of these problems are related to material iinplaiitation and otlim-s d l i v  

to the location of tlie implanted sensor. Jlany sensors are iriiplaritcd i r i  t lir f l o ~  

st  ream of the  blood which is generally the rase for Rorv rate  rradiiig3. Tlirw simors 

tend to drift due to accumulation of hlood ancl tissue on tlir wisor prolw caiihirig 

niaintenance difficuit ies after implantation [6] .  

-1 met hod whicti is more effective is to prodiire models itsing siiii1)lc wisors t tiat artb 

less invasive to the himian circu1ator)- systeiii. These seiisors are i w ~ i  to prudiicc a 

calculated est iniate of t lie required parameters iinder st tidy. Tliiis. a\-oidiiig liariiifiil 

implantation of sensors and t lie difficult ies of rnaintaining sucli serisors. 

A n  estiniator is used to  pro\-ide an estimated valiie of <lie ~oliiiiie of bloocl in t h  

artificial heart at various times during a beat. These estirnates are tlcrivecl frorii as- 

sumed implantation of pressure sensors at the inlet and out let of t lie art ificial heart. 

The estimator pro~~ides a calculated puinp output wliich is usetl as tlie controller 

input. 

2.4 Methods of Control 

The physiological system is a ire- complex system that uses pressure. Iiorniorial. 

neural and chernical react ion to control the  stroke volume. preload. art erial pres- 

sure. blood flow rate. heart rate and mgyen content in blood of a Iiiiiiian îirrulatory 

system. These systems have cross coupling bet ween variables u-liicli can caiise diffi- 

culty in designing controllers. The mode1 discussed in t liis t hesis is a grneric itiodel 

of a human circulatory system. The following are \nrioiis control ~ ~ a r a i i i ~ t e r s  aiid 
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how they effect the cardiovascular systeni. Tliis is usefull in iindcrstaridirig t l i ~  

physiological relationships bettveeri cont rol and t h e  s - s t  ems responsc [I-I]. 

2.5 Heart Parameters 

\\*lien physiological parameters are altered t hex changr t lir syst~i i i  point o f  t - c l i i i -  

libriuni. These effects in t urn produce obser\ahle pressiires ancl floa. rat t.5 r l i a  rail 

be used to provide infomat ion on the  circiilatoq- s>-stem's l)elia\-ioirr wit 1 1  t f i t -  ail1 of 

sensors. These pressures and Aoiv rates can t l im I>e usrtl as ari i~ipiir 5igrial to t l i t .  

control logic to  provide a control action to maintain s t a l ~ l c  pli>-sioloyical fiirictiori. 

2.5.1 Preload Pressure 

.in important paranieter for the  heart is the preload pressure. T h e  preload prpssiire 

is the pressure outside the inlet \-al\*e of the artificial heart. Tliis pressure irifluerices 

t lie End Diastolic \olume. The end diastolic volunle is the  volunie of l)lood in t lie 

heart after the inlet valve is closed and just before ejection hegins. The preloatl prm- 

sure affects the difference in pressure across the inlet valve and tierice the ffow rate  

through the inlet ialve. K h e n  the preload pressure is increasecl t lit' Bon- rat P iiito 

the  artificial heart is in turn increased and end diastolic \-olirriie is iiicreasecl. Hmce  

the  use of preload pressure can indirectly be used to control carcliac output. Tliere 

are  no realistic. simple means of changing preload. Some procedores to  cllange the  

preload pressure would be to introduce drugs to  induce a higher pressure at t lie irilet 

side of the heart [15]. In artificial hearts control might be acconiplisliccl 11' cliang- 

ing the properties of the inlet cannula temporarily whicli ic.ould involw a coiiiples 

design of a variable compliance chamber or changing the  inlet caiiriitla resi;i';r arict*. A 

simple procedure known as the intrathoratic balloon is used on t lie aort a to  relirw 

left ventricular loading. -4 similar device can be used on t h e  inlet to pro~iclc coiit rol 

of EDV 



2.5.2 Ejectiou Phase 

The eject ion phase is t lie phase were t lie hlootl is piistietl out of t tir lirart. i t is al50 

known as the systolic pliase. The arnount of blood ejected during systole is knorvn as 

stroke volunie. During systole the outlct valve is open and tlir i r i l r t  val\.r is clo.;rrl. 

The pressure gradient across the outlet is iniportarit and chaiigrs t t t v  rjrctioti t iriir. 

The volume in the heart after the out let valve is closcd and just bcforc t lic iri1c.t t-a1t.c 

is open is known as t lie End Systolic \olume ( ES\-). The st roke \-oliiriir cati t t icr i  tw 

calculated for the beat by the difference in the ED\- and  ES\- as in  Eqiiat ioii i?. 1 ) .  

2.5.3 Heart Rate and Pump Output 

The heart rate is t he  n imber  of heart heats per minute ( e). Eacli heat coiisist- of 

a filling (diastolic) pliase followed by ejection (sj-stolic) phase. The Iieart rate is iiiade 

up  of t hese two processes: the diastolic aricl systolic pliases. The ? ; t i ~ ~ i  of t liese t \vo 

time periods proditces a single heat in the  cardiac cj-cle. K h e n  os>-geii cotisiiiiipt iori 

is increased the humai1 body responds kq- increasitig the heart rate or iticreasiiig 

the filling pressure ( preload) as one met hoci of stablizing t lie systeni. This provicles 

increased blood flow by increasing cardiac out put as shoivn in Equat ion ( 2 . 5 ) .  Tliii 

effect is known as the Starling-efFect [-. 13. 161. 

The duration of the diastolic (filling) process is known as diastolic tinie and tlerioted 

by t d i .  By altering t h e  time of diastole the end diastolic voltinie can I>e cliaiigrtl 

in the artificial heart. When td ia  is decreased the end diastolic volunie is l o w r  

and when increased the end diastolic volume is higher. This increase/clecrease also 

depends on the preload pressure and hence the flow rate ttiroiigli ttic iiilct valvr. 

Since the valves are passive the activation of the valve is a fuiictioii of tlir prcssiirt- 

gradient o w r  the valve. The  duration of the sj-stolic process is kiioivii as systolic 

time and denoted by t,,,. Figure 2.1 shows the driviiig force in t lic art ificial Iicari 



and t h e  period over ivliich the force is sustained. 

Forcc 

Fw 

Fdia 

Figure 2.1: Artificial Heart beat time for systole (t,,,) and diasrole ( t . i , . ,  ). .-Ils0 

shows the operating force n-aveforrn ( FSgs and Fd, . , ) .  The bcat is 

defined as diastole followd by a systolic process. 

The systolic and diastolic times when reduced will increase t lie lieart rate. sincr a 

single beat will begin and end faster. This has iinplications for the end cliasrolic 

volume and the end systolic volume in the heart . The systolic pliase t in~ing is gcn- 

erally constant and studies have shown that systolic tinie changes are very sriiall as 

compared to diastolic timing changes [Hl. 

The increase in pump output is brought about by increasing the h a r t  rate or I>y 

increasing the stroke volume. The pump out put can be broken clo~vii aricl es pressecl 

by the product of stroke volume (SV) and heart rate as in Eqiiat ion ( 2 . 5 ) .  This 

s h o w  t hat the pump output can be increased eit her 1- increasing t lie lieart rate or 

the stroke volume. 



C'HAPTER 2. LITERTC'RE RE\'IEIIF 

2.5.4 Driving Force 

The natural heart. during the  systolic phase. ejects blood hy contractiiig t tir ~ i i > - -  

3%tlrP. ocradial muscIes unt il the interna1 heart pressure esceeds t hat of t hc aort a prc ..- 

Sirnilarly during diastolic phase the internal heart pressure is l o w r  t liari t lrr rrrioiis 

pressure (depending on connection) which causes the inlet t a l t r  to open aricl I>loo<l 

to  flow into the  heart. A similar behaviour is foiind in the artificial ticart. -1 'I iv  

artificial heart. during the  systoiic phase applies a force ( Fsus to inrreaw t h  iritcr- 

na1 pressure shown in Figure 2. I ) on the  artificial heart cliamtwr wliicti iiicrraw. 

t lie internal caniber pressure to esceed the pressure out side t lic Iirart uli t [ ) t i r  \-al r-ta 

(out put canntila pressure). This pressure gradient catises t lie out p t ~ t  va lw t o olmi 

and thus ejects the blood in the  artificial heart into the  oiitpiit caiinttla. -i-iic floiv 

rate from the artifical heart is a function of the  pressure clifference across tlie oiit put 

valve and its resistance (171. 

During the diastolic phase the art ificial heart applies a reclticecl ( possibly riegat il-c I 

force (Fdi,). This diastolic force will resiilt in a drop in internal artificial ticart 

pressure. allotring the pressure in the  venous system (inlet canniila) to caiise I~loocl 

to  flow into the heart. This drop in pressure niay cause the rerious scpieiit  to  

collapse [lS. 19. 701. The present mode1 does not niodel t h e  venoiir as  a co1lapsal)le 

segment and is recommended for future work. The Figure '2.1 s h o w  agaiii the forces 

and the timing for a generic art ificial heart ( Input  \va\-eforni). 

2.6 Control Of Artificial Hearts 

The main aspect in this research on artificial hearts is to proviclr iiiethocls of ron- 

t rol t hat meet the human circulatory requirement s under lnrj-iiig circtiriist ancrs l>y 

monitoring a ferv physiological parameters with the aid of sensors. -4 mocIe1 of 

the  circulatory system is used t o  represent the  human circulatory systetii aiicl the 

parameters are altered to simulate changing physiological concli t ions. 



2.6.1 Fixed Rate 

A fised rate control of a n  artificial heart is conimonly in use tocla>- in siirgical sit- 

uations. During t hese cases changes in circulatory parnniet ers caii Iic largf.. Tlir 

niethod of fixed control uses a fixed systolic and diastolic t i m i n g  \vhirli is sct  to a 

preassigned value. The systolic and diastolic driving force is also fiscd ~Iiiriiig the 

control processes. The values of the timing and force have to Iw itiariiially [>rr3ikt hy 

a doctor or an artificial heart technician. if the patients nietaholisni cliarig~s [SI. 

The mode1 prescntly in use for t his study opcrates o n  a fisd rate riit3i liod [ I l .  

The systoiic and diastolic times are held at 0.9 secs and 0.7 secs rrsprîtivrl>-. -1-lit* 

systolic force during nominal stead? state conditions is set at a d i i ~  of 4 1.s S aritl 

tlie diastolic force is set to a \-alue of O S. 

2.6.2 hill Fill Full Eject 

Another method of control in popular use is called full fil1 fiil1 eject. The artificial 

heart is cont rolled by observing the art ificial heart \-olume. \ \ 'hm t lie hlood 1-oliinie 

in the heart during diastole reaches a certain threshold the diastolic pliase is sn-itrlied 

to a systolic phase to eject the  blood until the heart is eiiipty. This eriahles the 

systolic time and diastolic time to  vary depending on tlie preload pressure. This 

provides the  artificial heart with the ability to passi\-el! Vary its resporise to  the 

human physiological state [I ,  SI. 

2.6.3 Knowledge-Based Control 

The use of knoivledge based control is a new type of control proposecl for coniples 

and coupled systems. The control can be defined by knowleclge of t lie systrtii aiitl it s 

ability to handle vague data t o  determine a control action. Breaking dowii coriiples 

systems into simpler subsystems is possible pl, 22. 231. 



2.7 Fuzzy Logic Control 

The new area of research is the cievelopment of a new waJ- to clcwrilw i l l - < l i . f i r i c . d  

or îoniples interaction hetrveen systerns. The I>ioIogical systcni is orle of t l i c  triosr 

comples systems known t o  mankind. Its interactions contain cficriiical. Iiorriiotial 

and elect rical coupled react ions. Fuzzy logic cont rollers soive non-li iiear. t i rtir Vary- 

ing and time delay control problems based on  logic (-241. Sian!. scicnr ific iiist i t  ut ions 

are presently stiidying tliis newly developed theory knowri as fiizq- logic coiit rol aiid 

hou-ledge based systems to  design physiological niodels. rnorii toring syst  rriis or tu 

coiit rol such corn ples systenis [25. 241. Fuzzy logic is prcserit 1)- iiscd i r i  ai ri-rafi fliglit 

control [Xi. 271. clecision niaking and reasoning ['SI. iiietlical iiioriitoriiig [ Y .  '1!)]. driig 

administration 12-1. 301 and medical diagonsis [-SI. Fiizzy logic rail also IN* fouiid 

in various consumer product s like air condit ioners. washing niachines. niicroiva\-es. 

and televisions [ 3  11. 



Chapter 3 

Fuzzy Set Theory 

In this chapter we introduce some of the basic itleas of classiral logic i i i i c l  fiizz>- 

logic which are used to develop the rule base for the input /out piit tlotiiairi. I t  a l w  

provides the basic terniinology and mat hemat ical relat ionsliips i isrcl t O clr~rlop fiizz>- 

logic models and controllers. For more detailed informat ion see A.  Iiaiif~iiariii or  R .  

jager and D. P. Filev [X. 331. 

3.1 Classicalsets 

X set is a collection of objects. Let S be a set known as t he  I.*ni\-erse of Diïcoiirie. 

If r is an element (object or member) of a set -Y. \\é deriote i t  b!-. 

x € -Y 

If x is not an element in S. we denote it by. 

Let .-1 be a set such that whenever a d  then a d .  then -4 is called a siil>sct of ,Y 

and usually denoted by. 

If -4 C *Y and *Y C -4 then ive write 



.-\ set 0 ivhich contains no elements at al1 is called an eniptj- set. \\i. al~va~--  c-orisidw 

0 and -Y as stibsets of S. 

3.2 Set Operators 

If -4 and B are two stibsets of a set S. then we define the syriibol u to rq)rei;c*Iit iiriioii 

of trvo siibsets and is clefined b!- equation 3.6. \\'hile t h e  n syriibol is t lie iiitrrsrct iori 

of two sets defined by equation 3.7.  The complement of a set is denotrcl 1))- a I>ar 

oïer the top of the character representing the set and is clefined in ec~uarion 3.S. 

-4 U B = {x [ xc.4 xcl?}  i 13.6) 

The set of al1 elenients r such that eit her . r d  or .rc B. C'learly. 

3.2.1 Classicd Carestiaii Product 

The cartesian product of .i and B (writ ten as -4 x B) is defined by 

-4 x B = { ( a .  b )  1 ac.4. b c B )  (3.9) 

In other words -4 x B is the set of al1 elements (a. 6 )  sucli that. uc.4. bcB .  Here tlic 

order of the eiements are important. The first element always coiiies froiii -4 arid 

only from set -4. The second element always from set B arid only frotn set B. 



A s u k t  C of -4 x B is calied a relation. E x a m p f c  ( ( 1 1 . b 1 ) - ( « 4 . b 1 )  is a ri*latic>ri. 

siiice t hese X o r n i  t i ip l r ts  are subsets of .-l x B. A function / oii a s ~ t  .-I ru a SPI Il 

assigns to each elenient ac.4 an  element f ( n  jtB. 

The set -4 is called doniain and t he  set of al1 elenients /(<L). for m c l i  r r < . l  i.: i-allt-(1 a 

codomain. 

The arrow indicates tliat f is a function wit l i  doniain -4 ancl ratigia Il. ;\ fiitii-t iuii i -  

often called a mapping or t ransformat ion. 

3.2.3 Characteristic Fuiictioii (Classical) 

.\ subset -4 of a set S can he clefined with the belp of a fiiriction A.+ w1iere 

O forr/.4 

1 forxcA 

The above is called a characteristic function [ 3 - l ] .  

In classical set theory two important properties knon-n as the Lnrc o j  t h  trcladrd 

middle and Law of non contradiction are true. These laws are ecliiivalelit to t lic t n-O 

condit ions below. 



C'IIAPTER S. FI -ZZYSET  THEORY 1s 

From here onwords. subsets of the classical set \ri11 Iw refered to as (b- i - sp  Slib.-r 1.- aricl 

the universal classical set will be refered to as C'risp St t .  T liis helps ils t O tlist irigiiish 

bet ween classical subsets and fuzzy subset S. 

3.3 Fuzzy Set Theory 

Iii classical set theory. we speak of an element either conipletclj- iri - 1  or i i o r  i ~ i  -4. I r i  

196.5. Zadeh gave a new generalization of the  concept of an rlrinrnt I>clorigirig to a 

set -4 [35].  He iiit roduced the idea of degree of menihersliip of an  rlernent ( m .  l J. .\ 
fiizzj- set is a class of ohjects such that each ol~ject lias a degrce of iiienilwrsliip. Stirh 

a set can be defined trit li the help of a characteristic fiirict iori or t rarisfortiiat iori 11 

wliich assigns to each element of the set a degree of metiihership raiiging fro~ii zero 

to one. Hence when the value of ~ i . ~ ( z )  is near to unit? then the degrw of the 

rnembership of r in the set is also higher [:3:3. 34. 

a is compietely in -4 p.4  (.r ) = 1 

a is alrnost (conditional) in -4 O < {r .d( . r )  < 1 

a does not belong in -4 p.4 (s) = O 

This can be defined with the help of a characteristic fiiiict ion ris4.  

where [O, 11 is a closed set containing al1 the possible real nunibers îroni O to 1 

including O and 1. 

Fuzzy Subsets 

.A subset A C -Y with a characteristic function 11.4. 

is called a fuzzy subset. 



Equality of Fuzzy sets 

Two fuzzy siibsets -4 and B are said to he  cqixal ( -4  = B) i f  and oiilj- i f  

Fuzzy Union and Intersection 

lié define union and intersection of fuzzy subsets -4 a n d  B as follo~vs 

T h e  mas and  niin operators are known as special cases of T-nomi aiici T-corioriii 

operators, 

Compleme~it of A 

The complement of -4 ( w i t t e n  as -4') is defined b!-. 

It can be shown from equat ion 3 . 1 3  and equat  ion 13-14 t hat t lie L n i r  O/ I h r  t rdrrdr d 

middle and t h e  Law of .\on-contradiction are not valid for fiizzy sul~set S. 

Cont ainment 

-4 fuzzy subset .i is said to be included in a fiizzy subset B ( Deriotetl 1))- -4 C B) if 

and  only if. 



Soir rve esterid the iclea of relations. cartesian product. riiappiiig of c-lassiml ~1 

ttieory to fuzzy siibsets. 

a-cuts 

Let -4 be a fuzzy set. The a-cut of the set -4. denoted b y  -4,. is <lrfirictl II?-. 

\\-hen o c [ O .  11. then clearly -4, contains ail points x c S  witli a i i i ~ d ) r r s l i i p  i-aliii* 

( / t ; ( ( . r ) )  of at least o. T h e  .4,,. 

-4a(~) = {.rf-Y 1 ~ i - ~ ( - r )  > O } .  V.IY-\* (3.23 1 

is cailed the  strict o-cut of -4. The famil!. of al1 a-ruts. nc[O. I ]  git-es all the iiifor- 

mat ion of the fuzz~-  set -4. 

3.4 Fuzzy Cartesian Product 

-4ny fuzzy subset of the cartesian product S x Y is callecl a fuzzy relatioiisliip. Let 

.4 and B be trvo fuzzy subsets of -Y and Y respect ively. The cartesiail prodiict of -4 

and B is a fuzzy relationship on the set S x l*. denoted bj- T = -4 x B n-liere. 

T ( a l .  a*, ...... a e )  = m i n ( p 4 ,  (al). ......... i i - 4 k  ( ( [ k  1 1 (3.27 

Sorv Ive introduce a special case of the  above cartesian prodiict of ftizz>- siihset a. 



C9H.-IPTER 3. FI'ZZY SET THEORkœ 

3.5 Cylindrical Extension 

Let -Y and l*  be two crisp sets. Let .A be a fiizzy siil~set of .Y. The c'-liritlrical 

estension of the  fiizzy sirbset -4 to -Y x 1- is the  fuzzy cross procluct . 

3.6 Fuzzy Operators: T-norm and T-conorin 

Tou- ive consider tlie cartesian product of the closed sets [O. I l .  Let T iw a iiiappirij 

(or an operator) from tlie cartesian product [O. L] x [O. 11 to tlie closeci set [O. 11 n-liicii 

is denot ed as. 

T : [O. 11 x [o. 11 -* [o. 11 ( :329 

Tlie operator T is called a T-norm operator if tlie folion-ing coriditioris are satisticcl 

T ( u .  b )  = T(b.«)  ( :MO 1 

T T b .  c )  = T ( T ( a .  6 ) .  c )  (3.131 ) 

T(a.b) 2 T(c.d)ifn 2 cand  b 2 (1 (:LX? j 

T ( a . 1 )  = a ( 3  .:KI ) 

One simple exampie for the T-norm is t he  intersection of ordinary siibsets of any 

set. Another important example is the min operator which ive have alrcatly tlefiiietl 

for fuzzy subset S. 

In a similar manner we define a T-conorm as. 

s : [O? 11 x [O, 11 + [o. Il 



C'HA PTER 3. FC'ZZY SET THEORk* 

Siicli t liat t he operat or .5' sat isfiecl the following condi t ions. 

S(a.b) = S ( b . u )  ( :3.:3-5 1 

s(a. ' ( 6 .  c)) = S ( S ( a .  6 ) .  c )  ( X 3 6  ) 

S ( a .  b )  2 S(r .  d)if ci 2 c and b 2 d ( 3 . 37 )  

( O )  = a i :{.:j4$ j 

\\e see tliat ( niaz) property ivhich ire ha\-e definecl for f t izq-  siihsrts is ail rsai~iplv 

of a T-coiioriii. \\è also see tliat the only clistirictiori hrtwwti t h  t\nj -o~i)cratijrs 

T-norni and T-conorni is the  fourth condition \diich is. 

;\II ot her condit ions are the same for both operators. The T-norm ( t t ~ i t t  and 

T-conorm ( r n a r )  are the  mininiuni and niasiniuni ol al1 possil>ic. T-iiori~is aiid T- 

conornis t hat sat isy t he conditions stipulatecl abo\-e. .Ailot lier sprrial pair of T-iiurtii 

and T-conorm are t h e  product operator ( a b )  and the  prol>al)ilist ic suit1 o p - a t o r  

( a  + b - ab)  respecti\.el>: 

\\é can generate other relationships for operators. This can h e  cloiie I>y a d d i ~ i g  ot lier 

properties to the above four which makes u p  the ot her forms of f~tzz>- operators l i  ke 

T-norm and T-conorm. 



Chapter 4 

Fuzzy Logic Controller and Models 

T h e  principles of cont rol t heory are based oii mat Iieriiat ic-al rt i<*t I iuI . - .  a I I  I i ~ i i ~ l i  h ~ l -  

back control has been iised in ancient times with t Iie aid of csprritbriw. i l i t  iiit iori aiid 

a solicl understanding of the  system to  bc cont tolled [3:1]. T h r  artx tn-\.u iiiaiii r >-l,ib- 

of fuzzy logic cont rollers. Tliese are knotvn as  .\lanidarii arid Taka;n.:i-!+giiiiu l iar i j  

( TSIi) [ 3 3 .  36. :KI. Mso a derivecl adapt ive fiizzy iiifer~rice s p t  mii \vas d ~ ~ 1 0 p i ~ ~ i  

froni t lie TSK n-itli the  aid of a iieiiral rietu-ork kiiou-ri as .-\clapt i\-c S \ ~ i . o 1  Ftizzy 

Inference System ( -4 SFIS) [ 3 3 .  381. 

4.1 Mamdani Type Controller 

The control law is described by a kno~vledge-basecl s>-sterii wlt i<-11 coii.;ists of IF- 

T H E S  rules x i th  vague predicates and a Fiizzy lnference Systerti ( F I S ) .  Tlic riilc 

base of IF-THES statements  describes the  relationship hettveen iiipiits aiid tlie oiit- 

puts of the controller. The control action is brought about by an iticrenieiital cliaiige 

in the  cont rollers out put [21. 331. 

W e  describe a n  input to  a hypot hetical controller as the error ( e  ) het u-een a desired 

value ( d l )  and t he  actual  value ( a l )  as in Equation (1.1). t will lw an cle~tient of 

t h e  universe of discourse which is given Si. 



ive define a second input as the change in error ( l e  ) wliich is defirird as t l ir  direct ion 

of t h e  growth of error (change in error) which is gii-en 11y Equation (-1.2) orid its 

universe of discourse is given by -Y2. 

\lé denote the output or  control \miable with ( t - )  and its uni\- ers^ of discoiirs~ \vit t i  

( 1 ' ) .  tvhere r will be the crisp output from the cont roller. Tlierefore t tic ront roi i. 

given bj- Eqitation (4.3)- 

4.1.1 Uuiverse of Discourses 

The error ( e )  lias a universe of discourse which is selected from the iinii.erse of real 

numbers (EL%). This range -Yi. is chosen based on esperience of t lie spteni  or froni 

sirntilation to deteniine a possible range for the error (Si c .R). This raiige can 

be changed to fit any desired range required. biit the larger t lie eriur tloniaiii t lie 

larger number of reference fuzzy sets required to tlefine t 11e tloniaiii. Tliis i-amcs an 

explosion of dimensionality which increases conipiitat ioiial t i i t i c .  Tlic raiigr of error 

values are fit [vit h reference fiizzy sets (membersliip fiinct ions) [vit li Ial>cl?: liiioivti 

as Loi\.. SOR.\I.-\L. and HIGH or an- ottier lingiiistic terrils cvliicli clescrilws t lic 

domain. A typical esaniple of linguistic terms ( E .  1 6  and i v )  aricl t lieir iiiciiil>ersliip 

functions is shown in Figure 4.2. 

Sirnilady the change in error variable ( J e )  is chosen to satisfy tlie cliarige iii error 

range were *Y2 c R. This domain is also divided into linguistic labels clefiriccl 1))- 

various mernbership functions and is typically similar to  Figure -1.2 [vit h a cliifereiit 

doniain set. 

The variable for control (t.) has the universe 1-. where 1.  c ;R. This iiiiivcrsc of 

discourse is divided into linguist ic labels also and definecl iiieitibersliip fil tict ions 



Figure 4.1: Schematic diagram of a Slamdani fuzzy ~ o n t  roller ~hou-iiig t lie stages 

of input. out put, fuzzification, decision logic unit. kiioivlPdge base 

and defuzzification. The interna1 logic can be alter4 to fit tlie cl?- 

namics to be controlled. But the structure is geiierally tlie saine. 
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O 5 10 15 20 25 30 35 40 
lnlet Pressure 

Figure 4.2: -4 typical set with  reference fuzzy sets with  labeled liiiguistic ternis 

Lon-. l ledium and High for the esample iripu ts a n d  output ( t  . 
and t * ) .  

also similar to  Figure -4.2 w i t  h a different domain set. 

4.1.2 Reference Fuzzy Sets 

The membership funtions are used to describe the  reference fuzzy sets ivliicti atr 

made up of mathematical functions. These functions can be nio~ioto~iic or rion- 

rnonotonic functions. The Figure 4.2 linguistic terms are defined by Eqiiat ions (4.4 )- 

(4.6). The values of the variables a i ,  cl, a ~ .  b2. CS d2. a~ c3 in t h e  equatioris are de- 

termined by analyt ical and rnanual t uning to provide adequate espected respoiise 

of the system in question. 



4.2 Rule Base 

The rule base is created siich that it defines the input's relat ionsliip to t lie out put. 

The rule base of a fuzz- logic controller is inade iip of two parts t lie IF part wliicli 

is known as the antecedent and the THES part wliich is known as the concequent 

of a rule. A set of five riiles are shown below wliich is tj-pical for a sinipie corit roller 

based on the Proport ional-Derivat i\-e ( PD ) type. The niasirnuni iiunhcr of ruks 

tha t  can be generated from two input's and one output wliicli are t l i \ - i c l ~ c I  i n  3 

linguistic variables each is 9 rules ( 3  x 3) .  But a lower or higher nirrtiher of rtiles r a n  

be used to describe the input/output relationsliip. These rules are generated froiii 

intuitive knowledge. experience and an understanding of the systeiii Ixirig cotit rollcc1 

or modeled. The rule base of the esample sj-stem clescrihed here is niade iip of 5 

rules. Figure 1.3 shows the graphical implementation of these rules for a giwri set 

of input ~ a l u e s  r; and xi. 

IF ( e ( k )  is HIGH) and (A@) is Sorm) THES ( r ( k )  is HIGH)  (4.7) 

IF ( e ( k )  is LOLV) and ( L e ( k )  is Sorm) THES ( r . ( k )  is LO\k-) (4.S) 

IF ( ~ ( k )  is Sorm) and (Ae(k) is Sorm) THES ( ~ * ( k )  is S o m )  (-4.9) 

IF (e(k) is Sorm) and (A@) is HIGH) THES ( c ( k )  is H I G H )  (4.10) 

IF ( e ( k )  is Sorrn) and (&(A-) is LOI\') THEX ( ~ ( l i )  is LON-) (4.1 1)  
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4.3 Degree of Firing of Antecedent 

The degree of firing of eacli rule is baseci on t h e  level of satisfactiori of the  input 

antecedents. Let a crisp value of the input error E be t;. x;zSi and a crisp va11i~ of 

the input change in error IE as X I .  X;E-Y~. ivhere the input variahles ri a n d  1.; arc 

measured or estirnateci frorn the system to be controlletl. .-\Il the rules are evaluatetl 

for a given set of input \dues .  The rule 4.7 will he eialiiatecl as t l i r  degrce to u-tiicti 

antecedent e ( x ; )  satisfies the membership fiinction of t h  ling~iistic label EIIGH. Ttii.; 

produces a \di le  betrveen [O. 11. The degree to which anteced~nt At (rj) sat isfies tlir 

nicmbership fiinction of the linguistic label Sorm also is brtwc~ri [O. 11 as slion-11 

i n  Figure 4.3. The oiitconie of these antecedents arc ASDecl (T -~ io r~ i i )  togcttirr tu 

procluce a single value as described by Equat ion (4.12). This ialiie is Lriowi a- t lie 

Degree of Firing (DOF). Also rule gains can be given to each rule rvtiicli is also 

known as the rveighted rules and is sometimes used to provide weighted out ptit froni 

each rule. 

r, = ( E ( I ; )  is HIGH) A ( h ( r ; )  is Sorm) (4.12) 

where ( A )  synbolizes a T-norm operator which is the niiniriiuni opcrator ( A X D )  in 

the llamdani controller. r, is known as the degree of firing (DOF)  of r i i l~  i. T h  

DOF is characterized as the truthfulness of the  antecedents part of riiles iiipiit's. --l 

DOF is attained for each rule in the rule base. hence fit-e DOF-s \vil1 11e cvalitat ed 

for the above rules described. Figure 4.3 shows three rules e\aliiated for a specific 

input. while the other two DOF's are zero. 

4.4 Fuzzy Implication 

A'e now take the degree of firing of the antecedents of eacli rulc ancl relate i t  t O 

the consequent of each rule. The relation between antecedent and îoii~e~liie~it  is 

carried out by another T-norm operator which is a minimum operator ( A S D )  (for 

a Mamdani cont roller ). The minimum operator est racts the miriimurii of bot li t lie 



DOF and the  consequent of each rule as dcscrihcd hy Ecliiat ion (-1.19). Iri t lir c a w  

of rule 4.7 above the consequent is HIGH. Ttie otitput of each riile in t hr  ftizz!- 

implication is a function which is defined over t h e  output spacc ( t - ) .  k n î r  F,( y ):l*. 

This is known as fuzzy implication. The fuzzy implication is carried out for r a r h  

rule which yields 5 funct ions defined in the domain 1-. Tlic Figiirr -1 .3  ~tiows t h r c ~  

non zeros rules. 

Where D, ( y )  is t lie ftiiict ion defining the conseqtierit of t tif. riik i Iwiiig w a l i i i i  t M I  

and r, is the degree of firing of the antecedents. 

4.5 Rule Aggregation 

A I 1  the fuzzy implicatioris of t he rules are combined by a T-conorni oprrator (tlenotetl 

bj- v )  which is an ORing operator for the Manidani controller. This takes al1 the 

fiinctions defined for eacli rule on Y and evaluates t hem into a single fiinct ion clef iied 

on Y ivhich is give~i by Eqiiation (4 .14)  and knon-n as rule aggregation shown as the  

right rnost graph in Figure 4.3. 

This met hod of reasoning is known as the constructive appsoach of reasoiiing rvliicli 

is used in the Mamdani type of control. The constructive approach 1)asicaIl~- overlaps 

al1 the fuzzy implications and traces the outline hence constructing the  outptit. 

4.6 Defuzzficat ion 

The output at this point is a single function that esists on 1' output space. .A crisp 

talue must be infered from the  output. There are several niet liods for ~I~fiizzifirat ioti 
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of the fuzzy oiitput on the output universe. .\lean of .\lasirna ( SIO.\I ) aiid C'enter 

of Area (CO.4) are two of the popular methods for defuzzification. 

4.6.1 Ceiiter Of Area 

-4 single crisp control action can be calculated from the ftizzy function on t Iir out put 

itniversc of discourse bj. Equat ion (4.15). The out put using t lie îciiter of arca i i i ~ t  hocl 

produces a rnoving continiious output. unlike the .\lean of !ilasinin rticxt hod. 7-lits 

output y' is crisp and is an element belonging t o  1-. y - f l - .  Figure 4.3  sliows t h  

llamdani type control c\-aliiation of the set of inputs. 

4.7 Takagi-Seguno-Kang Type Controller 

The Takagi-Seguno-Iiang type of cont roller n-as deri\-et1 froni t h e  A I  anidaiii ~iiodrl 

to provide a more tuneable model as in Figure 4.4. The grnerat la!-out is siriiilar 

to  the Mamdani model with a modification of the defuzzification stage n-hcli is riot 

present. Instead. the fuzzy rule base consequents are replacecl b- a definecl fiiiict ion 

as shown in Equation (4.16). 

*-....a 

IF (u ;  is BiI) and (u; is Biz)  THES y: = p i i i ;  + y ; u f  + 1 . ,  (4.11) 

where i is the number of rules in the rule base. The above is a two input and 

single output system. The  functions are linear with crisp inputs ii; ancl trj. K h i k  

the output y: of each rule is a crisp value also. The  crisp oiitput is aggregatecl 

with an average weight by each rules degree of firing which is gi\-en riiore clearly 

by Equation (1.18). In general, nonlinear functions can be used as the consecltient 

rat her t han linear funct ions. 
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Figure 4.3: Graphical representat ion of reasoni ng for a Nanida rii t > p  fuzzy 

controller. A11 five d e s  are evaluated. but two rules are oitiitted 

because one of the antecedents was emluated to be zero for the given 

inputs (DOF = O ) .  The figure shows the DOF. Fuzzy iniplicatio~i. 

Fuzzy aggregation and Defuzzification. 
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Figure 4.4: Schematic diagram of TSK type Fuzzy Controller. The figure sliows 

the stages that difFer from the niamdani metliod above. Tliere is 

no Defuzzification stage which is replaced by a linear or Son linear 

function. 
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This type of met hod of fuzzy reasoning is t i s e f t i l  in describirig corn pies systeni'i )>y 

decomposing t hem i n t o  simple subsystems represented hy liriear/riorilin~ar f i i i i r t  ioris. 

This met hod of reasoriing lielps i r i  realist ic modeling arid cont rol si n w  si1 l~s>.st m i  

region houndaries and piecewise natiire of the knowleclge hasr5 iiiakm it Iiarrl ru 

prodtice a single crisp value without fuzzy reasoning. 

4.8 Adaptive Neuro Fuzzy Inference System 

In Chapter 6 ive make use of .ASFIS to generate an  esit imator for ED\* and ES\- 

to predict the stroke volume and hence cardiac ouput of the artificial heart (liiririg 

a single beat . The fuzzy inference system considered here wi I I  hate t wo i npiit 's a tirl 

a single output. The fuzzy inference system is of the Takagi-Srgiino-king ( TSL) 

type wliich [vas briefly discussed above. The inputs are tlcnotecl 11- x aiid y wliosr 

riniverse of discourse are denoted by -Y and 1-  respect i\-cl>-. The otit put 1-ariahle is 

denoted b!- z and the  uni\-erse of discourse by Z [3S. 391. 

4.8.1 Layer 1 

Tlie first Iayer of nodes in Figure 4.5 is denoted by square ljoscs to iiidicat~ t liat 

these nodes ha~*e an adaptive structure. Tlie number of square hoses on cad i  input 

variable is dependent o n  the number of membership funct ions t hat t lie variables 

universe of discourse is divided into. At present ive assume eacli iiipiit 1-arial>lr 

universe of discourse is divided by two reference fuzzy sets \vit h lingiiist ir 1al)el.; 

Low and High. Each node in t his level is denoted by Equat ion (4.19 1. Of is t lir 

degree to which the input r sat isfies membership funct ion -4,. 

where O! denotes nodal layer 1 and node element i .  -4, is the lingiiistic variable 

of the membership rvhich can be Low or Nigh. \\e iisiially chose t lie niciiihership 
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ANFIS Mode1 (Block Diagram) 

Figure 4.5: Block Diagram of an Adaptive  Neuro Fuzzy Inference S y s t e m  sliou-- 

ing the  various layers of the network t o  produce a trained set of 

values for t h e  linear functions in the rule consequence. 

function p.q,(x)  to be a bel1 shaped function rvhich is defined bp Equation (-1.20). 

where ai, bi, ci are the variable parameter set for node i. When these parameters 

are changed we change the degree that x satisfies the linguistic terms A,, hence 

changing Of. By altering these parameters we can change the degree of firing of the 

antecedents of each rule. 

4.8.2 Layer 2 

The layer 2 is symbolized with using circles in Figure 4.5. .A T-norm is ~ised to c a r y  

out an arithmetric process on the input values of the node. The input variables are 

multiplied together as shown in Equation (4.21). 



The inputs to this node are based on the structure of the rule hasr. Othe-r T-iiortii's 

maybe iised instead of the product operator. one sucli T-noriii. dis<-iissrcl rarlirr. is 

the A S D  T-norm. The output from this node is again the firiiig streligtli ktion-ri as 

Dcgree Of Firing ( 7 )  (DOF) of the  antcedents. 

4.8.3 Layer 3 

The oest set of nodes in layer 3 are symbolized with circlrs aiid labclrtl w i t l i  S ttiis 

indicates that the previous firing strength is norrnalized tvitli respect to  tlir otlicr 

ride's fi ring strengt hs in the rule base. The normalized firing strengt h i.; nt tained 

by Equat ion (4.22). 

4.8.4 Layer 4 

Al1 the nodes are denoted b ~ -  square boses signi fing an adapt ive l a ~ w  of riocles. Tliese 

nodes are made up of a function that is weighted by the input of iioriiializd firing 

strengt h from the previous layer 3 .  A linear function is iised as t lie nodal fiiiirt ion 

rvhich is multiplied by the normalized firing strength as shown in Equat ion (4.23). 

when a nonlinear function is used. training becomes increasingly difficult. 

where pi. qi. ri are the  variable parameter set. Each rule produces its filial value 

from a node in this Iayer. Each node function is mutiplied by its normalized firing 

strengt h. The node function can also be seen to be a fiinct ion of the crisp inputs .r 

and y as shown in figure 4.5. 
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4.8.5 Layer 5 

This layer is shown with a circle also meanirig it is a fised node and has rio variabk 

parameter set. The node contains a 1 symbol. AI1 the rules are inputs into this 

final node. Each rule value is added together to produce t h e  final crisp out put \-alue. 

The summation function is shown in Equation (1.21). 



Chapter 5 

Cardiovascular Model 

5.1 The Cardiovascular Model 

The bond graph [JO] in Figure 5.1 produces first order differerit ial equat iolia ( 3. L ) -  

(5.12).  Each equat ion defines a s ta te  variable of the cardiorascitlar nioctel as shom 

in Table -5.1. The pressure \plume funct ions are defined in Table 5.2.  The eqiia< ions  

were iniplemented in llatlab and coded in the file called f r l  izd.ni as sliowi in t h e  

appendis  -4 [16. 41. 421. 



Figure 5.1: Bond graph diagram of the mathematical circuiato- niodei \vit 11 

a generic artificial heart (R-resistance. C-conipliaiice. 1-inertancc. 

F-force). The mode! consists of a .-\rtificial heart. Out let caniiula 

segment, Aorta segment. Arterial segment. Periplieral. Veiious seg- 

ment and Inlet cannula segment. 



Circulatory Model States 

State- Description State Units 

Piston ,\Iomentum 

Art ificial Heart Volume 

Out put cannula Volume 

Out let Cannula -\[ornent un1 

.\orta VoIume 

Aort a Segment Moinent uni 

Arterial Lolume 

Peri pheral Moment um 

\énous Volume 

Inlet Cannula Sloment um 

Input Cannula Volume 

Piston Position 

Table 5-1: State variables. un i t s  and description of the Bond grapli circulator!- 

mode1 in Figure 5.1 



I 
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Cornpliance Pressure-Volume functions ! 
Rinction Input cm3 Output 5 Filename 

Pht x6 Heart Pressure h ira r t  u.08- rn 

Pb10 x10 Output cannuia Pressure outputcun u*og. n~ 

Pbil ~ 2 3  Input cannuia Pressure i n p u t m t ~ r r o i f .  I I I  

K a  x29 Aorta Pressure (C'ubic) n o r t u P l  i . r r i  

PL-, 19 Cénous Pressure t'f 110 IL.< <l*O_tT. 111 

Pa t x1-l -4rteriai Pressure n  rt  t t.in/rrwf. trr 

Table 5.2: Corn pliance functions defined for the Simulation niodel segments and 

t heir respective filenames. 

5.2 Mode1 Improvements 

A few improvernents were made to the previous cardio\ascular niodel [I]  to sirtiiilate 

a real human cardiovascular system. One of the changes split t lie Iiinipecl arteries 

into an aorta component (P.,(v)) and the rest of the arteries into a single conipliance 

C.I. The aorta mode1 is based on experimental pressure-voliirtie data [l S. 43. 4-11. 



5.2.1 Arterial Cornpliance 

Arterial compliance is the term given to the volunie response of t lie arterics t O pres- 

sure changes which is defined by equaton 2.1. The hlood ptiriiped Irorri the left 

ventricle is pushed into the outlet cannuIa which is connected to the aorta. Thc 

aorta is c!.lindericaI in shape and is made up of threc layers of tisstics. Tlicw t issiics 

help in smoot hing out the pulsatile Aoiv froni the vent ricle (\\'inclkessel effect ). T h e  

aort a connects to arteries. arterioles. capillaries. venules. vei n s  arid t h i  t lie I>lood 

is piiniped back into the heart through the vena cava. 

The previoiis niodel \vas made up of a single conipliance e leni rn t  ( ( :,, ). Tlw roriipli- 

ancc \vas assumed to be constant at a value of 100% rvith a standard de\-iat ion of 

k 2 r  tvhich ivas deterrnined from a study conducted on 10 patients to tleterniinc 

the total sj-sternic arterial compliance [l.j]. The  arterial pressure-\*oliinie relatioriship 

\vas modeled rvith a linear equation as shown in Eqiiation ( - 3 . 1 3 ) .  The offset of the 

pressure iras chosen to fit physiological human presstires in the arterial systeni [LI. 

The offset \vas chosen to be - 4 . 1 3 5 .  The  paraniter I* is the volume ( rm" in tlie 

arteries which is a state variable and governed bj. Equation ( 5 . 3 ) .  

Recent research on tlie actual pressure-\-olunie relationsliip iri t h e  Iiiiinari aorta lia\-e 

s h o w  t hrough experiments t hat the elast ic properties of the aorta and arteriai t is- 

sues are nonlinear and age dependent [13]. As one ages. studies have shown t liat t tic 

arteries tend to  becorne less elastic. Their main function to  suppress large pressure 

spikes from the !eft ventricule is still carried out. The lower compliance resiilt s in 

an increased nominal aortic pressure and lower efficiency of the aorta. 

-4 recently published study on a cornparison of non-linear niodels of the pre:. ssu se- 

volume relationship in the arterial system wit h a linear mode1 showetl t liat t lie liiiear 

corn pliance tends to underestimate the end-diastolic pressure ( lowest art cria1 pres- 

sure during filling) and overestimates t he  pcak systolic pressure (iiiasiriiiini arterial 



pressure during eject ion) [-II] .  The Iinear coitipliance niodel teiids t O I)rhavc iveIl 

only about the mean arterial pressure, i\'hen the  volume of blood esterids out of 

the nominal range. t h e  pressures predicted from the  linear model arr poor. 

5.3 The Models 

The neiv aorta model is made up of t hree elemerits as shown in Figure 3.2. ?'lit% 

elenients are a resistance. cornpliance and an inertance. The niodrl is linou- an. a 

Three memental &terial &del (TEAM). The Single corn pliance ( previoiis iiiot Ir1 - 
is knocvn as the Single Cornpliance &terial &del (SC'.l.\f) alid is also iliowi i i i  

Figure 5.2. 

The artifical heart is attached to the aorta by an outlet cannula whose conipliance is 

usually quite loiv (output cannula is rnodeled as Clbr" = 32- s ). T herefore t lie local 

accelerat ions and pressure increases due to hloocl eject ion cliiri~ig systole are promient 

in the aorta. During control actions the blood volume in t lie aorta can var- caiising 

changes in cardiac out put. -4 similar effect is ohen-cd iv tien \-axciilar resist aiice 

clianges also. \\'ben \ascular resistance is incrcasetl aort a I~loocl voliiiiir ir ohser\-ecl 

to increase [46. 171. Tlierefore modeling the aorta as ail iridepciideiit clenient iri 

iniportant since aort a pressures would determine t lie feasa bility of t lie coiit roller 

during various physiological conditions rvhich effect blood \-oluiiir clist r i l ~ t i  t ion. The 

use of a non-linear model of the aorta also produces a slightl- sniootticr pressiirr 

wave [18]. The pressure wave in the aorta ivill yield siniilar wat-e stiapes to iiat iiral 

pressure shapes in humans. 

5.4 Cubic Aorta Mode1 

The aorta model was based on a pressure volume relationship whicli is fouricl w i t  h t h e  

aid of experimental human data. There are man' studies showing pressure-volume 

in the aorta [43.14]. Since heart disease is most common about the age of 36 to 52.  

the  aorta cornpliance is chosen to match the age group of 17-92 o a r s  froni t lie chta 



Arterial System Cornpliance 
SCAM: 

Inertia. resistance and cornpliance 
elements representing the major arteries 

Figure 5.2: Schemat ic representation of the  SC-411 and TE.411 c o ~ i f i g u  ra t ion. 

stated in [43]. The data \vas obtained froiii the  grapii. The Talh. r>.3 slioivi; t l i r  

data points taken from the graph [a31 and used to attain t lie cuhic approsiiiiatiori. 

The points represent pressure in a human aorta segment in ternis of \-olii~iic prr unit  

The data is from a disected human cadaver aorta which \vas closed at one encl ancl 

a Longitude restriction was also applied to prevent the segment frorn bericliiig [-!4]. 

.A volume of measured saline solution was then pumped into the segment aiicl the 

pressure was measured. This relationship is then used t o  mode1 litiman aortic he- 

haviour. .Ut hough t hese tests are carried out in-vitro. ive assume t lie I~eliavioiir to 

he applicable to in-vivo also. This trend is not eiitirely t rue  sirice disected arteries or 



1 Aorta P-V data for curve fitting 1 

Table 5.3: The Pressure-Volume data taken to fit cubic functioii for aorta 

Pressure (mm Hg) 
7 

Volume mIî>m-I:rtq 



tissues tend to lose t heir interna1 residual stress and elongat ion of t h r  segiiictit i.; also 

known to take place if very carefull experiment al procedures arc riot iindert a ken [ 131. 

The Table 5.3 shows volume as a function of length of aorta. The aorta scgriimt 

iised for modeling the ascending aorta which is usiially where t hc out lrt c-aririiila ic; 

attached. Its length \vas determined to be approsimatel~ ahout 1.5 crri. -1Iw clara 

\vas fitted to a cubic function with the aid of a least squares nirthod h>. niiriiriiizirig 

the error betrveen the function and the data points in Table ?.3. The fiiiirtiori and  

code used are listed in the appendix A. where detailed coninirrits alid riot rs arc 

included. The polynomial is shown in Equat ion (5. II ) . 

The ciirve \vas fitted to pressure as a function of volume. since l~loocl \-olunie in t lie 

aorta is a state wraible from the bond graph Eqiiation ( 5 . 5 ) .  The fitted data aritl 

the data points from the Table 5.3 are shown in Figure 5.3. II'hen Figure 5.3 is 

closely observeci it can he seen that the data of the pressure-voltirtic- relat ioiisliip is 

linear to approsimatly about 100 mm Hg alter which the pressure-volunie relatioii- 

ship becomes non-linear [46]. The published value of arterial cornpliance from Liu 

in 1990 shows a best fitted c u v e  wit h an esponential fiinction for t lie aort ic arch 

segment which is shown in Equation (5. lfi) [44]. 

The function fit shows that the aorta becomes stiffer a t  higher pressures. This is 

due to the middle layer of smooth muscle which whcn estended to its i~iasiiiiiiiii 

lengt h becomes more rigid. Simlarly for reduced pressures in the aorta t lie snioot li 

muscle contracts to its minimum length becoming stiffer until the artery collapses. 

The collapse of the aortic segment is not simulated at present. This is t lie actiial 

characteristic of an aortic tube or an elastic vessel. 
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Figure 5.3: -4orta Pressure-Volume models simulated and ploted for a typical 

hurnan. Data taken from King [43] for age group of 36-42 y a r s  



The nominal average pressure in the aorta is about 100 nim Hg for a MI 1wat. 

The simulation shows an aorta average pressure of about 10s niri1 Hg. Tlir niasi- 

miim of 120 mni Hg during systolic phase and 80 mm Hg durinp ttir diastolic pliaw. 

To determine the rest of the lumped artery parameters the fitted ctirw of t Iir aort a 

iras approsimated as a Linear best fit to firid an approsiiiiate coitipliaricc \-alut. of 

the aorta. This is shorvn in Figure 5.3 as the dasbed-dotted Iinc. The liiirar f i t  

of tlie cubic function J-ielded an aortic conipliance of approsiniately I O ?  fro~ti 

deterniining the dope of the dashed-dotted Iine. This i-aliir of aort ic rorripliaricr~ 

\\.as siibt racted from t lie total sxstemic arterial conipliarice of 1004L to p r o h - r  t l it .  

value of rat to be 9 0 q .  The offset of Car iras set to be - 4 . 1 3 5  brcaiisc l i t  r lc 

or no lariation iras obserced in tlie arterial pressure range. The Iiiniped artcrial 

systeni u s  nmdeled as a linear system as shown in Eqiiatioii (5.16). 

L' J- 
P a t ( c )  = - - 4.13 [,] 

90 cnz - 

5.4.1 Resistance Element 

The model iras simutated n-ithout the aid of the resistarice elc~iie~it to slion- t lie 

oscillations prodiiced froni the change in cornpliance \-allie of t lie otit let caiiriiila aiid 

the aorta segment. The oscillations prodiiced 01-eride t lie sliapc and al50 dist orr 

the  maximum and minimum pressures in t h e  aorta. The out let catiiiiila oscillat ions 

also are seen to be higher without the aortic resistance. The oscillatioiis procliiced 

betwen the outlet cannula and aorta can be damped by the addition of a resistive 

element [48. -191. Figure 5.4 shows the simulated model at nomirial conclit iotis wit li 

the resistive element Ra, set to zero. 

The oscillations can also be seen to be apparent in the arterial segitieiit as in  Fig- 

ure 5.5. This is seen as the changes in the pressure caused froni t lie large a~tipli t iide 

of the pressure wave in the outlet cannula. The aorta is seeii to be niore serisi t ive 



to changes in blood volume than the arterial segment due t O t lie ciil~ic iiio<lcling. 

The resistance element was tuned to provide a smooth pressure wavc forni ancl a 

more accurate flow wave shape as compared to [13]. This was done by ohamring thr  

change in aorta flow and afso the the pressure while changing t lir r<~aistaiirc= valiic. 

The final resistance ~ a l u e  selected yielded aorta pressures and fl ON- rate si~iiilar to 

the hunian circulatory SJ-stem. The Figure 5.6 shows the aorta parartictcri w i t  li t h<b 

resistance element set to Ra, = 0.001 1 3. It show t hat t h e  pressure ri-awforrii i l  

snioother and also the dicrotic notch can be seen, The dicrotic riotch ic; a visihlr 

phenornenon in hurnan physiology which occurs when t he out put ~ a l w  is sliiit ancl 

a sliarp pressure drop is seen briefly. Then a slight rise in pressure is geiirral1~- 5tbrri  

due to the elast ici t~.  of the  valve (tdiich is not seen here since valves are tiot riiocl~*led 

as elast ic membranes). 

5.4.2 Inertance element 

The inertance elernent iras added to create dynarnicallj- decouplecl states for t h e  

aorta and the arterial segment. The inertance alloirs the  st a t e  1.5. ivhicli is the 

t-olume in the aorta. and the state 17. t h e  volume in the arterial segrtient esclutling 

the aorta. to be independent of each ot her. 

Estimation of Aort a inertance 

The value of la, \vas selected based on typical lengtli and cross sectional area cs- 

timates and Equation (3.3). The cross sectional area of the aorta was attained 

from [XI] which was 1.33 inches in diameter. The density of bloocl is assuriied to 

be approimately the same as water. Then with  the aid of Eqiiat ion (2.3) ive at tain 

a inertance value of 1.705 x 10~~s. This was compared with a differeiit riioclels 

published values from [5l] and found to be within a satisfactory range. 
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Figure 5.4: Simulated .-\orta parameters for Ra, = 0s at steady state ( -  Aorta 

pressures [mm Hg]. .. Outlet cannula pressure [mm Hg]. -.- aorta 
L flow rate [,]? - outlet cannula flow rate (lon-er line) [A]) 



Figure 5.5: Simulated .-\rteriaI parameters for Ra, = OZ 
 ni ' at steady state ( -  

-4rterial pressures [mm Hg]. -.- arterial B O ~  rate [A]) 



Figure 5.6: Simulated -\orta/outlet cannula segment data for R,, = 0.00 1 1 3 
at steady state (- .-\orta pressures [mm Hg]. .. Outlet cannitla pres- 

sure [mm Hg]. -.- aorta BON- rate [A]. - outlet ranilula f l o ~  rate 

(lower iine) [A]) 
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5.5 Cornparison of Aorta models 

Since the SC.W model cannot be directly cornpared to the TE.-\N rtiodrl. tht. 

SC.4SI model compliance rvas split as shown in Figure 5.7 ancl la l i~ led  as C'? into 

two compliance elements as shown in Figure 5.d. while rnairitainirig t lie ovrrall ar- 

terial compliance as \vas determined in t h e  SC.411 modd 

Figure 5.7: Single Elenient Coinpliance 

in Eqtiatinri (5.16 j. 

tnoclel 

Figure 5.8: Equident split Cornpliance model 

The equi\alent model in Figure 5.8 is shown to be  spiit into two coiiipliarice. mir 

representing the  aorta (Cd) the other compliance representing t h e  rest of the Iii~iipetl 

arterial compliance (CG). The C4 element is not a state variable and is t liereforr 

a function of state variable of element Cg. The bond graphs in Figiire 5.7 aiid 

Figure 5.8 with their respective compliance offsets -4,. .a4 and -4,: wcre solved indi- 

vidually which yielded SC.4M Equation (5.17) and an equivalent SC;\.\I niotlel iri 

Equation (5.18). 



The equat ions were t hen equated since the  hounda- condit ions rriiist br t lie sarrie for 

bot il models. The t wo equat ions t e r e  solved siniiilt aneous1~- yielding a corn pliarirr 

Equation (5.19) and an offset Equation (5 .20) .  

r 

The d u e  of CI is 100% as stated earlier from published values. The value of Cl,; 

\ras maintained at 90$ as in the TE.411 mode1 present1)- heen iised. Tlierefore 

ivith the aid of Equation (5.19) we can calculate Ci to he 1 0 y .  

Sirnilarly. i v e  know the offset of .-Ls to be -4.1:3& ivliicli [vas i i d  iri t tir TE-\)[ 
L ni 

\- model Equation (-5.16). The value of ;1* iras initially gi\-eri to br -4.1:)- aluo. 

I-sing Equation (5.20) ive solve for -L4 which is -4.13$. 

The function given in Equation (5.21) is the eq~iimlent aortic niodel aiid i t  [vas 

piotted in Figure 5.4 as the dashed line. The equivalent linear aorta niocle1 of rhr 

SC.-\.\I can be seen to be poor ivhen compared to the  TEAM aorta model and data 

points of a real aorta. The linear approximation can be made io bet ter fit the aort a 

data by changing the calculated offset -A4. 

The offset .-14 iras changed to - 1.21 5 by visual inspection for a het ter fit of the 

data. The offset Equat ion (5.20) \vas observed to be ver' seiisit ive to cliatiges in t lie 



offset \al iie of .&. This can be shorvn if  rvc assurtie .-Io = .-12 + l c .  Then subst i t i i i  ing 

;Is using Equation (5.20) and solving for ;14 wttich results in Equation (.5.'>2). 

Since Cs and C2 are knorvn values from above and the fraction 2 = 9. a sriiall 

change in the \ d u e  of .J6 implies a large change in -4,. Since t h e  c o r r e c t 4  aorta 

linear mode1 offset is - 1.21 3. the \ d u e  of .& can be calçulatcd to  ht- --1.-14% _ m. 

from Equation ( 5 . 2 ) .  This is a diRerence of -0.31 5 hetwem t lir previuiis \-altir 

of .q6 and its present \ d u e .  \\'ben the  TE;\.\I total arterial cornpliance offs~t i.; 

cliaiiged to  -1.455 t lie aorta SC;\.\I offset attaincd would Iw - 1 - 2 4  - r t ~  - n-liich ic 

stiorvn in Equation ( 5 . 2 3 ) .  

The  split SC.431 and TEAII models rvere t hen simitlateci to show t tieir clifferences. 

The TEAlI produces tivo pressure outputs  which are t he  aorta pressure and the  

total arterial pressure. \\-hile the  SC.\.\I and the equiialent TE-4.\1 procliirr a single 

output hecause the states are not independent. In the equi\alent TE;\SI iiiodel the 

aorta volume is a function of the arterial volume. These are shown for the  nominal 

condition in Figure 5.9. 

The Figure 5.9 shows tlie TEAlI pressures. cluring systole tlie pressures rise to 

masimumof  about 120 mm Hg and during diastole the pressure drops t o  a iiiininmni 

of 80 mm Hg. The dicrotic notch is also visible. This i-isible trait is mairil5- diic to 

the  resist ive element which dampens out  the oscillations produced by t he raii~iiila. 



Figure 5.9: The simulated pressures for the TE--411 and SCAAI for noiiiirial 

conditions(- aorta pressures TE-411 [mm Hg]. -.- arterial pressures 

TE-\AI [mm Hg], - SC.4M Simulated pressures [mm Hg]) 



5.6 Cornparsion of Physiological values 

The models were simulateci for ~a r i ous  aorta blood volumes. This %vas done by 

changing the  peripheral resistance. \17hen peripheral resistance is increased the  

blood tends to pool in the aorta and hence increase tlie steacl? state aorta I>lood 

volume. i l l ien  peripheral resistance is decreased aorta bloocl \-oltinie is also tle- 

creased. 

When bIood volume deviates from its nominal value (rnean bloocl voltirtic) i t i  t hr 

aort a the pressiire also laries. In the best linear fit case t lie pressure-1-oliinw rrla t ioti- 

ship is espressed b ~ .  the Equation ( 5 . 2 3 )  which is used to simulate the prrforrtianc<. 

of the aorta model. This is compared to  the  cubic aorta TEX11 niodel in Eqiia- 

t o n  ( 5 1 ) .  The Figure 5.10 s h o w  that for a decrease in the peripherial resistancp 

the aorta volume also decreases. The cubic aorta pressure is seen to reach a iiias- 

imum of about 103 mm Hg at systole and at  diastole it reach a niinini~ini pressiire 

of 60 mm Hg. \\'hile for the same change in ~erpher ia l  resistance. t h e  Figure 5.1 1 

shows the result of t lie pressures in the aorta segment for the litiear Equat ion (-5.23 ). 

The s!-stolic maxirniim pressure is seen to be about 110 mm Hg and diastolic min- 

imum is about 77 mm Hg. \\.ben Figure 5.3 is used as an ait1 i t  can he seeii t Iiat 

!&en blood volume is decreased in the aorta the linear and ctibic P-\- fiinct ion.; 

deviate. The cubic is seen to produce a loiver pressure tliari <lie liiiear. A t  leu-er 

volumes ire see ver' lit tle difference betxeen the linear and ciibic est iniates of aorf ic 

pressure due to  the linear relationship at pressures lower than 100 iiim Hg. 

When the peripherial resistance is increased, the blood volunie in the  aorta scg- 

ment is increased. This mas again simulated for both the cubic and t h e  liriear aorta 

functions to show the differences. The Figure 5.12 shows Equation (5.14 iviien sirti- 

ulated for an increase in blood volume. The pressure yielded by the cubic sliows the 

maximum systolic pressure of 153 mm Hg and for the minimum diastolic presstire 

of 110 mm Hg. The Figure 5.13 shows the linear functions masimuni pressure at 

systolic to be 137 mm Hg and the minimuni diastolic pressure to be I l 5  nirii Hg. 



The difference bettveen the linear and cubic mode1 is quite largr. This cari agairi he 

seen in Figure 5.3 by noticing that at higher blood volunies t h e  cubic and t hr liriear 

furict ion de\-iate stronglc where the cubic funct ion increases strcpl>- as îoitipared to 

t lie linear function as blood volume increases. 



Figure 5.10: Sirnulateci aorta pressures for cubic aorta niodel for decreased pe- 
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Figure 5.11: Simulated aorta pressures for linear aorta niodel for decreased pe- 

ripherial resistance ((Re = nominal x 0.7). (- aorta pressures [ i n i i i  

Hg]. -.- outlet cannula pressure [mm Hg]) 



Aortic Parameters Graph 

Figure 5.12: Simulated aorta pressures for cubic aorta niodel for iiicreased pe- 

ripherial resistance ( R p  = nominal x 1.4). (- aorta pressures [iiirn 

Hg]. -.- outlet cannula pressure [mm Hg]) 



Figure 5.13: Simulated aorta pressures for liiiear aorta mode1 for increased p e  
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1 Eiements of Circulatory Mode1 1 
Descript ion Variable Value Units 

-4rtificial Heart Resistance 

Art ificial Weart Inertance 

Out let Cannula Inert ance 

M e t  Cannula Inertance 

Inlet Valve Resistance 

Outlet Valve Resistance 

Aorta Inertance 

Aort a Resist ance 

Peri perial Resist ance 

Periperial Inertance 

Out let Cannula Resistance 

Int let Cannula Resistance 

Table 5.4: Sominal circulatory parameter values for cornpliance. iiiertance aiid 

resistance eIements wit h units 

5.7 Nominal Circulatory Simulation 

The nominal system iras setup with the parameter values for siiriulation froni Ta- 

ble 5.4 and 5.5. The controller is active during this process aiid its response is 

minimal. since the circulatory system is at steady state from initial conditions. 

The simuiation is conducted for 60 seconds on a SGI work station. The initial 

conditions of the simulation are given in the file fr\ bd.m. Most values are takeii 

from the Master's thesis ivork of Tan, 1996 [l]. 

5.7.1 Simulated results 

il'hen the circulatory model was run under nominal conditions. the followirig rcriihs 

were obtained and graphed with the aid of function pdatn_lircd.irc. In Figiire 5.15 



Segments of Circulatory System 

Segment Variable Cornpliance ?$ Offset 5 
- - p.- 

A r t  i ficial Heart Cham ber Chi 2S -0.125 

Out let Cannula Ccno t 13 1 

Table 5.5: Sominal circulatory compliance function values aiid oKscts 

the pressures across the output ~ a l v e  have a positive gradient diiring tlic sj-sr olic 

phase and a negatil-e gradient during the diastolic phase. Ii'hen the pressure gradi- 

ent is favourable (positive) the output \alve is opened (passive unidirectiorial valves 

depend on  the pressure gradient). When the pressure gradient across the \*al\-e 

is negatiw the out let valve is closed shut until the pressure gradient is lai-oiirable 

again. The nominal circulation produces a '20 mm Hg clifference in pressure acrosç 

the output valve during systole and -93 mm Hg during dia~tole. 

Figure 3-16 shows the data for the aorta segment of the niodel. The siriiiilat ion 

mode1 shows a value of 80 mm Hg for end diastole and 120 mni Hg at peak s?-stole 

pressure. The pressure in the out let cannula is seen to be ver? close to t hc prc.- qwre 

values of' the aorta. The outlet cannula has lower pressure oscillations because i t  lias 

a higher compliance than the aorta segment. The resistance elenient in t lie aorta 

also dampens out the oscillations. The average pressure in the outlet cannula is 

111.6 mm Hg during systolic process. The flow rate can be seen to peak at systolic 

phase of the beat to a value of about 19& while the diastole process t he  Bon- rate 

is maintained at a constant rate at about 2-& which is a result of tlie \l'indkessel 

effect of the aorta. 

Figure 5.17 shows the arterial segment data for the circulatory systeiii. The arterial 

pressures can be seen to be linear and very litttle oscillatiotis can be seen in tlie 



waveform from the out let cannula or the aort a segment. The Iurnpd art rrial pres- 

sures are 75 mm Hg at end diastole and 11.5 mm Hg at peak systole pressure. The 

flow rate is negative because the flow rate represented here is t hc flow into and out 

of the compliance element Ca, and hence can have a negat ive value which is sliown 

schematically in Figure 5.14. The waveform stiape of t h e  f l o ~  rate is vcry siriiilar 

to the aorta flow rate because it is a continuous s>-stem. Also. close esaminat ion of 

the arterial pressure shows t hat t here is a t ime delay between t tie st art of t lie aorta 

pressure rise and the arterial pressure due to the  lengt h of the canriula and aorta 

segments. 

Figure 5-18 shoivs the peripheral flow through the systeni. Ttie data is t I i c  sanit. 

as the cardiac output from the heart which is required to he tieltl constant II! the 

FLC nt a value preset at a.;--&. This is the flow rate seen bl- the ph~.siological SJ-s- 

tem during control. This parameter is the most important paranieter for niaintaing 

the function of the body organs and cells. If this parameter drops too low for an 

ertended period of time it can cause permanent damage to tissues and hrain cells 

\&ch ma- lrad to death or ot her severe coniplcations [52] .  

Coqhance Elancnt 

..*....................-............, 

Cornpliance Row Rate 
< i 

AauaiBlaod Flow C - 
Figure 5.14: Flow rate of a compliance element 

Figure 5.19 shows the venous and inlet cannula segment data. The t-enous segiiient 

pressure in nominally about 18 mm Hg with a very low frequencj- of oscillation pro- 

duced by the pumping of the heart. Hence the oscillation frequericy is based ou the 



beat rate. This pressure is slightly high because n-e have incliidcd the rigbt sirle of 

the heart in the  mode1 of the venous segment. Hence the pressure value is actiially 

tlie pressure seen in tlie left atrium of the  Iieart. since it is this pressiire that will 

act i \ate  the inlet xalve for the artificial heart device. The  pressure in t lie vrirw <-ari 

easily be changed by ciianging the cornpliance relat ionship in t lie i-enous srgrrierit 

shown in Table 5.5. The inlet cannula pressure is ver>- oscillatoq- because rio rrsis- 

tance was included. The high irequency of oscillation is observrd briefly diiring t hc 

systolic phase because the inlet valve t o  t h e  artificial heart is closecl arid Iirnîr t l i r  

pressure is reflected back into the system. This  causes oscillatioris in t he  irilct cari- 

nula known a s  the water hammer effect. An incrcase in t tiesc oscillat ion can cariw 

failure or wearing (cyclic loading) of the  inlet \ d u e  after prolongcd rise. Once t l i ~  

inlet vaive opens it is observed t hat the oscillar ions dampen out i i i i t  i l  t lie v a l w  close.- 

again for systole. The average ~ a l u e  of the cannula pressure is ahoiir t h e  saine a i  for 

the venous segment at 19.6 mm Hg during diastole. The blood flow rate  oscillates 

hecause of the  oscillations in pressure in t h e  inlet caiiriiila. T1i~  blood Row aiid the 

cannula oscillations can be dampened ivith t h e  addition of a sriiall rrsistance to  t h e  

elenlerit Rc,,,l. set at 0.002~$ which tvas r iined Iroiii iiriiiilat ion aiid o l w r v a  t ion of 

the \*enous parameters. 

Figure 5.20 s h o w  the pressure difference betn-een t lie irilet canniila and t lie art ifi- 

cial heart. The pressure shows that it is positive tluricig t lie tliastole at a valrie of 

about S mm Hg and a negative gradient for t h e  SJ-stole at a i-due of - 1  1-3 in111 Hg. 

The  large dip seen in the negative gradient is generated frorii t lie Iiigh oscillatory 

pressures in the  inlet cannula. The  average pressure difference i r i  tlie i n k t  caiiiiiila 

pressure during diastole is 7.565 mm Hg. 

The Figure 5.21 shows the artificial heart states. During systole t lie a\-erage pres- 

sure in the heart raises to 128.7 mm Hg and during diastole an average pressure 

of 12.04 mm Hg. The peaking of the pressure during systole is due t o  t h e  pistou 

momentum which is still moving when both inlet and outlet values are closed for a 

hrief period as seen in Figure 5.22 by thegap  b e t w e n  systolic flow aiid diastolic flow. 



CH.4 PTER 5. C-AR DIO\,:-1SC'C.'L.-\ R JIOU EL 

Figure 5.15: Sominal condition output valve data ( - Pressure graierit across 

outlet valve [mm Hg], -.- Flow rate across out let talve [A]) 



Figure 5.16: Sominal condition aorta/outlet cannula segment  data ( - aorta 
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Figure 5.17: Sominal condition arterial segment data ( -.- arterial pressure [rtini 

Hg], -.- arterial flow rate [A]) 
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Figure 5.18: Sorninal Peripheral flou- ( - peripheral ffow rate [A]) 
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Venous Parameters Graph 
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Figure 5.19: Sominal condition venous/inlet canriula segment data ( - verious 

pressure [mm Hg]. .. inlet cannula pressure [mm Hg]. -.- irilet 

cannula flow rate [A]) 
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Figure 5.20: Sominal condition inlet valve data data ( - pressure gradient across 

inlet valve [mm Hg]. flow rate across inlet valve [A]) 



Figure .5.2:3 shou-s the artificial heart voltinic of hloocl. The voliitiic of filood i t i  

the heart is nieasured in n21 and is seen to oscillate rvith a range of 7.5-$0 ml. Tlir 

volume is seeii to be slowly decreasing. This is because of t h e  slight error t l i é t t  is 

produced between the estimated pump out put and t h e  act ilal piinip oiitpiit 5iricv 

the controller is active during this simulation. This volume can \le sliiliecl 1))- ad- 

justnient of the cornpliance of the heart (Cht ) .  diastolic timing or t l i r  rliastolir forw 

. The piston position at start is selected arbitrari1~-. hence tlie refercric~ start 

position and volume can be set at an. prefered value. Therefore the offset i r i  t>lood 

volume can be raised by changing the reference piston position. The -;nia11 drif t  

seen in the nominal condition is because the starting force ivas set to 41.13 S. T h  

controller show that at steady state this \ d u e  is slighrl?- higlier at 41 -21 S c l i i ~  to 

tlie estimated pump output. The sanie information from tliis figure cari he viewed 

in the Pressure-\olume Loop of Figure 5-24 

Figure 3-22 show tlie flow rates into and out of the art ificial hearr. The Boit- rate 

from tlie heart during s>-stole which is about 1 ~ &  after pcak ejeîtion. The fou- 

rate during the diastole phase which has a noniinal value i.~-&. Ttiere is a \-isible 

period when both the inlet and outlet valves are closed. This also restilts in a 

pressure increase in the artificial heart parameters during tlie eiid of s>-stole. Tlic 

Figure 5-24 sliow the pressure volume loop of the heart wliicli sliows t lie pressures 

in  the heart and the volume of blood during every beat of the sirritilat ion. 
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Figure 5.21: Sominal condition artificial heart data ( - interna1 artificial lieart 

pressure [mm Hg]. -.- Force acting o n  the artificial Iieart [SI. .. 

velocity of artificial heart piston [y]) 
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Figure 5.22: Sominal condition artificial heart inlet/outlet flow data ( --.- sys- 

tolic Row rate from artificial heart [A]. - diastolic flow rate into  

artificial heart [hl) 
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Figure 5.23: Yominal condition artificial heart blood volume ( -.- biood voltinic 

in artificial heart [ml]) 
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Figure 5.24: Sominal condition artificial heart pressure-volume loop data ( -  

pressure-volume loop [ml]) 



Chapter 6 

Design of Fuzzy Controller 

6.1 Supervisory Controller 

-4 supervisory controller provides control actions on a beat bu beat hasis when t h e  

system deviates from its nominal steady state which is determined by its piimp 

output. The controller design must be robust and able to adapt to changes in the 

physiological system while maintaining the normal funct ions of the cardio\nscular 

system. The controller is emulated once for each beat and diiring t h e  heat t h e  

controller is in an open loop configuration. Hence at t he  end of ei-ery heat the 

supervisory cont roller determines if the present cont rol action nwds t O be iipcla t et1 

or not. 

6.2 Control Parameters 

There are two main types of control pararneters that are able to  be modifieci to pro- 

vide adequate control. These are the forces applied on the art ificial heart diapliragni 

and the timing of systole and diastole. The mode1 under study is in the fised niocle 

of operation. The present control scheme is to present an improvenwnt to tlie fised 

rate mode of the control scheme by including a feedback loop and t h e  iisr of a riile 

base to describe the dynamic process required for control. 



6.2.1 Diaphragin Forces 

The diaphragm force is the force exerted on the piston during t h e  SJ-stolic and dias- 

tolic phase. The diastolic phase force is maintained at a value of zero ( Fd,, = O Sor 

12 mm Hg). Hence the diastolic filling phase is a passive filling process. Sincr n o  

collapsabIe venous segment has presently been modeled into the circulator>- s!-stcrri 

the diastolic force \vas maintained at zero. The force applied dtiring t l i c  systoli(- 

phase was set as a varibale determined on a beat by beat hasis. The coritrollcr sct5 

t h e  required force based on the pump output to maintain noniinal fitriction. ' I ' l i ~  

nominal d u e  of the systolic force at steady state \vas observeil froni siniiilat ion to 

be 41.8 S' or 1'20 mm Hg. 

6.2.2 Valve Timings 

The s>.stolic and diastolic timings are fised during the simulation to niaintain the 

fised mode cont ro1. The systolic durat ion is set to t,,, = 0.3 secs and t lie diastolic 

duration is s e t  to Idi l  = 0.7 secs. The switching of the force on the  diapimgni is 

preset by the valve t timings. Hence after the diastolic duration is coiiipletr t lie force 

on the diaphragm is switched to systole. For future design varying of t lie cliastolir 

and systolic timings ma? be desirable. 

The detection of timing of the ejection tiine (t,,,) ancl filli~ig tiiiie (t,,,.,) are de- 

termined by finding the change in the  input (driviiig) forces q-stolic force (F;,,) 

and diastolic force ( Fdia) acting on the artificial heart. The algorit hm to deterniiiie 

the duration of diastolic timing therefore detects the sudden change in the force 

from systole to diastole to reveal the begining of the diastolic phase (filling) aricl 

marks it as f,,,,-, which is the end of t h e  previous beat. The nest  s ivi tch froni di- 

astole to systole marked as td ia ,  and is subtracted from the previous t inie to provide 

the duration of the diastole process which is shown in Figure 6.1 and Equation (6.1). 



CH.4 PTER 6. DESlGh- OF FLl'ZZk' CO-L-TROL L ER 

Force 

Bear i 

Figure 6.1: -\rtificial heart diastolic and systolic duration ( i denotes preserit 

beat. i - 1 denotes previous beat. ttji,, and t,,,, denotes diastole and 

systole end time for present beat i [sec]. FsYs is the s?-stolic force [SI. 

Fdl. is the diastolic force [SI) 

The nert switch from systole to diastole is again marked as t,,,, and is tlien suh- 

tracted from the  time of t d ia ,  to yield the  duration of the systolic process also shoivn 

in Figure 6.1 and Equation (6.2). The integration routines in SIatlab tend to have 

wrying time steps due to the  set tolerance value and minimum step size cliosen. -411 

accurate td;. and t,,, are required for the averaged data used in training the EDY 

and ESV. -4 dual search for tno  sequencial equal force values is done before a valici 

switch is done to  avoid detection of more than a single beat due to toleraiice sv-itch 

failure (chattering). Also it has been observed t hat the minimum step size on t lie 

simulation rnakes a large impact on the systole and diastole timing wliicli in tiirii 

effects the averaging values of diastolic and systolic pressures used in the estimators 
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for end diastolic volume and end systolic volume. 

6.3 Controller Goals 

The main controller goal is to provide osygen and blood flow to orgaris aiid ti-strc..; to 

maintain adequate human physiological funct ion by improving t h e  fised rat P iiiodr of 

cont rol present Iy used. These requirements can al1 be coriil~iiid to a single \-aria t i l ~  

known as the pump output. Therefore pump output is uscd as a ferdl>ack \ariai~lt% 

to the controller. 

6.4 Problem Statement 

The cardiac output froni literature shows that a normal ai-erage liiiniaii rrqiiires a 

cardiac output of about 4.7& when at rest [19]. The rcqiiircd cardinc out piit is 

also shoivn to increase ivhen metabolic and ph-sical act i\-ity is irirrcasecl (53. 54. 5 5 ] .  

Hence pump output \vas selected as the feedback \.ariable. Iti order to pro\-ide 

feedback control we need to measure the pump output. This can I>c doiie I+- direct 

measurernent of system variables of flow rate and t iiiiing. Bu t  t tiis niet tiott \vas not 

considered due to  its intrusive method of measurement of the circiilatory systerii. 

The measurement of stroke volume would require the placement of flou- seiisors 

directly into the blood stream. Instead. the use of already iniplantecl senors are 

used to provide an estimate of the pump output. Pressure traiisducers are usiiall>- 

a very commonly implanted sensor in most artificial hearts and are ass~inied to 

be anilable in this simulation [S, 56, 57, 311. It is assumed that such a sensor is 

implanted for the purposes of this study. They are used to monitor lieart beha\.iour 

and for diagnostics. These sensors are planned to be used to pro\-ide an est iinat e of 

the pump output on a beat by beat basis. The pump output shown in Equatioii ( 2 . 5 )  

is made up of two elements the heart rate which is fised at 6 0 w  min and the stroke 
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volume. The st roke volume Laries wi t h changes wi t h ph>.siological paramrt ers from 

beat to beat. 

6.5 Estimation of Stroke Volume 

The stroke volume is defined by Equation (2.4) which is made iip of t lir crid <liastolic- 

volume and the end systolic volume. Ll'hen p hysiological pararnet ers and rrterrial 

loads are applied to the system it is seen in simulation that  th^ ciid diastolic and 

end systolic volume changes from beat to beat. This causes the stroke volunle to 

change. These changes in art ificial heart stroke  lume me are at t ril>iitc<l to t Iir diangrs 

in pressure across the inlet. outlet valves and the duration the teal\-cs are oprn. 

Therefore the problem of determining stroke volume was broken up into two parts. 

The estimation of the End Diastolic io lume (EDV) and End Systolic \alunie ( ES\') 

were done seperately to determine the overall est imate of st roke volunie for each beat . 

6.6 Estimation of End Diastolic Volume 

6.6.1 Structure of EDV mode1 

The End Diastolic Volume is based on the Adaptii-e Seuro Fuzzy Inference S~ster i i  

shown in Chapter 1. The mode1 consists of two inputs and a single out put. Tlie encl 

diastolic volume determined in this simulation is the amount of blood volrinie tliat 

entered the art ificial heart during the present beat . Therefore t lie EDV det erniinecl 

is the volume in the heart from the present beat which is espressed by Eqiiat ion (6.11) 

and Figure 6.1. 

EDV = [Blood Volume at tdia,] - [Biood Volume at t,,,,-,] (6.:3) 

Where tdia, is the time when the force of the diaphragm switclies from diastole to 

systole. The t,,,,-, is the time of the  end of the systolic process of the previous 

heat. Csing Equation (5.2) for time td, , ,  and t,,,t-, and intergrat ing wit liiri t lie t iriie 
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domain results in the volume known as EDV. Equation 6.4 is t h e  t-oliinie i n  t h e  

art ificial heart for an? beat i when the  above t imes are subst ituted in Eqiiat ion (6.3) .  

In Equat ion (6.4) ive see t hat EDI' is a funct ion of the difference in pressure across 

the inlet talue and difference in pressure across out let vaive and ttie piston nionien- 

tum. During the process of diastolic filling in the artificial heart the out let valw 

is closed and is simulated by a large resistance value of the output valve R,, in 

ttie order of 10" in magnitude. Hence the second terni in Equatioii (6.1) car1 Iw 

neglected. The remaining terms make up the EDY on a beat hy heat hasis. tirrirr 

piston momentum and inlet pressure gradient are the variable paranietms. TIw 

piston momenturn is small compared to the third terni on pressure gratlierit sirice 

F4;, = O S. 

Therefore the inputs used in the ASFIS estimate niodel u-ere chosen to be t iiiie 

averaged L P i ,  during diastole and tdi,.  The t i ia  [vas chosen becaiise it i ras a seconcl 

terni that can be used to alter the EDY for control purposes in t lie fut iirr. Tlie 

~ a i u e  of td ia  at present is set to a constant value of 0.7 sec for a 1 sec beat period 

(fised rate) function of the heart. 

The first input parameter \vas selected to be the inlet pressure gradient averageed 

over diastole (Af in) .  The universe of discourse (Si) was chosen to fit the pos- 

sible range of inlet pressure gradient. The domain -Y1 is a set of real iiiinibers 

(-Yi c 31). The domain Si was determined from the operational range cleteriiiiiied 

to  be AP*, = (5,9.5) mm Hg by examining simulation results for a range of niodel 

peripheral resistance values. The peripheral resistance (R,, ) was varied froni 2 t iiiies 

to 0.5 its nominal value. 

The second input parameter was set as the diastolic timing. Its universe of cliscoiirse 

(-Yz) ivas held constant at 0.7 sec due to the present fised rate niode operat ion. 
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Its domain was also selected from the set of rcal nunhcrs (-Y2 c R).  Since the 

duration of diastole is determined h m  integration. sniall errors of *O.O%cc are 

observed. The universe of discourses operational range \vas determined to I>e tdin = 

(0.6974. 0.7) secs. This variation in the diastolic time can be fised hy runniiig tlir 

simulation and obtaining training data for a much snialler integration step sizc 

( 2  0.001). This causes the simulation to be computationally slow. althoiigh stand 

alone complied C code mal* speed it up. .A version of the prograrli iras also writteri 

in lIat lab without t he  aid of sirnulink toolbos to  improi-e conipiitabilit>.. This 

showed an improvement in performance of the simulation tinie. Imt still is tiighly 

computational for attaining a ver- accurate diastolic or systolic durat ion for t raiiiiiig 

purposes. 

6.6.2 Training EDV mode1 

The training data  of the ASFIS was attained for various pressure gradients across 

the inlet valve and observing the EDV at such pressures. The pressure gradient 

across the inlet d v e  iras attained by var>-ing the  niodel peripherial resistaiice of 

the circulatorj- model. Hence determining the  behaviour of t lie \.oliinie filling t he 

artificial heart is required to estimate stroke volunie frorii beat to heat. 

Khen  the model peripherial resistance is increased it causes t lie pressure graclieiit 

across the inlet valve to decrease. This is because the increase in mode1 peripheral 

resistance constricts blood Row through the peripherial which results in a loiver inlet 

cannula blood volume and hence a lower pressure in the inlet cannula. Siriiilarly a 

decrease in the model peripherial resistence will result in an i~icrease in the I>loocl 

volume in the  inlet cannula and hence an increase in pressure across the inlet 1-alve. 

The data taken for the training phase of the simulation is shown in t lie Table 6.1. 

The simulation \vas run for steady state which \vas observed to be approsiniately 

60 beats under worst cases. The odd sets of data xhere  used to train t fie EDY niodel. 

The data used in the  training of the EDV is stored in the file d n t - ~ d r . m .  The 



- 
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Training data for EDV ANFIS 1 
Steady State lP,,rnm H g  Rpc $ Simulation time S e r s  No of points 

9.1 Rpe * 0.5 60 secs 30 

Rpe * 0.6 60 secs 

Rpe * 0.7 60 secs 

Rpe * O. 15 60 secs 

Rpe * 0.8 60 secs 

R p  * 0.9 60 S ~ C S  

RP. 60 secs 

Rp. * 1.2 60 secs 

Rpc * 1.4 60 secs 

Rp. * 1.6 60 secs 

Rpe * 1 .S 60 secs 

R,, * 2.0 60 secs 

Table 6.1: Training data coIlected for EDV .=FIS model. Odd beat data are 

taken from a 60 beat simulation for training the -ASFIS. The pressure 

gradient across the inlet valve is averaged over the diastoiic process. 



presented data \vas arranged into a martrix and processed the  training program 

in file trainadt*.rn which is given in Appendix A. The initial reference fiizzy set 

functions was generated with Equation (6 .5 )  for a11 the linguistic terms. 

The input domain 1 Pt, was divided into fiïe reference fuzzy srts. T t i ~  ~~~~~~~~~in 

fuzzy sets defined by Equation (6.5) tvere equally divided into t tir domairi o f  1 Pt,  

which is (5.10) mm Hg. The second input domain td i ,  \vas di\-idecl in to  r f i r w  ref- 

erence fuzzy sets. The three reference fuzzy sets iras choseri because of tlic irtiall 

error in diastolic durat ion due to integration as prec*iousl~- clisctissed. Tlir t l i r w  

reference fuzzy sets were divided equally into the  domain (0.6974. 0.7) sers. A f t w  

training t h e  results are shown in Figure 6.2 and Figure 6.3 whicti stiou-s t l i ~  final 

reference fuzzy sets on t h e  tivo input domains. T h e  t d ig  is seen t O lia\-e on ly  t i ro ref- 

erence fuzzy sets after training because one of the  reference Fuzzy set iras set to zero. 

The data iras trained for 100 batch training. The ternls of t h  Eqiiatiori ( 6 . 5 )  for 

each of the reference fuzzy sets and the  consequent Eqiiat ion ( 4.2:) ) c-ariahlrs for t lie 

rules are adjusted as to best fit the data pro~vided froni Table G .  1 !vit li t lit aid of a 

neural net. 

6.6.3 EDV estimator 

There were two sets of input foutput data used. A training data set and a rlircking 

data set. The training data rvas used to train the ASFIS and the clieckirig data iras 

used to determine the estimator's accuracy Figure 6.4 shows the error between t lie 

training data and the checking data. The error is known as the  RNSE whirli is the 

Root Mean Squared Error given by Equation (6.6) (581. The training data SION-s a 

gradua1 decrease in the RMSE for each epoch. The training data RSNE reaches a 

steady error at about the 7oth epoch. The training data used stio~vs a lorver RAISE 

than of the checking data for each epoch as shown in Figure 6.4. 



1 training data - training resiilt 1 
RMS E = ( 6.6 ) 

J[Sumbcr of training data] 

Figure 6.5 shows the surface plot of the input and the outputs sliown o n  a 3 di- 

niensional plot. The surface shows the beha\-iour of APi,. tdia and EDi'. The figlirc- 

shows that an  increase in inlet pressure gradient results in an increased ED\-.  The 

relat ionship is seen to be ver- linear for a fixed diastolic timing of 0.7 sec. Hiit  tvlier~ 

diastole duration ( t d i a )  is increased it was observeci and can be speciilated t h a t  thc  

EDlv would increase for any inlet pressure gradient. T h e  large dip shoirn at a dias- 

tolic t ime of 0.698 sec is because no training data  for t hat region abo\-e 6.5 nini Elg 

for inlet pressure gradient and a diastolic timing of about D.YSS.5 sec rvas iisrcl. 

Another conclusion that can be drawn from Figure 6.5 is that t h e  ED\- r a n  iw 

approsimated by a linear function of pressure gradient across inlet. 



Final mernbership for EDV input dPin 

Figure 6.2: Final EDI' membership Functions after training for lP,, (Pressure 

gradient across in the inlet valve). The figure shotvs the fit-e lin- 

guistic varibales i n l r n f l  to  inlrnf5. The paranieteric values of the 

memberships can be found in Est-ncu-ED \.-.fis 
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Final membership for EDV input tdia 
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Figure 6.3: Final EDV membership functions after training for t d , .  (Diastolic 

duration). The parameteric values o f  the memberships can be lound 

in Est-ne u,ED Pif is  



40 50 60 
Epoch number 

Figure 6.4: Error o n  the training process for EDIr sliowing the convergence be- 

tween the training data and the checking data usiiig Equatioii (6 .6 )  



Funy Surface pkt  after Training 

Diastole Time [sec] Press across inlet [mm Hg] 

Figure 6.5: A contour plot of the EDV estimators doniain showing the relatioii- 

ship between inputs and outputs of the -4SFIS on a 3-D plot. The 

plots shows that the relationship is approsimatly linear. The sharp 

drop i the surface is due to lack of training data for the region. 



6.7 Estimation of End Systolic Volume 

6.7.1 Structure of the ESV Mode1 

The End Sustolic f o lume  (ES\') is also estiniated with the ; \dapt iv~  S~i iro  Fiizz!- 

Inference System as used in the determination of ED\*. The ES\' is the voliiii~c of 

blood in the heart a t  the end of systole relative to the  prm-ioiis end systolic voliiriie: 

tliat is. the net change in volume during the pre\-ious heat. The ES\- is r fi~rrlorr 

defined b>- Equation (6.7) 

ES\' = [Blood f'olume at t , , , , - , ]  - [Blood \oliinie at t s , , l ]  (6.7 1 

i r e  t is the end of the systolic phase of the beat i - I and tsyS l  is t tir ~ i i d  

of systolic phase of the present beat i. The difference xields a value of t l i ~  hlood 

remaining in the heart after the present beat knonm as ES\-. -4s in ED\' ive  tleter- 

mine the ES\' hy intergrating Equation ( 5 . 2 )  for t inie t ,,,,-, and f ,,,, . 

k i n g  the ES\' Equation (6.S) some terms in the equation cari t>e rejected. Tlic t l i i rd 

term can be seen to disappear ivhen the artificial heart is in the ejection pliase. The 

input valve is closed and hence has a high resistance. This niakes the tliird terni 

small in cornparision t o  the other terms in the equation. 

Equation (6.8) shows the  only main terms are 1 and 2. But in a closed systeni rvhere 

the blood volume can vary from one element to  anot her it is hart1 to cleteriiiirie t lie 

systems state from measurement of only the outlet pressure gardient. The inlet 

pressure gradient can be used as a reference mark to aid in preclict ing t lie systenis 

position is a non-steady state transient. Therefore the  two inputs iisecl in t lie ;\S- 

FIS ivere inlet pressure gradient across artificial heart inlet val\.c and out let presstire 



gradient across the art  ificial heart out let valve. These two ternis mahle us to give 

us a picture of the art ificial heart volumes presrnt s tate in any t ransient. 

The universe of discourse for the pressure gradient ranges for input and oiitput valves 

SI and .\î respective15 where -Yl c 'R and -Y2 c 'R. The inlct prrssiirr gradient 

range was set to AP, ,  = (3. 12) mm Hg (SI). Li'hile the out let presstire gradient 

AP,,, = (S. 27) mm Hg (-Yz) These data ranges tvere attainrd for sinitilatrd valtirs 

of Rpc from values of 0.1 to 3.2 times its nominal value. A !argrr -SPI, and IP,,,  

range are required for the ESV estimate becuase of the active force Fsvs wliicti cari 

increase the outlet pressure gradient. The ESI* iiiiiverse of discoiirsc wliicli wac s ~ t  

from observed \ dues  wlien R, \vas changed to he (-40. 30) riil. Thta iiiii\-crsr of 

discourse of ES\' is denoted bx (1. ) .  The negative ~ a l u e  of ES\' sigriifirs irisiifîïcirnt 

volume tvas in the heart at t hat particular beat. 

The negat ive value can be changed or corrected by increasing t he EDV by ei t her 11s- 

ing a negat ive diastole force. diastolic durat ion ( t d , ,  ) longer or changiiig t he  refrrrrice 

piston stroke length tvhich n-as chosen arbitrarily as describecl earlier. 

6.7.2 Training ESV Mode1 

-4s in the case of the EDV estimator the training data was at tairiecl l)y obserl-ing t lie 

changes in 1 Pin- 1 Pou,. and ESV for a change in Rpc.  tvhich effect s t lie y ressiire gra- 

dient across the inlet and outlet valve. The 1 Pi, is time averaged ovcr the cliastolic 

period as in the EDV estimator. \\'hile APOut is time averaged over the s>.stolic pe- 

riod. The Rp was varied from 0.2 t o  3.2 times its nominal value in iricreiiient s of 0.1. 

When R, is increased this causes an increase in blood volume in the out let cannula. 

aorta and arteries and hence an increase in pressure in the elenlents respect ively. 

Similarly a decrease in Rpe would produce a decrease of blood volunie in outlet 

cannula. aorta and arteries which causes a lower pressure in the elemeiits. The pa- 

rameter values for Rpe are used for training are shotvn in Table 6.2. The data usecl 



are avalable in file it dat-ES\'.rn and the training procediire is in file !rnii~-ESI-.nr 

t\-liich is given in the Appendix -4. 

The input domain LP;, \vas divided into five reference fuzzy sets. The fi\-e nirni- 

bership are divided equally into the domain of (3.  12) mm Hg of l Pi,. Tlir seconcl 

input was also made up of five reference fuzzy sets which t w r e  init iallj- di\-i(lr<l 

equally into its domain (8.5. 28.7) nim Hg for 1 Pou,. The out put iiiiivt-rw of <lis- 

course was divided into 2.5 linear equations which span a tioriiairi of (-38..i. 2s) ii i l  

gilren by Equat ion (1.23). The reference fiizzy sets wcre t lien t rai ricd le- 100 tmt rfi 

learning job. The final trained rnenibersliips for t lie 1 PL,, aiid 1 P t ,  arcb >Iiowri 

in Figure 6.6 and Figure 6.7 respectively. The refcrence fiizz>- set fiiiictioris for t iir 

linguisitic terrns are defined by the same Equat ion (6.5)  as in t lie ED\- AXFIS iiiodel. 

6.7.3 ESV estimator 

The Figure 6.8 shows the RNSE between the training data and t lie clieîking data 

using Equation (6.6). The initial batch can be seen to show a large crror. The cliffer- 

ence betu-een the checking and training data are srnall. The errors drop sliarpl~. as 

the number of training epochs increases and is seen to attain stead? state at almut 

90 epochs. 

Figure 6.9 shows the relationship between tlie input and output varial~les ori a tlii-ee 

axis graph. The figure s h o w  a surface plot of t he 1 P,,. 1 Pou, and ES\-. The cont oiir 

shows the flat regions and large dips. These large dips are niainl?. due because rio 

training data is applicable to the region. Clearly a single fiinctiori cariiiot define 

the complete domain as in the case of EDV. but the use of multiple linear ftiiictions 

(other than ASFIS) or  the use of a contour fit over the surface niay provide a siniilar 

defintion of the  input/output relationship. 



1 Tkaining data for ESV ANFIS 1 
- - - -- - 

cm5 SS AP,, SS 1PGut  R,. Simulation time Secs No of points 

12.0 '16.6 R, * 0.2 60 secs 

11.2 '24.7 Rpe * 0.3 60 secs 

10.4 23.1 Rpe * 0.1 60 secs 

9.7 21.9 Rpe * 0.5 60 secs 

9.1 '30.6 Rpe * 0.6 60 secs 

60 secs 3 O 

60 secs :3 O 

60 secs :IO 

60 secs 30 

60 secs 3 0 

60 secs 30 

60 secs 30 

60 secs 30 

-5 .O L2.0 Rpc * 2.0 60 secs 

4.7 1 1.3 R,, * -1.2 60 secs 

4.5 10.7 R,. * 2.4 60 secs 30 

4 2 10.1 Rpe * 2.6 60 secs 30 

4.1 9.7 R,. * 2.S 60 secs 3 O 

3.9 9.2 Rpe * 3.0 60 secs 30 

3.7 8.9 Rpe * 3.2 60 secs 3 O 

Table 6.2: Training data collected for ESV ,VïFIS model. Odd beat data are 

taken from a 60 beat simulation for training the ASFIS. The pressure 

gradient across the inIet valve is averaged over the diastolic process 

and the pressure gradient across t lie out let valve is averaged over t lie 

systolic process. 
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Final membership of €SV for dPin 

3 4 5 6 7 8 9 10 11 12 
Pressure Gradient across inlet valve [mm Hg] 

Figure 6.6: Final ESV membership functions alter training for AP,. (Pressure 

gradient across the inlet valve). The parameteric values of the  riieni- 

berships can be found in Est-nr u1S \.',fis 



Final membership of ESV for dPout 

-5 10 15 20 25 30 
Pressure Gradient across outlet valve [mm Hg] 

Figure 6.7: Final ES\' membership functions after training for I fdu t  (Pressure 

gradient across the outlet =Ire). The parameteric values of the 

memberships can be found in Est-n~u,ESl:jis 
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Figure 6.8: Error o n  the training process for ES\' showing the  convergeilcc be- 

tlveen the training data and the checking data using Equatioii (6.6) 



Input/Output Surface pio t Trained 

ure 

6 

acros outlet valve [mm Hg] 4 
Pressure across inlet vaive 

Figure 6.9: A contour piot of the ES\' estimators doniain siioivitig the relation- 

ship between inputs and outputs of the ASFIS on a 3-D plot. The 

estimator data are mainly confined to the middle flat sectiori of the 

plot. 
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6.8 Estimation of pump Output 

The pump output is estimated on a beat by beat basis. The duration of diastole 

and systole are recorded from the change in driving force and iised to at  tain a valtir 

of the heart rate in terms of beats per minute u-hich is fixed in this siniiilatiori at 

approsimatly 60% \vit h slight variation due to integrat ion. The st rokr voliirii<x is 

determined by Equation (6.9). 

An  increase in outlet cannula pressure causes the ES\' \ d u e  to he p o s i t i r ~  siiicr t l i c  

pressure gradient across the oiitlet is lower and therefore a lowcr 1-oiiiriir of t h o d  

is ejected o n  each systolic beat. This causes in drop of s t ro te  \-oliiriie n - h i c - 1 1  c - a i i r +  

a lower pump output. This is proposed to be corrected hj- a fuzzy logic coritrollcr. 

The reverse is trtie for a decrease in the outlet cannula pressure which can caicsr a n  

increase in the pump output with a lower blood volume reniaining in the artificial 

heart. In an increased case of pump output the controller is to try to niaintain a 

preset value of pump output. 

6.9 Fuzzy Logic Controller 

The fuzzy logic cont roller is designed to use t h e  est imated pitnip out put as a fecd back 

parameter t o  determine the change in force required during systolic ejection. Tlie 

control is to maintain the specified pump output set by a user or by a desired piitiip 

out put monitor. The controller is simple to maintain robust ness. Tlie corit roller is 

Single Input and Single Output  (SISO) and uses a Mamdani logic st riict ure disciissed 

in chapter 1. 

6.9.1 Inputs to  FLC 

The input into the  Mamdani fuzzy controller \vas chosen to be t lie est imated piimp 

output from Equation (6.9). The pump output is measured in 5. The Uriiwrac of 
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discourse of t lie input variable punip out put was deterniined t O be t wice t lie d~sirecl 

value of pump output for normal human at rest. The desired value of piimp output 

iras selected for a normal human to be 4.7-& (131. Hence the uiii\-tme of d i s î o u r s ~  

(-Y) was set to (0.9.4) where S c R. The relerence fuzzy set fiinct ions \vert* 

based on Equation (6.10) known as Gaussian bel1 function. Tlit- input variahlcs 

of the universe of discoures were divided into .i reference fiizzx sets w i t l i  lingiiistic 

terms \'Loir. SILow. Sorm. hIHigh and \'High. The values of a-h and r for mrli of 

the linguistic terms of the funct ions are given in t h e  file Hnr<iC'nlrl.fi.~ givrn in t tic. 

appendis A. The linguistic variable for each term rvere at tained h>- carcfiil t iiriirig 

of the cont rollers response. 

The linguistic term \'Law implies Very Low pump out put. Sf Law iniplies .\ledi iini 

Lon- pump output. Sorm implies normal pump output. SIHigh iniplies .\lediutti Higli 

pump output and \-High implies Ver- High pump output. Kheri the piiiiip o u t  piii 

is iess than 5 3 &  i t  was selected to be \ è r ~ .  Loir purnp oiitpiit iritli a degrec of 

membership equal to 1 which would mean immediate increase in puitip oiit piit is 

required. \\-hile a mlue of > 6& iras considered a \ é r ~ -  Higli piinip out put also 

with a degree of membership equal to 1 ivould mean an ininiediate decrease in piinip 

output is required. The Medium Lon* and SIediiim Higli ri-ere selected to provide 

control when the system iras approaching the desired pump out put by decreasing 

the effect of the controller. T h e  Sormal range kvas considered a small range about 

the nominal desired pump output to prevent srna11 numerical oscillations about the 

desired d u e  of pump output. 

A value of pump output is attained during simulation from the est irnator at t lie end 

of a beat. The iegree that the output satisfies to each lingusitic terni is calciilatecl 

for a Degree of Membership (DOM) from Figure 6.10. Hence a nomiiial ialiie of 

cardaic output ivill result in the  DOM of the linguistic label .\-orrn to be liiglier t han 

the  rest of the linguistic lables DOMk. These DOM values are used to etalliate the  



Figure 6.10: F U Z Z ~  logic controller showing nieniberstiip fuiictioiis of tlic input 
L (pump output ,). The pararneteric values of the F L C  are giveri 

in HardCntr1.J~ 

rules of antecedents of the rute base. 

6.9.2 Rule Base 

The design of the rule base was constructed on int ut ive knoidedge of the circiilator>. 

system and its behaviour. When a drop in pump output was detected i t  niearit 

that the flow rate from the artificial heart is loiver due to  a drop in t lie pressure 

gradient across the outlet valve. Therefore to increase the flow rate froni t lie Iieart 

a n  increase in the pressure gradient across the outlet value is recpirecl. [lie waj- siicli 

an increase can be attained is by increasing the systolic stroke force ( F,,,). This 

would increase the artificial heart pressure during systole ivhile increasing t h e  oveml1 



pressure gradient across the outlet valve. A sidc effect of the increasc in ttic systolic 

force is the increase in the  average outlet cannula pressure during systole and an 

increase in the operating pressure of the artificial heart during systotc. \\'hm the  

pressure gradient is favourable and outlet valve is open. The artificial heart systoliî 

pressure influences the out let cannula pressure. The follotring ri1lt.s are bit-cd to 

provide such an increase in systolic force bj- incrementallj- ciiaiigirig t iir rioriiiiial 

sj.stolic force by 1 Fsgs wit h the aid of a pump output feedback loop hencr adapt i i i ?  

to the changes in the system. A similar logic is used to  correct an iricreasc in  puni[> 

output from the nominal \dues.  An increase in pump output ~vould nieati tliat ttir 

pressure gradient across the outlet is higher. Therefore a decrease i n  t l i r  systolic 

force will reduce the  amount of blood ejected per stroke. 

IF (CO(beat)  is LOW) THES (LF,,,(beat) is HIGH) (6.11) 

IF (CO(beat)  is Xorrn) THES (IF,,,(beat) is Xorm) (6.12) 

IF (CO(beat)  is HIGH) THES (LF,,,(beat) is L O K )  (6.1:3 1 

Once the basic rules trere selected the out put universe of discourse is selrctccl. The 

main criteria [vas to niaintain Ion- number of rides for t hc cont roller to operate or1 

a beat by beat basis to reduce comput ational ovediead. Herice t liree ri1lt.i were 

selected to  prot-ide adequate cont rol of the  SJ-stem. 

6.9.3 Output of FLC 

The output variable rvas selected to be an incremental change in t lie SJ-st olic force 

denoted as (OFsvs). This provided a way of preventing a bad estimate fronl eit her 

the EDV or the ESV from an adverse effecting the  control or causing daniage to 

the system being controlled by predicting a large systolic force Fsgs. The universe 

of discourse (Y)  was selected to be (-10. 10 ) S, where 1.' c R. The universe of 

discourse \vas divided into 5 reference fuzzy sets again Sega. IISega. Sorni. SIPosi 

and Posi as shotvn in Figure 6.11. 



Figure 6.11: C'tiange in systolic force memberstiip functions ( 1 Fsgs ) [SI 

\Vhere Sega implies Segative change in force and hence a step d o w  from t h e  

present systolic force. SI Sega implies a medium negat it-e drop i n  prcseiit systolir 

force. Sorm implies a normal systolic force w i t  h lit t le or  no  change to t lie ciirrent 

value. 1IPosi implies a medium increase in the  systolic force and finally Posi iniplies 

a large increase in SJ-stolic force. .As before the  reference fuzzy set fiinct ions arc 

defined by Equation (6.10). The parameters a.b and c are used to tune  tlie DO11 

values of t h e  terms and there relation to each other to provide aclequate coiitrol. 

The final input and output memberships. shown in Figure 6.10 and Figure 6.1 1 wre 

attained after numerous tuning to provide the  best possible control of the system. 

The tuning \\.as to provide minimal overshoot and attain a quick stcady state diiring 
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a step change in the niodel peripheral resistance. 

The t uning process was done by adjust ing the membership shapcs aac1 t lieir crossovcr 

DO11 values betrveen linguistic terms. Also weighted rules were tried to pro\*icle a 

bet ter cont rol response as described briefly in section 4.2. The weiglited riif-t liod for 

the rides was found not to  be ver' effective due to the small riile hase at prcvcbrit. .A 

larger rule base [vas used u-it h iveighted rules which proviclcd sonic iniprovcwic~ii t i ri 

response. but at an increase in computation due to the larger riiiriil~er of rcfcrrrirv 

fuzzy sets to be tuned. The tuning was done simulation of the syst en1 iiridcr dif- 

ferent mode1 peripheral resistance levels and obsert-ing t lie rrsporisr and  corrrrt irig 

the parameters on tlie membership functions to adjust the cont roi. The t ask iras 

tedious and ver\. time consuming. 

-4 problem encountered wit h the above rules was t hat t lie cont roller tendecl to O\-cr- 

shoot and cause chattering when simulated for some \-alues of Rp. Iiiitially to 

overcome t his problem a met hod of intelligent cont roller swi t ching was at t cnipt ecl. 

\\'here two FLC controllers were setup with different sensitivit~- to the feedback vari- 

able pump output. the controller would switch to a -Hard-cont rollerœ if the desired 

and actual pump outpiit iras ~ a s t l y  different by a preset Iiard coritroller tliresh- 

old value. When the desired and actual values are belon- a cert aiii t tiresholct t lie 

cont roller algori t hm swi t ches to  a 3oft-cont roller" . This tecliiiiq tie iras a handonecl 

because of the complexity of the  control. Since a simple control algorithtii is less 

likely to fail and is easier to design, to solve the problem of the O\-ershoot with tlie 

aid of a single controller two extra rules were added. The rules are sliown below aaiid 

are counter intuative. These rules are opposite to the intutive knodedge or logic of 

the system being controlled. This provides higher sensi t ivity of the cont roller wfien 

pump output is about nominal by distributing the center of the  area (defuzzificat ion) 

to the  opposite side of the control action. 



The chatter problem was controlled by adding a cut-off value for t h e  change in 

systolic force. W h e n  the proposed change in force from the controller is below 

a certain set t hreshold which is presently set at 0.0.5 S in the file l r b t b y b / . r i ~  t h e  

change in force is not applied to  the system. Hence only a change in force a l ~ o v ~  t iir 

t hreshold is implimented by the  controller. This d u e  of set t hreshold cari he alttwcl 

to  provide less sensitivity or can actively be controlled depencling on t hr syst rrns 

response. Also during tuning increased membership functions u-rre attrniptrd iri 

each input and output universe of discourse and in so doirig t tic rortipiit at ion olco 

increased as well as the number or rules required to drscribr t l i e  5:-striii. Diit a n  

increase in the nurnber of membership functions providecl a het ter cont rol of t h r  

control space to a much finer degree. The nuniber of cstra rdcs tliat u-crr atltlecl 

also made cornputation time Longer but provided a het ter corit rol o w r  t lir cont r d  

space. 

The rnethod used to defuzzify the out put function in t lie oiit put  i i r i i \ - i n < *  of < l i s i - u i i i . ~ t *  

is described in Equation (4.15) in chapter 4. The fiizz:- iiifcwiic-c. zyst<wi fur t Iirb 

hybrid controller is in file Hardcntr! and is shown in t lie ;\ppcntlis -4. 

6.9.6 Analysis of Control Space 

Figure 6.12 shows the  control space. In this case the control space is only 2-D ~Iiie 

to the SIS0 system. The figure shows that at high pump oiitpiit in ttie orcler of 

2 6-& the control action is to reduce the nominal force acting on the  lieart II- a 

large value of about -5.5 S. When pump output is very 1011- 5 3 &  t he  cont roller 

increases the value of nominal of systolic force by a larger increment of 5.5 S. This 

shows that although the output universe of discourse is defined as (-10. 10) S its 

actual effective control space is approxirnately (-5.5. 3.5) S. W i e n  ptiiiip output is 

about nominal the control relationship is seen to be a linear lunctioii. The dope of 



t lie linear function can be  altered by changing the DO11 value of pi t her  t Iir o u t  put or 

the input. Also addit ion of more membership functions can produce mort- accurate 

control over different regions of pump output ranges. 

Cardiac-Output 

Figure 6.12: The FLC plot shotving the relationsliip between punip out pi1 t and 

the change in systolic force (AFsgs)  

6.10 Variablity of the pump Output 

At present the controller is designed to maintain a fixed pump out put which is based 

on the normal resting human pump output. Studies have shown t hat the use of the 

difference in venous and arterial oxyhemoglobin to determine the piimp output re- 

quired would be an effective method of est imating the body requirenient of osygen 

when metabolism and external factors change [6, 121. 



The controller can be modified very sirnply to provide control for a mried iiipiit 

of pump output (desired pump output).  This iras the purpose for maint aining t hr 

input set -Y at O to 2 times the nominal value. The modification is t hat tfie nominal 

value can be made to  be a gain lalue and the  input space di\-ided into a u n i w r s e  

of discourse of a domain (O. 2) which is non-dimensional. The gain 1-aliir cari h* 

varied depending on the  required pump out put to niaintain proprr fuiict ioii of t 1 1 ~  

ci;ciilatory system. The cont rol correct ions will be made based on t lie <Irsirc.fl va l l i v  

set by the required pump output estirnate. 

6.11 Pressure-Volume Loops 

The Pressure-\alunie loops shoiv the pressure and volunie data of t  il^ art ifirial ticart 

a11 displayed on a single graph. -4 typical pressure-volume loop of tlic nominal fiinc- 

tion of the artificial heart is shorrn in Figure 6.13. 

The pressurevolume curye shows the filling. isovoluniic contraction. eject ion and 

isovolumic relaxation \\-hich are illustrated counteiclockivise froni the left hot tom 

end. The top widt h of the loop during an>- single beat is known as t he  st roke 

volume which is given E DI-  - ES\.' (Systole). and the  hot tom rvidt h is known as  

the filling phase ( Diastole). The pressure-ofur urne loop moves left or right depentling 

on the blood volume in the heart. These pressure-volume loops \.ai?- tlepcncling 

on the characteristics of the artificial heart. In natural hearts t liese loops niow iri 

const rained passive and active elast ic curves knoolvn as diastolic elastarice aiid syst olic 

elast ance (inverse of cornpliance function ) respect ively. The pressure-volunie loops 

can move left. right. upwards, and dorvnwards. These curves act as bouiidarics of 

the natural heart to provide a maximum and minimum [2. 91. 

Ejection Performance 

The ejection fraction is a mathematical value which rates the perforniarice of the 

artificial heart or  natural heart with its filling and pumping of blood frorii the lieart 



Pressure-Volume bop Of AH 

Volume in Heart [ml] 

Figure 6.13: Sominal condition showing the pressure-volunie loop. Tlic plot 

shows the pressures during systolic and diastolic phases and also 

the blood volume volume in the heart. Every beat niakes a single 

loop and the  loop trends shows the  transient of t lie artificiai Iieart 

( - pressure volume loop). 
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given by Equation (6.16). The parameter is diniensioriless. .-\ typical eject ion frac- 

tion is shown in Figure 6.11 which s l i o ~ s  a unit' ejection fraction implying tha; 

the stroke volume is equal to the end Diastolic Volume (EDI ')  at about the 4Ot h 

beat. A n  increase is seen in the ejection fraction during the initial phase idiich 

implies that the stroke volume is larger t han the EDi' for the  first fer\- heat s in t he 

simulation. 

Stroke l'olume 

EJ  = End Diastolic Volunie 

The ejection fraction is an output of the simulation on a k a t  Ily beat hases as  s l i o ~ v i i  

in the code Jxbtby6f.m. 
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Figure 6.14: Ejection fraction showing the filling and ejection of the  artificial 

heart. The sharp edges show generally bad estimates on the stroke 

volume which causes sudden changes in systolic force froni t lie F LC. 



[ Decrease 1 0.9. 0.13. 0.5. 0.25. 0.1 < 0.1 1 ES\' Faliure (range) 1 l 

Peripheral Resistance Simulation 

Table 6.3: Periperhal Resistance FLC Sirnulatiori 

EfTect 

Increase 

6.13 Peripheral Resistance And Control 

The change in peripheral resistance is a cornmon way the  hurnan body wspondz 

to esternal stimuli. \\*ben an individual is esposed to hot or colcl clinlates t l w i r  

Multiplers 

1.2. 1-25, 1.5. 1-75, 2. 4.S. 10 

peripheral vascular resistance changes to control t heir body teniperat ure. Siiiiilarl>- 

when an individual is sick their peripheral vascular resistance varies depenclirig on 

the amount of osygen required by the body. Therefore control of piimp output 

Failure Value Failure Mode 

during such periods is the kej- to attain a good controller for an artificial heart. A t  

> 10 

present the controller is fixed to  maintain a desired pump output which is fiscd at 

ES!' Failure (range) 

4.7-&. .ln increase or decrease in peripheral resist ance is simiilated and ront rollecl 

wit h the FLC. The Table 6.:3 shows the range of values used in pcripheral 1-asctilar 

resistance simulation and a summary of the failtire observed. 

When peripheral resist ance is increased we see t hat t h e  aort a pressure rises as .i hown 

in Figure 6.15. .At trvo times the nominal peripheral resistance of tlie blood Rotring 

through the peripheral is constricted and hence increasing t h e  volilnie of hlootl in 

the arterial, aorta and outlet cannula segments. Sirnilady a lower Idood voloiiie is 

seen in the venous segment of the circulatory systern. The increase in \-olume causes 

an increase in pressure which lowers the flow rate from tlie artificial lieart causing 

low pump output. The peripheral flow is seen to  dip in the begining due to t h e  

increase in resistance and rises after the first few beats due to the control action of 

the fuzzy logic control as s h o w  in Figure 6.16. \.\e assume that when a drop in 

peripheral flow falls below 3& for a very brief period of less tlian 5 beats it  ivi l l  



not cause damage to interna1 organs or tissues. The pressure volunie b o p  shown in 

Figure 6.17 shows that the loop is  seen to  shift towards the left and the artificial 

heart systolic pressure is seen to gradually increase due  to the increase in the systolic 

force. 

6.13.2 Control Response 

The Figure 6.18 sho~vs the control force l F s ,  and Fsgs as a function of heat nii~iit>er. 

The systolic force is seen to rise quickly in the first 10 beats of cont rol to niake up 

the drop in pump output. The pump output shown in Figure 6-19 initiall~. dropi 

showing a loiv pumpoutput. Thechange in force rises the pumpoiitput to a vaiiie 

of about 4 . ï&  in less than 10 beats. Due to the srnall crror hetiveen t h e  est iniated 

pump output and actual pump output the actual pump output is slightly lower t han 

the desired pump output as shown in Figure 6.19. The sharp corners on the punip 

output Figure 6.19 is due to the changes in the systolic force and the averaging 

calculation of pump output for a beat by beat numericaiestimate. The steadj- state 

systolic force is about 58.41 S to maintain required pump oiitpiit at the clesirecl 

\due .  The outlet cannula pressure is seen to rise as a consequerice of tlie rise in 

systolic force and the increase in steady state blood \-olunie in thc outlet ca~iniila iri 

Figure 6.20. The steady state outlet cannula pressure is about iiS.9 nini  Hg idiicli 

is quite high and ivould depend on mechanical design constraints of t lie out let caii- 

nula stress tolerance and the effect of such high pressures on out let 1-al\-es. A i t  hoiigti 

such high pressures are seen in acute patients suffering high blood pressure [52] ancl 

is not a adverse problem to  the patient. 

Figure 6.21 and Figure 6.22 show the EDV and ESV estimates respectively. The 

estimated EDV iç seen to be steady. The actual EDV is seen to decrease initially due 

to the increased peripherd resistance and lower inlet cannula presure. The control 

brings back the EDV gradually. The ESV is seen to rise positiwly initiallj- due to  

the decreased out let pressure gradient which is correct ed by t lie cont rollers increase 

in systolic force. The EDV is within expected errors as shown in Figure G.23 with 



Aorta/outlet cannula segment data Graph 
I I 1 8 I v I 

Figure 6.15: aorta/outlet cannula segment data for an increase in periplierial 

resistance (Rp x 2) ( - aorta pressure [mm Hg]. .. oiitlet cannula 
L pressure [mm Hg]. -.- aorta flow rate [=]. - outlet cannula Row 

rate (lower line) [A]) 
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Figure 6.16: Peripheral Bow [A] for an increase in periplierial resist aiiçc ( R,,, ;i 

2) 
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Figure 6.18: Control changes for an increase in peripherial resistance (Rpr  x 

Beat number 
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Cardiac Output shape form (Pattern) 

Adual CO [Urnin] 

- Fuzry CO [Urnin] 

Figure 6.19: pump output for an increase in peripherial resistance (Rpe  x 2) .  ( - 
L L Fuzzy infered pump output [=]. -.- Actual pump output [=]). 
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Output Cannula Pressure 

Beat number 

Figure 6.20: Average ourlet cannula pressure over the  systolic pliase for ati in- 

crease in peripherial resistance ( R ,  x 2).  ( -.- Output canniila 

pressure [mm Hd) 
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End Diastolic Volume 

- - - - Actual EDV [mu 
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Beat number 

Figure 6.21: End diastolic volume for an increase in peripherial resistance ( R p c  x 

2). ( - Fuzzy infered EDY [ml], -.- Actual EDY [ml]) 



Figure 6.22: End systolic volume for an increase in peripherial resistance (RD, x 

2 ) .  ( - Fuzzy infered ESV [ml]. -.- Actual ES\- [ml]) 
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Difference between Actual and Est EDV 
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Figure 6.23: End diastolic volume [ml] error for an increase in  periplierial resis- 

tance ( Rpe x 2).  



15 20 
Beat number 

Figure 6.24: End systolic volume [ml] error for an increase in peripherial resis- 

tance ( Rpe x 2). 
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Figure 6.25: pump output [A] error for an increase in periplierial resistarice 

w,, x 2). 
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Figure 6.26: Ejection fraction for an  increase in peripherial resistance ( R p r  x 2 ) .  



6.13.3 Decrease in R, 

-4 decrease in peripheral vascular resistance shows that aortic pressure Iias clroppcd 

significantly from their nominal values to about 90 mm Hg at  peak systolic pressures 

and 45 mm Hg a t  minimum diastole shown in Figure 6.27- T h e  trend in aortic prcs- 

sures is seen to oscillate due to the changes in control force (overshoot /undershoot ). 

The peripheral flow in Figure 6.2s shows the oscillations in t h e  peripheral flow rair 

seen by the circulatory system. The peripheral flow does not drop belon- -!A and 

steady s ta te  is reached in 20 beats. The peripheral Row s h o w  an oscillator- iiiot ion 

with a large time period. The overshoot of pump output is seen during initial cont rol 

to be about 6.5-&. The pressure-volume b o p  in Figure 6-29 s h o w  t Iiat aii iiirt-~asc 

in stroke volume moves the loop towards the left. -4s t h e  artificial heart pressure 

gradually drops [rom the fuzz- logic controllers overestimate. the pressure-voli~rnr 

loop moves towards the right. The systolic pressure in the  Iieart is also seen to 

increase to a value of about 13.5 mm Hg at steady state from the increase in t h e  

syst olic force. 

6.13.4 Control Response 

Figure 6.30 shows the cont rol action t a h n  by the cont roller for a decrease in pe- 

ripheral vascular resistance. It shows init ially t hat the systolic force tlrops sharply 

due to the  increase in pump output as shown in Figure 6.31. .At tlie g t h  beat the 

change in force is about zero because the pump output has dropped to the de- 

sired value. The steady state value of systolic force is about 31.41 S. Figure 6.31 

shows the pump output of the systern on a beat by beat basis which esplains t h e  

sharp corners on the figure. The pump output is initially seen to rise which is 

corrected by a drop in systolic force. The drop in systolic force causes tlie pump 

output t o  gradually drop below the desired value which is corrected by an increase 

in systolic force which causes the observed oscillations seen in the systolic force of 

Figure 6.30. The out let cannula pressure is seen in Figure 6.32 whicli shows a sliarp 

drop in pressure and then a rise in pressure due to the systolic force correct ion. A 

steady s t a te  outlet cannula pressure of 73 mm Hg is attained a t  about the ?Yh beat . 



Figure 6.33 and Figure 6.34 show EDV and ESI' froni t tie simulation. Thr ED\- is 

seen to initially rise and drop to a steady state d u e  of about SO ml froni the ef- 

fects of systolic force. While E S 1  initialy drops and then rises and attains a stcady 

state value of about O ml. The estimated ESV is slightly higher tliaii zero ( I ml). 

Figure 6.35 and Figure 6.36 show t he  errors in EDL' and ESI' respecti\-ely. The 

maximum error in EDV is seen during control and is about '1.1 ni1 arid a steady 

state error of about 1.2 ml. While the  ES\' rnasirnum error is also sem clilring 

active control which is 6 ml and an error at steady state of 1 ml. These errors do 

not impact the control action t o  any significant degree because t lie est iriiat rd  piiriip 

output is very close to the actual value. 

Figure 6.37 shows the pump output error whiîh has a masirniini value of O.<& 

at the gth  beat due to the ES\' estimate error. The ejection fraction is slio~rri i i i  

Figure 6-38 which shows initial increase and tben a drop in the ejection fraction 

which esplains the pressure-volume loop beliavioiir. 
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Aorta/outlet cannula segment data Graph 
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Figure 6.27: aorta/outlet cannula segment data for a n  decrease in peripherial 

resistance (Rpe x 0.5) ( - aorta pressure [mm Hg]. .. outlet cannula 

pressure [mm Hg], -.- aorta flow rate [A]. - outlet canriula flotr 

rate (lotver line) [A]) 
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Peripheral Parameters Graph 

Time in secs 

Figure 6.28: Peripheral flow [A] for an decrease in peripherial resistance ( Rpf x 

0.5). 
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Figure 6.29: Pressure Volume Loop for an decrease in peripherial resistance 

( Rpe x 0.5) 
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Delta Fsys 

Figure 6.30: Control changes for an decrease in peripherial resistance ( Rpc x 

O..j). Top: change in systolic force for each beat [SI. Bottoin: The 

systolic force acting on the artificial heart from beat to bear [SI. 
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Figure 6.31: pump output for an decrease in peripherial resistance ( R p ,  x 2 ) .  
L - Fuzzy infered pump output [A]. -.- Actual pump output [=]). 
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Figure 6.32: Average outlet cannula pressure over the  systolic pliase for an de- 
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Figure 6.33: End diastolic volume for an decrease in peripherial resistaiice 

(R,. x 0.5). ( - Fuzzy infered EDV [ml]. -.- -4ctual ED\- [ml]) 
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Figure 6.34: End systolic volume for an decrease in peripherial resistance ( R,, x 

0.5). ( - Fuzzy infered ES\- [ml]. -.- Actual ES\- [nil]) 
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Figure 6.35: End diastolic volume [ml] error for a decrease in peripiierial reais- 

tance (R,, x 0.5). 
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Figure 6.36: End systolic volume [ml] error for a decrease in peripherial resis- 

tance ( R ,  x 0.5). 
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Figure 6.37: pump output [A] error for a decrease in periplierial resistance 

( R p  x 0.5). 



Figure 6.38: Ejection fraction for an decrease in peripherial resistance ( R p e  x 

0,s). 



6.14 Initial Condition Response 

The initial conditions is the state vector used when the simulation is hcguri. These 

initial conditions inciude the volume of blood in each of the circulatory segments 

and the momentum of blood in these segments a t  startup. 

6.14.1 Out let caiinda Volume 

The out let cannula volume initial conditions were changed to sinlulate lotver and 

higher startup blood volumes with the aid of a multiplier less than one and greater 

than one respectively. The response of the systern is \ -eV  similar to the latrr dis- 

cussed changes in the value of the outlet cannula compliance \ d u e s  (C,,,t ). 

When outlet cannula volume is increased or decreased it causes the outlet canriirla 

pressure and flow rate t o  be very oscillator for the first few beats of t he sitnulat ion. 

The oscillations dampen out due the the high stiffness of the model. The cont roller 

during this is ver' minimal and approaches its nominal systolic force after the fett* 

(5-7) beats with Fsys = 11.S.Y. The main changes in systolic force a re  cliiring the 

first (2-1) beats of the simulation. .At ver' large changes i i i  the starticp values of 

the outlet cannula volume the  estirnated stroke 1-olunie is not acciirate I~ecause t hc 

input values of the 1 Pi, and 1 Pou, are outside t heir universe of discoiirse. 

The effect of an increase in initial cannula blood volume is similar to  the  behavior 

during a decrease in the out let cannula compliance. Figure 6.39 shows the controi 

for an increase in the outlet cannula volume by a factor of 2 whicli sliotrs rhat a 

steady state is achieved after the first few beats. Figure 6.10 shows the pump oiitput 

during the first beat, the  estimated pump output  is off because of the estimation of 

the ESV. The outlet pressure gradient is 1.354 mm Hg which is outside the range of 

(8.5. 28.7) mm Hg for the ESV estimator. This shows that the estimator has failed 

for ESV. 

The effect of the decrease in initial blood volume in the cannula is similar to t lie in- 
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Figure 6.39: Control force for step change in initial outiet cannula volunir bj- 

x2.Top: Change in systolic force [SI ( -.- change in s~stolic force. 

x controller infered change in systolic force [Y]) Bot tom: Systolic 

force on mode1 [XI ( -.- Systolic force trend. s coiitroller iiifered 

systolic force acting on heart [SI). 
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Figure 6.40: pump output for an increase in Initial Outlet cannula  m l u n i e  x2. ( 

L - Fuzzy infered pump output [A]. -.- Actua l  pump o u t  put [=]). 



crease in out let cannula cornpliance. Figure 6.4 1 shows t hat t lir force at t airis again 

steady state after the first fem beats for a decrease in hall of t h e  noniinal hlood 

volunie. It slioivs that the system is much more stable to a drcreasr i r i  t h ?  volumr 

t han to a increase in the blood volume. Figure 6.42 shows the ptinip out put. It 

sliows that the pump output is estimated correct15 The first heat shows a prcssiirtb 

gradient over the outlet d v e  to be 10.12 mm Hg which is in tlir iini\rrse of rlia- 

course range. 

The aorta segment volume \vas varied to produce a similar ~ffect. Its respotisr u-as 

similar to t h e  reaction seen in the change in the outlet canriiila \-oluiiic. But t l i t*  

failure of the ESC' \vas not observed at 4 times to 0.25 times t h e  nominal hlood 

volume in the  aorta segment at startup. Changes in inlet canniila volriiiir i i aw  a 

much srnaller impact t han t hat of out let cannula. 
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Figure 6.41: Control force for step change in initial outlet cannula volurne by 

xO.5.Top: Change in systolic force [SI ( -.- change in systolic force. 

x controller infered change in sptolic force [SI) Bottom: Systolic 

force on mode1 [KI ( -.- Systolic force trend. s cont roller infered 

systolic force acting on heart [NI). 



Figure 6.42: pump output for an decrease in Initial Outlet cannula volume x O..?. 
L ( - Fuzzy infered pump output [A]. -.- Actual pump output [,]). 



6.14.2 Peripheral Moment um 

The peripheral momentum is ~ r i e d  at startup sirniiar to the outlet canriula blood 

volume. The control for an increase in peripheral momentum by a factor of 2 is 

shown in Figure 6.13. The force shows drastic force correction for t hc first 3 beats 

and tlien a slow incrernental changes to bring back the  force to nominal. Simiiar 

behavior is also seen for a decrease in the peripheral moment urn which has an initiai 

increase in systolic force increment. 



Delta Fsys 

Figure 6.43: Control force for step change in initial periplieral niornerituni by 

x2.Top: Change in systolic force [Y] ( -.- change i n  systolic force. 

s controller infered change in systolic force [SI) Bottom: Systolic 

force on mode1 [XI ( -.- Systolic force trend. s coiitroller infered 

systolic force acting on heart [SI). 
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Figure 6.44: pump output for an decrease in Initial peripheraI nionientum x 2. ( 

L L - Fuzzy infered pump output [,]. -.- -4ctual punip output [,]). 



The robust ness of the controller is tested by observing the failures caused by changes 

in system parameters. These failure limitsand modes are determined bj- running the  

simulation for various altered systemic values. These values are aliered II?. the aid 

of a multiplier which is greater than one to show an increase i n  the specfic sj-steriiic 

variable and less than one to show a drop in that specific variable. Dtiriiig tlirsr 

simulations al1 other parameters of the system are held constant at t heir noiiiinal 

\dues as in Table 5.4 and 5.5. The FLC holds the pump outptit at t h e  reqiiirecl 

value b ~ -  changing the systolic force. 

I Parameter Study I 
Variable Multipler Failure multipler/mode 

Aorta inertance (dec) 

Aorta inertance (inc) 

Inlet Can. Inertance (dec) 

Inlet Can. Inertance (inc) 

Outlet Can. Inertance (dec) 

Outlet Can. Inertance (inc) 

Inlet Compliance (dec) 

Inlet Compliance (inc) 

Out let Compliance (dec) 

Outlet Compliance (inc) 

Heart Inertance (dec) 

Heart Inert ance ( inc) 

< 0.1 - .\orta press. 

> 10 - Sone 

0.1 - Inlet can. Freq. 

Y - Inlet can. .\rnpl. 

0.35 - Low .Art. flow 

S - High Art. flow 

< 0.1 - Startup Inlet Press. 

> 10 - Startiip Inlet Press. 

< 0.1 - Startup Outlet Press. 

> 10 - Startup Outlet Press. 

0.1 - ES\' est. 

10 - ES!' est. 

The increase/decrease in inertance is representative of an increase in t lie lengt h of 

the aorta segment that rvas modeled from the TEA'iI. Since the inertance is defined 

by the  Equation (2.3), an increaseldecrease in aorta inertance cari be brouglit ahout 



by various methods: a change in t he  cross sectional area. a change in the lengt h 

of the aorta segment or a change in blood density. T h e  increase and decrease in 

aorta cross section is common during pumping of blood (iVindliessel effect ). Some 

drugs induce dilaton or constriction of arteries in which case the cross sect ional a r c a  

is also changed. This causes a change in the  inertance of the blood in t h  aorta. 

X decrease in the aorta cross-sectional area is also common in sonie pat irnts dirri 

t hey are suffering from certain cardio\ascular diseases (build itp of fat tissue ori t t i ~  

arterial walls). 

6.16.1 Increase in I,, 

The pressure difference across the output canni ila valve and t h e  flo 

from the art ificial heart are very similar to the  nominal case. A close inspcct ion re- 

veals that the pressure across the outlet valve during systole is sliglitly Iiiglicr tlian 

the nominal case. This results in slightly more volume being piimpecf out for t lie 

durat ion of systole. 

The aorta data shown in Figure 6.45 shows that the aorta pressure is seeri io I>c 

more oscillatory t han in r he nominal case. The increase iii tlie inertance of t Iic a o r t  a 

requires t h e  blood to  be pushed harder in order to Bon-. The periperal flotv is st  i l1  

the same (about 4 . 7 h ) .  The venous data and the artifirial heart data are al50 

nominal without any vast changes. The pressure volunie loop is olxer\*ed to clrift 

slightly to the left (negative) region. The change in i,, seems CO have only effected 

the aorta locally which ef€ects the system ver' slightly. 

6.16.2 Decrease in Ia, 

The inertance nas  reduced to  half its nominal value. The out let pressure gradient 

and the flow rate of blood from the artificiai heart are about noniinal. Figure 6-46 

shows the aorta preformance at a lower aorta inert ance. The oscillations apparent 

in the aorta segment for the increased inertance is not apparent here. Tlic pressures 
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Figure 6.45: Aorta/outlet cannula segment data for an increase in aorta irier- 
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seem to be much smoot her t han nominal. This shows t hat lower values of inert ance 

will cause iess osciI1ations in the pressure and Row rate of blood through t h e  aorta 

segment. The peripheral flow is the same as that of the increased aorta inertance 

at a \-due of about 1.7-&. The venous parameters. inlet parametrrs and art ificial 

heart parameters are also similar to t h e  increased inertancr. 

The pressure-volume was observed not to drift to  the Ieft as far as in t tic case of 

increased aorta inertance. This is because at  lower inertance the pressure oscilla- 

tions are lower and hence the mean value of pressure across the out let valve is ahoiit 

nominal. 

6.17 Cannula Inertance Imin 

The inlet cannula inert ance on the location of the art ificial heart in the human body. 

The location of the  artificial heart can var\- from patient to patient aiid in s u d i  cases 

the length of the inlet cannula can either be estended or reduced. The change in 

inertance can also be brought about by changing the cross sectional area of the 

cannula as shown in the Equation (2.3).  Therefore the response of the coritroller to 

such changes in inlet cannula length are important. 

6.17.1 Increase in ICni, 

When Imi, is increased the venous segment pressure and flow rate heconie \-ery 

oscillatory. The inlet cannula pressure is shown in Figure 6.47. The aniplitude 

of the inlet cannula pressure can be seen to  be very large with a lower frecliienc-. 

The oscillations also persist into the diastolic phase of the beat causing the interna1 

artificial heart pressure during diastole to osciliate. This is obsen-ed in the iiilet 

flow rate as shown in Figure 6.48. The flow rate shows a large drop during diastole 

due to the pressure amplitude in the inlet cannula. This osciliaiion. if iricreasecl 

can cause the inlet valve to  temporarily flutter (passii'e valves). Siich valve flut ter 



AoWoutlet cannula segment data Graph 

-20 1 1 1 1 I 

O 0.5 1 1.5 2 2.5 3 
Time in secs 

Figure 6.46: Aorta/outIet cannula segment data for an decrease i n  aorta iiier- 

tance (I., x 0.5). ( - aorta pressure [mm Hg]. .. outlet cannula 

pressure [mm Hg], -.- aorta flow rate [A]. -.- outlet cannula flow 

rate [A]). 
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may cause damage t o  the valve or even cause thrombosis of blood due to turbulent 

flotv produced from the flutter effect. The increase in pressure in the inlet cannula 

will also cause cyclic wear and eventual failure of t h e  valve. Figure 6.49 shows the  

pressure-volume loop of the circulatory systern. The  pressure-volume loop shon-s a 

drift of the blood volume towards the negative region implying that ejection volume 

is higher. 

The failure of the circulatory svstem occurs at  the Icnin x S as shown in Figure 6.50. 

The inlet cannula pressure is seen to become \?ery ocillatory with a large attiplituclc. 

This causes a large pressure on the inlet valve (Siniilar to the i n t e r  Iiarnnwr effect ). 

The cannula segment may not be able to rnaintain such high pressure oscillation for 

estended periods of time due to the cyclic loading of the segnient. 

6.17.2 Decrease in Icnin 

A decrease in I,,,, shorvs no difference in the outlet cannula paranieters. 1i~nce the 

flow rate and the pressure gradient across the out let \-alve seein nominal. The st eady 

state data show very minimal change in pressures. The aorta and the arterial seg- 

ment also shows no variation in pressure or flow rate of blood. The periperial flou. in 

the sj-stem is steady at the nominal value. The first obserl-able change to the  circii- 

latory system is observed in the venous segment ivhich shows tliat the iiilet canntila 

pressure and the flow rate in the cannula segment have an increased frequency and 

iower amplitude of oscillation as shown in Figure 6.51. Another obser\xble feature 

is that once the diastolic phase (inlet valve opens) begins. no oscilations are ob- 

served in the inlet cannula segment. This is also visible in the inlet flow rate when 

compared to that of the nominal simulation during diastolic phase. 

The artificial heart blood volume is also seen not to  be clianged. The Figure 6.52 

shows inletfoutlet flow rate in detail. The diastolic filling flow rate is seen to be 

much smoother than in the nominal case. The reduction of the cannula segnient in 

a patient's artificial heart is shomn to provide smoother flow into the art ificial heart 



Figure 6.47: I'enous/inlet cannula segment  d a t a  for an increase in inlet caiinula 

inertance (Ima x 4). ( .. Inlet cannula pressure [mm Hg]. - veiious 

pressure [mm Hg], -.- inlet cannula Row rate [A]). 
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Figure 6.48: Inlet/Outlet flow rate of the artificial heart for an increase in inlet 

cannula inertance (Imin x 4). ( -.- systolic flow rate [hl. - diastolic 

florv rate [A]). 
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Figure 6.49: Pressure-Volume loop for an increase in inlet cannula inert a lice 

( I m i n  x 4). 
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Figure 6.50: \énous/inlet cannula segment data for increased inlet canriula iner- 

tance and at possible failure point of  circulatory mode1 (Irnin x S). 

( .. Inlet cannula pressure [mm Hg]. - venous pressure [mm Hg]. -.- 

inlet ~ a n n u l a  flow rate [A]). 
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Figure 6.51: \énous/ inlet  cannula segment  data for a decrease in inlet cannula 

inertance (I , ; ,  x 0.5) .  ( .. Inlet cannula pressure [mm Hg]. - 
L venous pressure [mm Hg]. -.- inlet cannula fion- rate [,]). 

during filling with very little oscillation produced from t he  cannula. Biir t he  high 

frequency oscillation ma? cause turbulent flood in the inlet cannula due to t lie wat er  

hammer on the inlet valve during systolic process. 
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Figure 6.52: Inlet/Outlet Row rate of the artificial heart for a decrease iri itilet 

cannula inertance (rai, x 0.5). ( -.- systolic f l o ~  r a t e  [A]. - 
diastolic flow rate [A]). 
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6.18 Cannula Inertance ImOt 

The varitation in the outlet cannula is similar to the change in inertance of the aorta 

segment and the inlet cannula. The outlet cannula is generally attached from t h e  

artificial heart to the aorta segment. Due to positioning of the t h e  artifiiial h m r t  

the outlet cannula can va- from patient to patient as in the inlet cannula position 

dcpending on avaliability cavity space in t he  human body for implantai ion. 

When I,,, is increase the outlet cannula paranieters show \-er>- l i t  t Ir chaiigr. Tlir 

aorta segment rvhich contains the parameters of the outlet cannula shows changes. 

The Figure 6 5 3  shows the pressure in the outlet cannula and can he  seen to oscillate 

at a loiver frequency. These oscillations are also evident in the aorta pressures which 

shows lower frequency oscillations t han the nominal condition. 

The arterial segment in Figure 6-54 shows that the arterial flow rate has increased. 

The arterial pressure has not changed from the nominal value but the aorta/outlet 

pressure oscillations are visible in the arterial segment. The peripheral flou- is also 

nominal with little observable change. There is no observed change in the venous 

or the inlet cannula segments. Al1 artificial heart parameters are observecl to he 

nominal also. The artificial heart blood \.oIurne is seen to drop lower than t h e  

nominal case implying that more blood is pumped out of the artificial heart. 

6.18.2 Decrease in ImOt 

When the ImOt is decreased the outlet cannula paramters show no visible differences 

from nominal case. The aorta data (Figure 6.55) shows that the cannula pressure 

has a high frequency oscillation with a low amplitude. This is also reflected in the 

aorta pressure seen in Figure 6.55. There is no change in the pressure range of either 

the aorta or the out let cannula. The arterial segment flow rate showii in Figure 6.55 

shows a decrease in the blood flow rate though the arterial segment. The peripheral 



Figure 6.53: Aorta/outlet cannula segment data for an increase in outlet can- 
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Figure 6.54: Xrterial Segment data for an increase in outlet caniiula inertance 
L (ImOt x 4) .  ( - arterial pressure [mm Hg]. -.- arterial flou- rate [,]). 



floiv. venous and inlet cannula segments are still nominal. A r t i f i d  tieart volume 

seen on the pressure-volume Ioop shows no changes. 

The failure of the decrease in outlet canula inertance was seen at 0.25 times t h e  

nominal value. This is shown in Figure 656. The flow rate in t h e  arterial segment 

is seen to be very low and sometimes negative. This is the  Boiv rate into and out of 

the cornpliance elernent as shown schematically in Figure 5.14. 

6.19 Artificial Heart Inertia (Ihf) 

The nriation of the Ihi changes the piston rnass modeled in the  artificial heart. 

An increase in Iht tvould imply that more force would be required to acceierate t lie 

piston ivhile a decrease ivould require a lotver force. 

6.19.1 Increase in Iht 

The increase in the interia of the artificial heart piston is seen to effect the out let 

floiv rate as seen in Figure 6.57. The out let flow rate is seen to have decreased. The 

aorta segment and out let cannula show a slight increased BON- rate. The artificial 

heart parameters shows t hat during the systolic phase the pressure in t h e  art ifirial 

heart is higher than nominal. The Figure 6.5s shows the pressure-voliime loop. The 

blood volume is seen to increase into the  positive region which nieans bloocl is being 

Ieft behind in the heart after eacb beat. 

6.19.2 Decrease in Iht 

When the outlet cannula data are observed it can be seen that there is an increase 

in flow rate from the  artificial heart. The periperal flow is seen to be nominal. The 

venous pressure has increased slightly. There is also an obsermble increase in the 

amplitude of oscillation in the inlet cannula pressure. The artificial heart Mood vol- 

ume is seen to drop to  a negative value implying that more Lloocl is ejected on eacli 
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Figure 6.55: Aorta/Outlet cannula segment for a decrease in outlct cannula iri- 

ertance x 0.5). ( - aorta pressure [mm Hg]. .. outlet cannula 
L pressure [mm Hg], -.- aorta flow rate [,]. -.- outlet cannula Row 

rate [A]). 
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Arterial Parameters Graph 

Figure 6.56: Arterial segment data for a decrease in outlet cannula inert ance 

(ImOt x 0.25). ( -.- arterial pressure [mm Hg]. -.- arterial floiv rate 

(lower line) [A]). 
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Figure 6.57: Inlet/Outlet Flow of artificial heart for an increase in  heart inertia 

( I h r  x 2). ( -.- systolic floa rate [A]. - diastolic ffoiv rate [A]). 
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Figure 6.58: Pressure-Volume Loop for an increase in heart inertia ( I h t  x 2). 



stroke of the heart as shown in Figure 6.59. Figure 6.60 shows the ejection fraction. 

It shows that the ejection is greater than one. The inlet flow when compared to the 

nominal case is about the same. An increase is obsevered in the outlet flow from 

the artificiai heart . 
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Figure 6.59: Pressure-Volume Loop for an  decrease in heart inertia ( I h t  x 0.5)- 
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Figure 6.60: Ejection fraction for a decreased heart inertia ( I h t  x 0.5). 



6.20 Inlet Cannula Cornpliance (Ccnin) 

The change in the compliance is basically clianging the pressure-volunie rrlat ionsliip 

in the segment ivhich is given in Equation (2.1). Any change in compliance in a 

segment would recluire either a change in the material elasticit- of the srgriient or  

the change can occur due to wear and fatigue frorn prolonged use of the srgrtit*rit. At 

present t h e  cannula segments are generally made up of low porosity u - o v w  I ) a m m  

n-hose corn pliance \vas at tained frorn [II. 

The increase in the  i n k t  cannula compliance effect is mainly localized t O t lie irii t ial 

startup of the simulation where t here is a sudden change t o  the s>*steiii. Si iicc t lie 

initial conditions are preset to nominal steady state conditions. tliis causes a siiclden 

change in the circulatory system. This effect disappears after the first feu- I>cats 

when the  volume in the  segment is corrected. The effect is \.ery siniilar t O t lic ini t ial 

conditions simulated above as in section 6.l-l.1. The  main effect of tlie clinrigr ici  

compliance is seen in the venous segment as shown in Figure 6.61. Ttic s tar t  ~ i p  

cannula Bon- rate and pressure is seen to he ver- oscilatory for tlie first 2 Iwats of 

the simulation because of the  initial volume in the  segment is not at the i i i ~ c l r +  

steady state value. 

Initially the inlet cannula valve flutters for the first beat of the simulation hefore i t  

becomes stabilized. The Butter of the valve can be seen in Figure 6.62 n-hich shows 

the input valve parameters. The positive gradients show when the inlet \al\-e will 

be open. The first beat shows rapid opening and closure of the valve. Sucli valve 

response can cause damage to the valve or clot blood due to turbulence. 

6.20.2 Decrease in Cain 

The decrease in cannula compliance by half causes the pressure to double for a unit 

increase in volume. This causes large pressure oscillations during st art tip jiist as in 
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Figure 6.61: Venous/inlet cannula segment data for an increase in inlet cannula 

cornpliance (Cmin x 2). ( -. Inlet cannula pressure [mm Hg]. - 

venous pressure [mm Hg]. -.- inlet cannula flow ratte [A]). 
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Figure 6.62: Input valve parameters for an increase in inlet cannula conipliance 

(Cain x 2 ) .  ( - pressure gradient across inlet valve [tnni Hg]. -.- 
flow rate across the inlet valve [A]). 



the increased compliance case due to  the initial condition value. This is vrry visible 

in the inlet cannula pressure as shown in Figure 6.63. Figure 6.63 also shows an 

increase in amplitude of the inlet cannula pressure. The same effect of val\*e fiut ter 

is seen as in the case of an increase in inlet cannula compliance. 

6.2 1 Out let Cannula Cornpliance (Cc,,,t) 

Similar t o  the  inlet cannula compliance. the  compliance of the oulet carini:la was 

altered and simulated. The results are similar to  the initial conditiotis ciorir at~oi-c 

in section 6.11.1. 

The increase in the out let cannula compliance is again reflected in the start iip con- 

ditions (step change). The aorta and outlet cannula pressure rapid1)- change chiring 

the first 3 beats of the simulation irnplying drast ic changes in roliirne reallocat ion in 

tlie circulatoq system as shown in Figure 6.64. The flow rate is seeii to cliarigc for 

tlie first beat. At steady state the aorta and outlet cannula pressure is Iiigticr tIiari 

nominal. A similar behavioiir is seen in the  arterial segnirrit wit Ii fewrr o.;cillatioris 

in the pressure and flolv rate. The peripheral flow in t h e  systriii slio~vs ari i i i i t  ial de- 

crease and a slight rise (oscillator- response) unt il steacly stat e i'; rracli at almiit t lie 

l.jrh beat as shown in Figure 6.65. The venous segment also s1io1i.s large aitiplit iicle 

oscillations in the pressure in the inlet cannula and Bon- rate for tlie first beat of 

the simulation. The pressure-volume loop shown in Figure 6.66 shows a rapid clrop 

in volume to a negative d u e  implying that ejection volume is larger thaii EDY for 

the first 3 beats because of the Iower initial volume in the out let cannrila. This is 

verified in the flow rates from the artificial heart and the ejection fraction. 

6.21.2 Decrease in CmOt 

Initial conditions of the outlet cannula flow rate and pressure. aorta pressure aiici 

flow and the arterial segment al1 show the  sarne rapid changes for the first 2 beats 



CHAPTER 6. DESlGS OF FITZZY COSTROLLER 

Figure 6.63: \'enous/inlet cannula segment data for a decrease in  iiilet cannula 

cornpliance (Cmin x 0.5). ( . Inlet cannula pressure [nini Hg]. - 

venous pressure [mm Hg], -.- inlet cannula fiorv rate [-&-1). 
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Figure 6.64: Aorta/outlet cannula segment for an increase in outlet cannula 

com pliance (Cmor x 2). ( - aorta pressure [mm Hg]. .. outlet cannil la 

pressure [mm Hg]. -.- aorta fiow rate [A]. - outlet a n n u l a  Bo\\- 

rate (lower line) [&]). 
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Figure 6.65: Peripheral flow for an increase in outlet cannula cornpliance 
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Figure 6.66: Pressure-Volume Loop for an increase in outlet ca~inula 

complian~e(C,,~ x 2). 



in the simulation which is seen in Figure 6.6s- The peripheral flow initiaII'. shows 

a brief rise in flow for the first .j beats then steady state is reached on the 6'h k a t .  

T h e  are Iittle or no changes in the venous and inlet cannula parameters. .A large 

drop in outlet flow rate is seen in the initial few beats which rises to nominal i-aliii*. 

hy the  d t h  beat. The pressure-volume loop shoiw in Figure 6.6s .ihowi-x t liat t hc 

artificial heart volume drifts toward the positi~se region implying that less bloocl i- 

ejected during systole and hence an eject ion fraction less t han one. 
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Aorta/outlet cannula segment data Graph 
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Figure 6.67: Aorta/Outlet segment data for a decrease in out let cannula corti- 

pliance (Cm., x 0.5). ( - aorta pressure [mm Hg]. .. out let cannula 

pressure [mm Hg], -.- aorta flow rate [A]. - outlet canriula flow 

rate (Iower Iine) [k]). 
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Figure 6.68: Pressure-Iolume Loop for a decrease in  outlet caniiula co~iipliance 

(Cm,, x 0.5) 
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6.22 Peripheral Inertance (I,, ) 

The change in peripheral inertance is similar to extending the niirnber of blood 

vessels. capillaries. and venules in the musclar tissues and organs to provide adeq i ia t~  

blood prefusion to supply osygen. nutrients. remove waste and for teniperattirc 

cont rol. This parameter is vague and t herefore t his simuIat ion shows the  range over 

which the ciculatory model and control can be \-alid. 

The peripherial inertance \vas increased by 1 times. The effect of the increase show 

oscillation on the systemic parameters of the model on a macro scale as i h o m  in 

Figure 6.69. Figure 6.69 shows the venous segment and the effect of incrras~t l  pc- 

ripheral inertance. The aorta. arterial. venous inlet/outlet show similar beliaviour as 

the aorta pressure drops. The periphera! flow in Figure 6-70 shoirs t he oscillat ions. 

Initially the periperal flow is below 2& but this lasts for a duration olonly the first 

.i beats when the peripheral climbs to 1-&. The artificial heart pressures titiring 

5:-stole are seen to increase initially The Figure 6.71 shows the presstirp voliiriie 

loop of t h e  art ificial heart  ivhich shows the oscillations descri bed ahove. 

6.22.2 Decrease iii Ipe 

The simulation for a decrease in the peripheral inertance show similar hehaviour to 

an increase above. The aorta and outlet cannula pressures s h o ~  a large chop. This 

causes the outlet flow rate to rise as shown in Figure 6 . 2 .  T h e  aorta pressures risc 

again to  stablize in the lth beat. The peripheral floiv shows the florv rate t o  be wry 

oscillatory as when peripheral inertance is decreased. This oscillations are show n in  

Figure 6.73. The venous segment shows that the inlet fiow rate starts ver>- high ancl 

becomes nominal after the first beat. 

S o  significant change is seen in the inlet valve paraameters. Tlie artificial heart 
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Figure 6.70: Peripheral Flow for an increase in peripheral inertance ( I , ,  x 4) .  



Figure 6.71: Pressure Volume loop for an increase in peripherai inertance ( r p ,  x 
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Figure 6.72: Aorta/outlet cannula segment data for a decrease in peripheral 

inertance ( I p e  x 0.1). ( - aorta pressure [mm Hg]. .. outler cannula 

pressure [mm Hg], -.- aorta Row rate [A]. - outlet cannula flou- 

rate (lower line) [&]). 
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Figure 6.73: Peripheral Flow for a decrease in peripherai inertance ( I , ,  x 0.1 ). 



parameters show small changes in the systolic pressure. The outlet flair inrrraserl 

during the first 2 beats and returns. The Pressure-\'olme loop moves towards t lie 

left (negaiive) during the first few beats. The loop t hen moves hack toward t I I < *  

right to aprosimately nominal values as shorvn in Figure 6.71. 
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Figure 6.74: Pressure-Volume Loop for a decrease in periplieral inertance I,, x 

O. 1). 



6.23 Heart Resistance and Cornpliance 

The changes in heart parameters causes the trained EDV and ES\' to be altered 

because the data used in training has been changed. This causing failure of the  

estimators to predict the stroke volume and pump output. Therefore the control 

action proposed bp the FLC is misleading. The resistance of the heart. iniet /out  let 

valves and the heart cornplaince caused EDi7 and ES\' est imates t O ha\-e t tic sariir 

problern. 



Chapter 7 

Conclusion and Recommendat ions 

7.1 Conclusion 

The development of the aorta segment produces better results of the aorta I>rlia~.ioiir 

during control. This is seen when the blood volume is lowered o r  raiscd tliiriiig 

changes in the peripheral resistance or other mode1 paranieters ancl also frorii o lwr-  

vat ion of the pressure ivaveform. The behaviour of the aorta is niore reprcscrit at ive 

of the human circulatory system. 

The use of the estimator for EDV and ES\' is seen to pro\-ide accurate rstiriiatiori 

when the simulation is within the trained pressure gradient. The -4 SFIS prewntecl 

shows that ES\- errors are larger than the EDLw errors due to t hc cliangcs i n  t lie 

control force from beat to beat. but the ESV estimate is acciirate enough to provitle 

a good cardiac output estimate. The ES\.' estimator becomes less acctirate as the 

simulation moves outside the universe of discourse for the  inputs of the AS FIS. -4 

side effect of trained data is that the estimator is specific to the system for whicli 

it has been trained. Hence changes in the circulatory models parameters tliat effect 

the trained data can produce errors in estimation of ED\' and ESV. Tlie prcsent 

estimator mode1 is robust for most of the systemic parameters. it accuratel>- esti- 

mates the EDV and ESV for stablization of cardiac output in the  mode1 under stiirly 

except in extreme conditions were the mode1 parameters are changed to abotit 0.5 

or 9 times its nominal value. Such values are assumed to be very estreme. 



The use of adaptive neuro fuzzy inference systems can be used to prot-ide important 

relat ionships between various parameters t hat are presently ver' hard to wlatc d u e  

to the complex interaction of multiple parameters. The EDV ASFIS shown in t h i s  

simulation can be seen to be linear with respect to  changes in inlet pressure graclicrit 

(LAn) to a fixed diastolic time ( t d i , ) .  The linear function can he used to pro\-ide a 

relationship between EDV and inlet pressure gradient. Therefore t lie use of ASFlS 

models provides a n-ay to analyze data and prot-ide a relat ionship betweeri t lie iri put 

and out put of cornples and highly non-linear systems \vit hout a î lear riiat ticriiat ical 

anaixsis of the various interactions involved. 

The use of the s!-stolic force as a control variable to  maintain the required piinip 

out put is shown t hrough simulation to be possible. The altered perip heral resist ance 

causes a change in the pump output which is corrected wit hin the first niiriiite of 

the simulation. .A side effect of increasing or decreasing the systolic force is the 

effect on the  average outlet cannula pressure during systole. .-\ drop in the s?-stolic 

force causes a decrease in the average out let cannula pressure during s>-stole arid 

vice versa. The pressure changes do not impact the system strongl? and woold he 

a function of the outlet cannula design parameters (cornpliance). Punip out put is 

still maintained and such high/low pressures are assumed conimon in hi& blootl 

pressure patients and patients under e'rtreme physical activity. 



7.2 Future Recommendations 

The present rnodel of the circulatory system is quite robust. It models the  pe- 

ripheral florv. aorta segment. arterial segment. venous segment. art ificial hrart arid 

inlet/outlet cannula segment. These segments make up most of the  major parts 

of the human circulatory system. Irnprovernents can be made to better niodrl ttic 

act ual human circulatory system and to exercise better cont rol of t h e  art i ficial hcart . 

The venous segment at  present is modelled sirnilarly to the previous Iiim p d  artrrial 

niodel. St udies have shorvn t hat venous segment is prone to collapse tdieii t tie prrs- 

sure drops in the veiious segment 1181. If the renous segment mode1 is dcvrlopt4. 

the diastolic force Fdia can also be used as a control variable. The alteration of 

the Fdin will provide a method of altering the EDV directly wtiicli will providr t h e  

required volume in the heart for systole to  maintain the required pump output. The 

venous segment is a slightly more complex segment to model since t h e  collapse of 

the venous would affect the flow rate through the segment which would mean that  

the model ~vould have to  have coupling between the pressure in the  venous segnient 

and the resist ive element in the venous segment [10]. 

The addition of the right ventricle model will allow a nnew group of studies on the use 

of two devices to work in a total artificial heart (T-AH) configuration. The i-oliime 

ejected from the right ventricle to the left side (balancing t lie left and right side 

blood volumes) kt-ould have to be maintained to provide contiiiuous flow of blootl. 

The fint stage wold be to produce a full circulatory system rnodel from the esisting 

model. Studies of using paired ventricle assist devices (\.--ADs) can also be stuclied 

for feasability as implantable artificial hearts. 

Ventricular assist devices generally operate inline a i t  h the natural heart . Ttie niocl- 

eling the natural heart would be a key step in begining to do synchronization studies 

and optimization of cont rol for the ventricular assist de\ i ces. 

At present no pulmonary circulation is modelled. The modeliiig of t lie puliiioiiary 



circulation may provide help in determing the effect of locver oaygenat ion or simulate 

respiratory failure in a patient and to model patients under physical activity rvho 

are suffering from lower oxygen saturation in the blood [6]. These studies ivill help 

in determining the required pump output to provide the required osygen to the body. 

-4 st udy of determining the required pump output by moitoring \=rious paramet ers 

would be very good. Present ly the fuzzy Iogic controller mat ches t he  desired piinip 

output set by the user. If a robust model was developed to provide a required punip 

output estimate. it would replace the desired pump output. It could be based on the 

difference in venous osygen saturation (Sv02)  and arterial osygen saturatioii ( S a o r  ) 

and it would be a key step to provide active control of an art ificial Iieart [59.6. 1'1. L I l .  

The intelligent control provides a method to alter the systolic force used to dri1.e t h e  

artificial heart which can be beneficial to Save energy and for power conservation 

during rest. The fixed rate and Full-FiIl Full-Eject controllers carinot at preseiit 

do this without manual changes in the force controi parameters. A conhination of 

both the Full-Fil1 Full-Eject systolic/diastolic timing and the sl-stolic/diastolic force 

acting on the heart maybe a promising met liod of control. 

The tuning process is very tedious and time consuming. Hence a niore researcli in 

the dedopment  of a method other than ASFIS or manual tuning of fuzzy logic 

controller behaviour would help in using fuzzy logic control and modeling in niore 

engineering applications. 

To reduce computational overhead the controller can be used to act wit li a preset 

num ber of beats. Hence the cont rol action will only take place erery preset rith beat . 
This will alow the system to adjust to the new control input before a new corit rol 

input is suggested. Another method of control is to produce multiple corit rol niodels 

to attain a picture of the circulatory system under different physiological condit ions 

and expressing them as subsystems, then implimenting a fuzzy logic controller to 

non-linearly average the subsystems for any given cont rol condition. 
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Appendix A 

Matlab Code 





function [sys,xO,str, ts] = sfuntmpl (t,x,u, flag) 

global rm w A Rht Iht Icnot Rcnot Rot Rotm Icnin Rcnin Rin Rinm I z o  9zc Ipe  R2e 
glo~al vnpvf is anfisedv anf isesv forcectri Desired-CO Fsys-ctrl 

SRevised on 2 Janurary 1998. 

SSFUNTMPL General M-file S-function template 
5 With M-file S-functions, you can define you own ordinary aifferential 
I equations ( O D E S ) ,  discrete system equations, and/or just ûbout 
5 any type of algorithm to be used within a Simulink block diaoram. 
5 

The general form of an M-File S-function syntax is: 
5 [SYS, XO, STR, TS] = SFUNC ( T , X ,  U, FLAG, Pi,. . .,Pn) 

What is returned by SFUNC at a given point in time, T, depends o n  ~ 5 e  
value of the FLAG, the current state vector, X, and the c u r r e n t  
input vector, U. 

RESL'LT 
------ 
[SIZES, XO, STR, TS] Initialization, return system sizes in SYS, 

initiai state in XO, state orderinq stri~qs 
in STR, and sample times in TS. 
Recurn ccntinuous state derivoti-:es in S-fS. 
Updâte discrete states SYS = X(nclj 
Return outputs in SYS. 
Return next time hit for variâble step s a ~ L ê  
time in SYS. 
Reserved for future (root finding) . 
Tsrxinaticn, perform any cleanup S?S= [ 1 . 

The state vectors, X and XO consists of continüous statas foiloxed 
Dy discrete states. 

Optional parameters, PI, ..., En can be provided to rhe S-filnctic>n azd 
used during âny FLAG operation. 

Khen SFUNC is called with FLAG = 0, the following informa~ion 
should be returned: 

SYS(1) = Number of continuous stâtes. 
SYS (2) = Mumber of discrete states. 
S Y S ( 3 )  = Number of outputs. 
SYS ( 4 )  = Nurnber of inputs. 

Any of the first four elernents in SYS can be specifisd 
as -1 indicating that they are dynamically sized. The 
actual length for al1 other flags will be equal to the 
iength of the input, U. 

S Y S  ( 5 )  = Reserved for root finding. Must be zero. 
SYS (6) = Direct feedthrough flag (l=yes, O=no) . The s-function 

has direct feedthrough if U is used during the FLAG=3 
call. Setting this to O is akin  to making a promise thàt 
U will not be used during FLAG=3. If you break the prornist 
then unpredictable results will occur. 

S Y S ( 7 )  = Number of sample times. This is the number of rows in TS. 

XO = Initial state conditions or [ ]  if no states. 

S T R  = State ordering strings which is generally specified as [ ] .  

TS = An rn-by-2 matrix containing the sample time 
(period, offset) information. Where m = number of sample 
times. The ordering of the sample times must be: 

TS = [O 0, : Continuous sample time. 



: Continuous, but fixed in minor stes 
sample time. 

PERZOD OFFSET, : Discrete sample tirne w n e r e  
PERIOD > O & OFFSET c PERIOD. 

-2 01; : Variable scep discrete saaple cize 
were FLAG=4 is ~ s e d  to qet + L Z ~  =f 
next hit. 

There can be more than one sample time providing 
they are ordered such that they are monotonically 
increasing. O n l y  the needed sarnple times should be 
specified in TS. When specifying than one 
sample time, you must check for sample hits expliciïly ky 
seeinq if 

abs (round ( (T-OFFSET) / P E R I O D )  - [T-OFFSET) / P E X I G C ;  
is within a specified tolerance, generally le-ô. T h i s  
tolerance is dependent upon your model's sarnplinq rizes 
and simulation time. 

You c a n  a l s o  specify that the sample time of r h s  S - f - x z ~ i c ? .  
Fs inherired from the driving block. For fuzctiocs w?ic?. 
change during minor steps, this is dons by 
specifying SYS (71 = 1 and TS = [-1 01.  For Eünztions w h i z k  
are hela during minor steps, this is done by s ~ s - e i f y i r . ;  
SYS ( 7 )  = 1 ânci TS = [-l O ] .  

1 

I Tne followi~g outlines the ~eneral structure of an S-function. 
L 

switch Elâg, 
5 Initialization i 
case O, 

[sÿs,xO, s t r ,  ts] =~dlInitia1izeSs; 
5 Cerivarives 5 
case 1, 
sys=mdlûeriva~ives (t, x,u) ; 

f Update 5 
case 2 ,  
sys=mdlUpdate (t, x, u) ; 

a outputs 5 
case 3 ,  
sys=mdlCutputs (t, x, u) ; 

5 GetTimeOfNextVarHit 5 
case 4, 

sys=mdlGetTimeOfNextVarHit (t , X, ul ; 
k Terminate % 
case 9, 
sys=mdlTerminate (t, x,u) ; 

% Unexpected flags % 
otherwise 
error(['Unhandled flag = ',num2str(flag)]); 

end 

5 end sfuntmpl 

global rm w A Rht fht Icnot Rcnot Rot Rotm Icnin Rcnin Rin Rinm Iao Rao Ipe Rpe vngvfis 
global N 2 H g  Cm2L cm2m Cat Cht Cbli Cblo Cvn a to f f  htoff icanoff ocanoff vnoff sw cocnter-0 
global counter-1 num-beats prev-mode systole diastole anfisedv anfisesv forcectrl 
global Desired-CO Fsys - ctrl 



5 cal1 simsizes for a sizes structure, fil1 it in and conver t  it to a 
'i sizes array- * 
5 Note chat in tnis exarn~le ,  the values âre hard coded. This is cc: a 
5 recommsndea practice as the characteristics of the block are : y c i c & l l y  
i defined by the S-function parameters. 

i FIXED R4TE CONDITION 
rm = 6; %VALVE RES ISTANCE FACTOR 
W = p P 2 ;  SResidual beat frequency 

;DESIGN FARAMETERS FOR THE VAD (FIXED RATE MODE) 
nht = 0.47; %VAD RZSISTANCE TO MOTION[Ns/crnj Nominal: 3 . 4 7  
I h t  = C.3038; ZINERTIA OF VAD MEMBRANE[+lOOkg] Nominal: O.CC35 

iChNNU'LA IMERTANCE PARPNETSRS 
I x c t  = 0.0000263; 2INERTIA OF OUTLET CANNUTLA[NsA2/cmAS] Soni~âl: " . C s O = 2 - 3  
Zcnin = 0.0000132; SINERTIA OF INLET CANNUm [Nsn2/cmA5] ? i o n i l â l :  3.30C)5132 

? 'J'RLVZ RE S I STANCE 
3in = 0.0008; SINLET VALVE RESISTANCE [Ns/crnA5] K o m i n a i :  G.VOOa 
Rot = 0.0008; ?OUTLET VAL'JE RESISTANCE[Ns/crnn5] f1orninzil: J-SSVF 

i A3RTA P A M E T E R S  
Iao = 0.00003401; ,SAORTA INERTANCF [NsA2/cmA 5 1  

SPERIFEEWL CIRCULATION - - - -  
Kpe = 0.0125; %CIRCULATORY RSSISTANCE [!4s/cmA5j :icz-.iral: ' ~ . - - L z  
Ipe  = 0.0275; %INERTIA OF CIRCULATORY S-{STEM [NsA2/cmASj N G E ~ Z Ü ~ :  U.2zif 

%CXARACTERISTIC RESISTANCE AND TUNING PARAMETERS 
?.cnot = 0; 
Rao = 0.0011; %Nominal:0.0011====[G00014,0.000Ct~ 
Rcnin = 0; %r,ornir.al: Û. OC01 But changes ïhs EDT,', ES',' ?sr'-=-;= -.S.4 - - - . 
.Conpliance Elements . . - - -  - - -  
Cüt = 90; ~LRTERIAL COMPLIANCE [cnA 5 /!Ij Siczzr.~, : - 2 .: . - - - . 
Ckt = 28; :Heart COMPLIANCE [ cmAS/N j  t Is r . izzl :  L i  . . - -  
Sbli = 32; 'Input Cànnula Cornpliance [cniA5/:J! : I c r r . ~ ~ ~ ,  : 2; - + 

Cblo = 32; %Output cannula compliance [cnA5/N] Sczir.sl: :; . - - - -  
Cvn = 3500; SVENOUS COMPIANCE [ c n n 5 / N ]  Nc~.i.a,: 3 3 - 

%Offset of Compliance Elements 
dtoff = -4.13; SArterial Cornpliance offset [N/crnA2] Nomi~al: -4.:; 
htoff = -0,178; 9Heart Cornpliance offset [N/cmA2] Nominal: -01i '3  
Fcanoff = -2.62; %Input Cannula Cornpliance offset [N/cmA2] Nomiànl: - 2 .62  
ocânoff = -5-24; %Output Cannula Cornpliance offset[N/cmA2] Nominal: - 5 . 2 4  
vnoff = -0.4; 5Venous Cornpliance offset -. ? [N/crnA2] Nominal: -y.- 

50peration modes 
systole =l; 
diastole = 0; 

3Systolic force during startup (Nominal) 
Fsys-ctrl = 41.13; 

SDesired Purnp output 
Desired-CO = 4-7; 



%CONVERSION OF PRESSURE [N/cmA2] TO [mm Hg] - 
density-Hg = 0.0135; 3 [kg/cmn31 
Gravity = 9-81; 3 [rn/sA2] 
N2Hg = 10/(GravityCdensity-Hg); %Conversion f z c t o r  

SCCNVERSION OF FLOW RATE FROM [cmA3/s] TO [ L / m i n !  - 
iAssuming density of Blood is that of water. 
Crn2L = 0.06; %Conversion factor 

SCONVERSION OF POWER FROM [Ncm/s] TO [Watts]. 
!100cm = Irnerer, 
ca2m = 1/100; 

51000[cm*3] = 1 [litre] 
I 1 [mLI = i  [cmA3] 

s-.. = O; 
counzer-1 = 0; 
counter-O = 0; 
~LT-beats = -1; 
prsv-moae = systole; 

iSFze of Values for sirnulacion 
sizes = sirnsizes; 

sys = simsirss (sizes) ; 

i Fnitialize the initiai conditions 
x )  = Pump Womentum 
3x12) = VAD Chamber Volume [cmA3] 
i:< ( 3 )  = Output Canula Volume [cmA 3 1 
!x(4) = O u t p u t  Canula Momentum 
ix (5 j = Aorta volume [cmA3] 
i x ( 6 )  = Aorta momentum 
k x ( 7 )  = Arterial Volume [cmA3] 
rx(8) = Peripheral Momentum 
ix(9) = Venous Volume [cmA3] 
ix(10) = Input Canula Momentum 
% x  (11) = Input Canula Volume [cmA3] 
S x ( 1 2 )  = Piston postion [cm] 

iFuzzy FIS  for Pressure-Volume Relationship of Venous Segment 
vnpvfis=readfis('Fuzpvvn.fis'); 
anfisedv=readf is ( 'anf isedv' ) ; 
anf isesv=readf is ( 'anfisesv' ) ; 
forcectrl=readfis('hardcntr'); 

% str is always an empty matrix 
str = [I; 

h initialize the array of sample times 
ts = [O O]; 

'% end mdlInitializeSizes 





e end mdlupdate 

function 

+STATES OF THE MODEL 
5 x  ( 1 1 = Pua? momentum [Nd 
ix (2) = VAD Chamber Volume [cmn3] 
3 x ( 3 )  = Output Cannula Volume [crnA3] 
? x ( 4 )  = Output Cannula Momentum [Ns/cm"2] 
r x ( 5 )  = Aorta volume [cmA3] 
;s (6) = Rorta momentum [Ns/cmA3] 
< x ( 7 )  = Arterial Volume [crnA3] 
J s ( 8 j  = "ripnerâl Momentum [Ns/cmA2] 
5 : ~  (9) = Venous volume [ cm-3 1 
is(l0) = Input cannula Momentum [Ns/cmA2j 
i x ( i l )  = Input Cannula Volume [crnA3] 
%s(121 = Piston position [cm] 

end rndlOutpü=s 

! n5lCetTineOfNextVarHit 
I R e ï ü r n  t h e  tirne of t h e  n e x t  nit fc r  this block. ?lote cha t  Che r e s z l t  is 
5 absolute time. ?lote that this function is only used when ysu SF-ciZï p. 

% variable discrete-time sample time ( - 2  O] in tne sample cime ârrây ir, 
i adlIni~iaiiz2Sizes. 
'==----=----------====----------============================================== 

function s y s = m d l G e t T i r n e O f N e x t C r a r H i t  (t, X ,  u) 

sampleTine = 1; i Example, sec rhe next hic to Be ore s t c o r d  l ? c ? r .  
sÿs = t + s i a m p l e T i m e ;  

5 end mdlGetTirneOfNextVarHit 

i mdlTerminate 
% Perform any end of simulation tasks. 

function sys=rndlTerminate (t, x, u) 

s y s  = C l ;  

% end rndlTerminate 



5 Input vector is : 
Sx(1) = time 
3 ~ ( 2 )  = Output cannula pressure 
% x ( 3 )  = Input cannula pressure 
i x I 4 )  = Heart pressure 
tx ( 5 )  = Aorta pressures 
5 x ( 6 )  = Arterial pressure 
5x (7) = Venous pressure 
;x(8) = Pressure g r a d i e n t  across output valve 
?s(9) = pressure gradient across input valve 
5x(10) = Heart piston velocity 
5x ( 11 ) = Peripheral flow rate 
Sx(12) = Outlet cannula flow rate 
Zx(13) = Aorta flow rate 
S x f l 4 )  = Inlet cannula flow rate 
ix(15) = Arterial flow rate 
ix (16) = venous fiowrate 
is! 17) = Eeart blood volume 
i x ( l â )  = Force on system 
5s(19) = previous force on system last time step 

f Output 
5Fuzzy S y s t o l i c  force (Fsys-cntrl) 

qlcbal sw counter-0 cguntsr - 1 nun-beats prev-mode systole U i a s t o L ~  sys-?oat - i2tz 
dia-beat-data - .  

- - A..- - Z r = .  global beatdiaend beatstart Sys force cur end-dia-vol pr-v-enc-sys--;sl zr.r:s+5-: 2 - = -  - - - - -  
forceczrl 
global Desired-CO Fsys-ctrl 

iFinds Swicch between diastole CO Systole 
if ( ~ ( 1 8 )  > O )  3Beat sorted on Force on neart. 

Sys-force = ~ ( 1 8 ) ;  

'Using only positive gradient or favourable gradient for flow thrsxyk.: 
%the o u l e t  valve. If non-favoura~le gradient valve is closed (?assi-:e v : o l v ~ !  

if ( x ( 8 )  > O) %records +cive Selta ? âcruss ? x = l ~ t .  
counter-1 = counter-1 + 1; %array counter. 
sys-beat-data(counter_l , l )  = ~ ( 1 ) ;  %Data Storage for Sys. 
sys-beat-data (counter-1,2) = x (2) ; %Out let cannula pressure 
sys-beat-data (counter-1,3) = x (81  ; %Pressure Gradient âcross zr ic ls t  - - -  b C ~ . ~  ' - - -  
sys-beat-data (counter-1,4 = x (4 ) ; EHeart Pressure 
sys-beat-data(counter-1,s) = x ( 8 ) ;  

end 
fconfirm Switch between Dia-->Sys. 

if ((prev-mode == diastole)) 
if (~(19) > 0) %Check tolerance 

disp(['Time is Dia --> Sys : ',num2str(x(l))J); 
cur-end-dia-vol = x(17); %Vol in heart at end Dia. 
prev-mode = systole; %set flag for next Sys-->Dia. 
beataiaend = x ( 1) ; %End of Dia tirne- 

end 
end 

end 

%Finds switch between systole to diastole 
if (~(18) == O )  %Beat sorted on Force on heart. 
Dia-f orce = x ( 18 ) ; 

SUsing o n l y  positive gradient or favourable gradient for flow throught 
%the oulet valve-If non-favourable gradient valve is closed (Passive valve) 

if ( x ( 9 )  > 0) %records +tive Delta P across inlet 
counter-0 = counter-0 + 1; 3array counter. 



dia-beat-daca (countes-0, 1) = x (1 1 ; 
dia-beat data(counter-0,2) = ~ ( 3 ) ;  
dia-beatdata (counter-O, 3) = x ( 9 )  ; 
dia-beat-data (counter40r 4) = x ( 4  1 ; 
dia - beat - data (counter-0,5) = x (8) ; 

end 
iconfirm Switch between Sys-->Dia. 

?Data Storage for Dia. 
SInlet cannula pressure 
<Pressure gradient across inlec -raL--- J e  

Sheart Pressure 

if ( (prev-mode == systole) ) 
if (~(19) == 0) %Check tolerance 

disp(['Time is Sys --> Dia : ',num2str[x(l))]); 
s w  = 2; S B e a t  ilag found (Sys- ->Dia)  . 
cur-end-sys-vol = ~ ( 1 7 1 ;  ? V o l  in Heart at end of Sys. 
prev-mode = diastole; %Set flag for next Dia-->Sys. 
Seatend = x ( 1 )  ; %End of beat time. 
num-beats = num-beats + 1; Sbeat counter. 
if (num beats > 0 )  %dummy beat àue to sys toLe  sïiir=- 

~ ~ S ~ ~ [ ' B E A T  #:',num2s~r!num-beats)]); 
slseif (num-beats == 0) SIf dummy beat new b e s t s t e r :  4 3sar?l. 

beatstart = beatend; 
end 

lremoves the first systole part of the simulation :O nake a bezc 
?contain diastole and then followed Sy systole for a comclete b e a t  z y z l e .  

; c (SW == 216 (num-beats == Cj \For first systolic cûn4i:i~r. nc 
prev-end-sys vol = cur-end-sys-vol; %processing of datû required. 
sys-beat-data = [ ]  ; 
dia-beat data = [ ] ;  
coünter-5 = 0; 
counter-l = 0; 
SM = O; 
aisp ( ' ' 1 ;  
aisp(['InitiaL systole push chas? has been Lut Off'] 1 ;  
disp(['Begining to count Heûrt 3eats on Dasis of F F l l i n q - - > E f e ~ : z i c . ' I ) ;  
disp ( ' ' 1 ;  

- ,,l,"..,C;, z\- 5 ' . -5 t~ ,1 .  tif t w o  switches are detected ïhen cne beat cycle is cp Diasrole = - ' - - . . - +  
'processes the cycle data and outputs it ro use r .  

elsei f  (sw == 2 )  

ittt*+++t+*C FIND AVEFiAGE LNLET AND OUTLET CANNUIA PRESSLXE"""""* 

avg-inlet-press-dia = intavg(dia-beat-data(:,l),dia Deat-dacai:,2)); 
avg_outlet-press-sys = intavg ( s y s  Deat-data ( : , l )  , sys-beac-data ( : , 2 )  ) ; 
disp(['Averâge inlet press during-diastole : ' , n u m 2 s t r ~ a v g ~ i n l e t _ p r e s s ~ c ! i z ~  j j ;  

disp ( [ 'Average outlet press during systole : ' , num2str (avg-outlet-press-sy-s; I ; ; 
s++*+++c*++*++ FIND AVERAGE INLET AND OUTLET VAD PRESSURE'*""""+"' 
avg-VAD-press dia = intavg(dia-beat-data(:,l),dia beatddata(:,4) 1;  
avg-~~~-press~sys = intavg (sys-beat-data ( : ,1) . sysaeat-data ( : , 4  1 ) ; 
disp(['Average VAD press during diastole : ',nurn2str(avg-VAD-press dia):;; 
disp(['Average VAD press during systole : ' , num2str ( a v g - ~ ~ ~ ~ ~ r e s s ~ s ~ s  1 ; 

S*C'****+* FIND AVERAGE INLET AND OUTLET CANNULA PRESSURE DIFF**""" 
avg inlet press diff-dia = intavg(diabeat data(:,l),dia beat data(:,3) !; 
avg:outler ~ r e s z  di£ f-sys = intavg (sysbeaf-data ( : ,1) . s ~<beaF-data ( : , 3  ) i ; 
disp(['Ave:age inlet press diff @ diastole : ',num2str(avg-inlet-press-diff-dia) 1 : ;  
disp ( [ 'Average outlet press dif f @ systole : ' , num2str (avg-outlet-prsss - d i f  E - s ~ - s  i j : ; 

%'******+*++****"FIND SYS/DIA FRACTION AND CYCLE TIME"""""**"* 
sys-fraction = beatend - beatdiaend; 
dia-fraction = beatdiaend - beatstart; 
cycle-time = beatend - beatstart; 
disp( ['Systofe data : ', num2str (sys-fraction) ,'s @ ',num2str (Sys-force) ,' N' ] ) ; 



a: ' ; disp(['Diastole data : *,num2str(dia- fraction),'^ @ ',num2str:Lia - f a r c e j , '  L. . l ;  
disp ( [ 'Cycle time : ',nmSstr (cycle-time} 's'l) ; 
disp ( ' ' 1 ;  

s * ~ + * + ~ * + * * + ~ * * +  Volume of blood in VAD after diastole"""""-*--- 
EDV = cur-end-dia-vol - prev-end-sys-vol; 
disp ( ['Actual End Diastolic Volume (Per beat) : *, num2str (ED'JI , * ri' 1 : ; 

st = eva 
st = eva 

.l f i 

.If i 
est 

avg-inlet-press-di 
avg-inlet-press-di 
. t ed  End Diastolic 

.ff dia 
f fdia 
Volume 

c * f t t f + C * + * + I C * t  Volume of blood left in VA0 after systole"""""" 
- - - A.. - - ESV = cur-end-sys-vol - prev-end-sys-vol; Smay need the end d i a  - ~ s l . ; ~ e  2s: syz - * - '  .-= 

stroke-volume = EDV - ESV; 
disp(['Actual End Systolic Volume (/beat) : ',num2str!ES*f), ' al': ; 
ESV-est = evalfis([avg-inlet-press-diff-dia(ltl) 

àvg outlet-press-diff-sys (1,l) 1, anf isest-1 ; 
U ~ S ~ ( [ ' F U ~ Z ~  estimate End Systolic Volume : ',nwn2striFS'J-?SC;, ' TI':; ; 

t * t C * t * r C * ~ r C C * * * * t * * * * t *  CARDIOVASCULFA OUTPUT- 
beats-pm = [60/cycle_time); 
SV-est = EDV-est - ESV-est; 
disp ( [ 'Àctual Stroke 'Jolume (Lbeat) 
dis?( ['Fczzy estimate Stroke Volume (/beat 1 : 
Actuai-cardiac-output = fbeats~pm+stroke~volume 
Cuzzy-cardiac-output = (beats-pm*SV-est) /lO00; 
disp([*Actual Cardiac ourput 

disp(['Fuzzy estimate Cardiac output 
L/ninl]); 
disp i ' '1; 

i + v * + + * ~ t + t t + t t + t t  4elative Error on CO e ~ t i r n a t e ~ * * ~ * " " ~ ~ * - * * * - ~ -  
CO-error = abs(Actua1-cardiac-output - Fuzzy-cardiac-oct~utj; 
aFsp(['CO error : ',num2str(CO-error) 1 ) ;  

SSerrCO = abç(Desired - CO - Füzzy-cardiac-output); 
dis~(i'3esired CO E r r o r  (Find SS): ',num2strISSerrCO),' i,/zirili ; ;  

dfsys-ctrl = evalfis([Fuzzy cardiac~output],forcectrlj; 
if (abs(dFsys-ctrl) <= 0.05) 
dFsys-ctrl = 0; 

end 
sp([*Fuzzy Change in Control Force 
ys-ctrl = Fsys-ctrl + dFsys-ctrl; 
et-prev-Fsys = Fsys-ctrl + dFsys-ct 
sp ( [ ' Fuzzy Control Force (CO cntrl) 

. *  - t 

rl; 
* ' - I 

str 

str 

?prev~avg~outlet~press~sys = avg-outlet-press-sys; 
Sprev-avg-VAD-press-sys = avg-VAD-press-sys; 
prev-end-sys-vol = cur-end-sys-vol; 
sys-beat-data = [ ] ;  
dia-beat-data = [ ]  ; 
counter-0 = 0; 
counterIl = 0; 
sw = 0; 
beatstart = beatend; 

end 



clear 
disp ( ' ' l 
load PhysisD.rnat 

t = data(1, : ) ;  

disp ( ' ' 1 ;  

5Info on the data file in workspace. 
Data-size = size(data); 
Data-pts = Data-size(l, 1) ; 
Data-vec = Data_size(1,2) ; 

disp(['Nurnber of Data time pts are = ',num2str(Data_pts) j 1 ;  
d i 5 p  ( [ ' Data vector is = ',nurn2str(Data_vec) 1 ) ;  

9 Plots to print and Data analysis after Simulation is r an  
I 

>The plots will be created and appended to the graphe.eps fils 
iAfter generation of graphs the data is processed for var ious nean vaLues  
~ C f t C t ~ * * * * * + * * * * * ~ * * * * + t * * * * C ~ * * . . * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * - ~ * - * * * * * *  

àHeart Parameter Graph 
figure ( 1) ; 
plot(t,data(l6, : ) ,  'r-',t,data(22, : ) , ' g - ' ,  t,data(30, : 1 , 'b-'1 ; 
title('Heart Parameters Graph'l ; 
xlabel ( ' Tirne in secs ' ) ; 
ylabel('Heart Datal);grid; 
legend ( 'Heart Pressure [rrm Hg J ' , 'Diaphgram velocity [cm/s] ' , ' Force [ N i  ' , -1 1 ; 

'Outlet Cannula Parameters Graphs 
figure (2) ; 
plotft,dûta(i4,:), 'r-.II t I d a t a ( 2 4 ,  : ) ,  ' g - ' 1 ;  
title ( 'Output Parameters Graph' ) ; 
xlabel ( 'Time in secs ' ) ; 
ylabel ( ' Data ' ) ;grid 
legend( 'Outlet Pressure [mm Hg] ' , 'Outlet Flowrate [L/min] ' , -1) ; 

tAorta Parameter Graph 
figure (2) ; 
plot (t,data(l7, : ) ,  'r-',t,data(ZS, : ) ,  'g-'1; 
title ( 'Aorta Parameters Graph' 1 ; 
xlabel('Tirne in secs'); 
ylabel ( ' Data' ) ;grid; 
legend ( ' Aorta Pressure [mm Hg J ' , 'Aorta Flowrate [ L / m i n ]  ' , -1 1 ; 

SArterial Parameter Graph 
figure (3) ; 
plot(t,data(l8,:), 'r-',t,data(27, : )  , t g - ' ) ;  
title('Arteria1 Parameters Graph'); 
xlabel ( ' Time in secs  ' ) ; 
ylabel ( 'Data') ;grid; 
legend ( ' Arterial Pressure [mm Hg] ' , ' Arterial Flowrate [L/min] ' , -1 1 ; 

%Peripheral Parameter Graph 
figure (5) ; 
plot (t,data(23, : ) ,  'r-'); 
title('Periphera1 Flow'); 
xlabel('Time in secs ' ) ;  
ylabel ( ' Data' ) ;grid; 
legend t ' Peripheral Flow [L/min] ' , -1 ; 



lVenous Parameter Graph 
figure (6) ; 
plot(t,data(l9, : ) ,  'r-', t,data(28, : ) ,  'g-'1; 
r i t  le ( ' Venous Parameters Graph' 1 ; 
xlabel('Time in secs'); 
ylabeli1Data');grid; 
legend ( 'Venous Pressure [mm Hg] ' , 'Venous Flowrate [L/minl ' , -1) ; 

iInlet Cannula Farameters Graphs 
figure ( 7 )  ; 
plot(t,data(lS, : ) ,  'r-', t,data(25, : ) ,  'g-'); 
iitle('1nput Parameters Graph'J; 
:<label ( ' T i m e  in secs' 1 ; 
ylabel('Data');grid; 
Lsoend ( ' Inlet Pressure [mm Hg] ' , ' Inlet Flowrate [L/minl ' , -1) ; 



s i z e v  = size (Beat-data, 1) ; 
disp(ftThe Size of the data vector is ',num2str(sizev1 1 1 ;  

scale = -5; 

Srun simulation results into graphics 
d o f l  = 0:0.1:10; 
F m f  1 = scale'gbellmf (dof 1, l2.9 8 11 ) ; 
i m f 2  = scale*gbellrnf(dofl, 10.5 3 4 1 ) ;  
irnf3 = scale+gbellrnf(dofl,[0.4 2 . 5  4 . 7 1 ) ;  
izi4 = scale'gbellmf (dof 1, [O. 5 3 5 . 4  ] ) ; 
i n f5  = scale*gbellmf(dofl,[3.5 6.5 9-41); 

d0f2  = -10:0.1:10; 
o m f  l = scale'zmf (dof2, [-3 1 O CI ) ; 
on f2  = scale'g5ellmf (do f2 ,  [1 2 -11); 
cnf 3 = scale'gbellmf (dof2, [ L  2 O] ) ; 
omf4 = scale'gbellmf (dof2, [ l  2 I j ) ; 
omf5 = scale'smf (dof2, [-l 31 ) ; 

cof2 = dof2;  
dofl = dofl; 

Max-beats = rnax(Beat-data(:, 1)); 
Min beats = min(Beat-data(:,l)) + scale; 
~ a x I d ~ s ~ s  = max (Beat-data ( : ,6) ) *l; 
Min-dFsys = min (Beat-data ( : ,6) ) "1; 
Max-Fsys = max(Beat_data(:,7) 1 '1 .1 ;  
Min Fsys = min(Beat data(:,7) )'0.95; 
M ~ X ~ C O  = rnax(~eat_daia(:, 9) 1'1.1; 
Min CO = rnin(Beat-data(:, 9 )  1 '0 .8 ;  
M a x a u t ~ a n  = max(Beat-data(:,S) )*1.1; 
Min - Out - Can = min(Beat data(:,5) l"0.9; - 

error-edv = Beat-data ( : , 10 1 - Beat-aata ( : ,Il) ; 
error-esv = Beat data ( : ,121 - Beat-data ( : ,13) ; 
error-CO = ~eatdata ( : ,8) - Beat-data ( : ,9) ; 

num = Beat-data(:,lO); 
dern = (Beat-data ( : ,101 -9eat-data ( : , l î )  ) ; 
size (num, 1) ; 
s i z o  (dem, 1) ; 

for i = I:sizev 
ej-frac(i, 1) = dem(i, 1) /num(i, 1); 
end 

figure ( 1 ) ; 
subplot ( 2 , l , l ) , p l o t ( B e a t _ d a t a ( : ,  1) ,Beat_data(:,6) , ' g -  
. ', Beat-data ( :, 1) , Beat data ( :, 6), 'rxt ) ; - 
hold; 
plot (omfl,dof2, Ir: ',omf2,dof2, 'y-. ',omf3,dof2, ' w - '  ,omf4,dof2, ' y - .  ',omfS,dof2, ' r :  ' 1 ; 
title ( 'Delta Fsys' ) ; 
m i s (  [Min beats Max-beats Min-dFsys Max-dFsys11; 
xlabel('~ëat number'); 
ylabel ( ' Delta Fsys ' ) ; grid;  
Slegend ( ' Systolic Flow [L/min] ' , ' Press d i f  f Out valve  [mm Hg] ' , -1 ; 



axis ( [Minbeats Max-beats Min-Fsys Max-Fsys J ) ; 
title ( 'Total Applied Fsys' ) ; 
xlabel('Beat number'); 
ylabel ( ' Fsys on AH' ) ;grid; 
Slegend('Systoiic Flow [L/min] ', 'Press d i f f  Out valve [mm Hg] ', -1) ; 
print -deps graphl0.eps 

figure(2) ; 
plot (Beat-data (:, 1) ,Beat-data ( :  , 8 )  , 'g-. ', Beat-data( :, 1) , Beat-data (:, 51, 'y-' 1 ; 
hold; 
plot(imfl,dofl, 'r:',imfZ,dofl,'y-. ',imf3,dofl, 'w-',im£4,dafl, 'y-. ',imf5,dofl, ' r :  ' l ;  
a x i s (  [Min-beats Max-beats Min-CO Max-CO]); 
title ( 'Cardiac Output shape form (Pattern) ' ; 
xlabel( ' Beat n d e r '  ) ; 
ylabel ( 'CO [L/min] ' ) ;grid; 
legend ( 'Actual CO [L/min] ' , 'Fuzzy CO iL/min] ' ) ; 
print -deps graphll.eps 

figure(3) ; 
plot (Beat-data(:, l )  ,Beat-data(:, 8), 'c+',Beat-data(:, 1) ,~eat-daïa! :, 9 j ,  I r * * ;  ; 
nold; 
plot (imfl,dofl, 'r: ',imf2,dof1, '~-.~,imf3,dofl, 'w-',imf4,dofl, 'y-. ',ix55,aof:, ' r :  ' ;  ; 
âxis([Min-beats Max-beats Min-CO Max-CO]); 
~itie('Cardiac Output for each Beat'); 
xlabel ( 'Beac number ' ) ; 
ylabel ('CO [L/min] ' ) ;grid; 
legend ( 'Actual CO [L/min] ' , ' Fuzzy CO [L/min] ' 1 ; 
print -deps qraphl2.eps 

figure (4 ) ; 
plot (Beat-daca(:,l),Beatedata(:,5), ' g - .  ' 1 ;  
iûxis([Min-beats Max beats Min-Out-Ca Max-Out-Cm]); 
title('0utput  annula Pressure'); 
xlabel('Beat number'); 
ylabel ( ' Pout [mm Hg] ' ) ; grid; 
ilegend('Systo1ic Flow [L/min] ','Press diff Out valve [mm Hg]',-1;; 
print -deps grûphl3.eps 

figure (5) ; 

xlabel( ' Beat number ' ) ; 
ylabel( ' EDV [ml] ' ) ; grid; 
legend ( 'Actual EDV [ml] ' , 'Est EDV [ml] ' ) ; 
print -deps graphl4.eps 

figure (6) ; 
plot (Beat-data (:, 1) , Beat-data ( :  12) , ' g - .  ' Beat-data (:, 1) ,~eat-datü ( : ,  13) , 'y-' 1 ; 
title('End Systolic Volume ' ) ;  
xlabel('Beat number'); 
ylabel ( ' ESV [ml] ' ) ;g r id ;  
legend ( 'Actual ESV [ml] ' , 'Est ESV [ml] ' ) ; 
print -deps graphl5.eps 

figure (7) ; 
plot (Beat-data ( : , 1) , error-edv, 'r-' ) ; 
title('Difference between Actual and Est EDV'); 
xlabel ( ' Beat number ' ) ; 
ylabel ( 'Error [ml] ' ) ;grid; 
print -deps graphl6.eps 

figure (8) ; 
plot (Beatdata ( : , 1) , error-esv, ' r-' 1 ; 
title('Difference between Actual and Est ESV'); 
xlabel('Beat number'); 
ylabel ( ' Error [ml] ' ) ; grid; 
print -deps graphl7.e~~ 



figure (9) ; 
plot (Beat-data( :, 1) , ecror-CO, ' r-' ) ; 
title ( ' Difference in CO') ; 
xlabel('Beat number'); 
ylabel ( ' Error [ml] ' ) ;grid; 
print -deps graphl8.eps 

figure ( 10 ) ; 
plot (Beat-data(:, l),ej-frac(:, l), Ir-'); 
title('Ejection preformance of A H ' ) ;  
xlabel('Beat number'); 
ylabel('Ejection Fractiont);grid; 
print -deps graphl9.eps 

disp(['""Analysis of Control data over""' 1 1 ;  

[System] 
Name='HardCntrlf 
Type='mamdanil 
NumInputs=l 
NumOutputs=l 
NumRules=5 
AndMethod= ' m i n  ' 
OrMethod='max' 
ImpMethod='minl 
AggMethod='maxt 
DefuzzMethod='centroidl 

[Input l] 
Name='Cardiac-Outputt 
Range- [O 9.4 j 
NumMFs=5 
MF1='VLowf :'gbellmff, [ 2 .9  8 11 
MF2='MLowf : 'gbellmf ' ,  [O. 5 3 4 1  
MF3='Norm':'gbellmf',[0.4 2.5 4.71 
MF4='MHighf : 'gbel lrnf ' ,  [O.S 3 5 . 4  ] 
MF5='VHight:'gbellmf',[2.9 8 8 . 4 1  

[Output 1] 
Name= ' Force ' 
Range=[-10 101 
NumMFs=5 
MF1='Low':'zmf1, [-3 I O O] 
MF2='MLowf: 'gbellmf',II 2 -11 
MF3='Norm':'gbellmf',II 2 O] 
MF4='MHight: 'gbelhnf', [l 2 11 
MF5='Hight:'smf', [-1 31 



[Systeml 
Name='EDV Estimate' 
Type='sugeno' 
NumInputs=2 
NumOutpu:s=l 
?lumRules=15 
hdMethod=' prod' 
OrMethod='max' 
ImpMethod='prod' 
RggMethod='maxl 
DefuzzMethod='wtaver' 

[Inpucl] 
Name=' input 1' 
Range=[S. 028 4.6921 
NümNFs=5 
~l~l='inlrnfi':'asigmf',[i0.7204123799575 4.44497516361772 10.753478165C25 5 . 7 3 3 5 3 1 3 5 3 6 C c E Z :  
~~1F2=tinlmf2':'dsigmf',[10.7149078415644 5.29340156120852 i0.7256966852537 
6.4ff55521i62185j 
~!F3='inlrnf3':'0si~f',[10.7244775871072 6.75363696015776 L0.7354507752LS5 
7.5O45723998OO951 
MF4='inlmf4':'dsigmf',[10.7307698575443 8.08726670915512 10.7227433976563 
9,029964465830851 
-.*r5= 1 ; . .- Anlxf5':'dsigmf',[i0.723~407419064 9.22252468800864 10.-2041163Y541- 
tC.2750003462932] 

[Output l] 
Nase=' output ' 
.3ange=[52.78 132.73 
?iuml-?Fs= 15 
YFi=toutlmfi' : 'Lineârt , C9.86893779587489 1.24128955445647 1 . 7 7 9 8 6 L 5 5 3 5 1 3 3 E !  
MF2='outlmf2':'lin~ar',[9.98440605157702 -24.2968449395736 19.5663132C53103: 

- *  - - -  - - - -  
?lF3='cctlmf3':'lineart,[-2,6887747038835-O -3 .2733593085328s-G23 - 4 . c  cLcLc- : : - -=e-  
O291 
XF4='outlmf4':'linear',[10.0924345484366 1.26665263060021 1.81624915157236j 
MF5='0utlmf5':~Linear',[10.3474332711135 -93.5823011880693 66.0272179674751; 
MF6='outlmf6':'linear',[-1.26732402266453e-027 -1.4625867411704e-028 -2 .C8524562Gi5?15e -  
O281 
MF7='0utlmf7':'linear',[8.84879586232728e-005 1.01918413227~91e-005 1.4589965563-IEe-325: 
MF8='0utlmf8':'linear',~.23212126294 -4.48744668107252 5.061158825534671 
MF9='outlmf9':'lineart,[-9.4452112861813-0 -1.00797358478015e-029 -1.135167500345342- 
329) 
MFiO='outlmf10f:'linear',[4.74719038870638e-010 -6.41488439860188e-012 -5.1457245621;3V6t- 
0121 
MF11='outlmfll':'linearf,[10.6301104220777 -0.331374845738066 -014733846608915041 
MF12='outlmf12':'linear1,[2.71972824640669e-0 -9.38154080442511e-035 -1.34021354411578e- 
O341 
MF13='outlmf13':'lineart,[4.3231687915055e-010 -7.442673208158e-011 -1.06323402874761e- 
O101 
MF14='outlmf14':'linearf,[11.01532531S1362 -1.89637660811816 -2.7091094400774] 
MF15='outlmfl5':'linear',[2.88618918707514e-033 -4,96880714330486e-034 -7.09S295515S9755~- 
O341 

[ R u l e s ]  
1 1, 1 (1) : 1 
1 2, 2 (1) : 1 
1 3, 3 (1) : 1 





[System] 
Name='ESV Estimate' 
Type='sugenof 
NumInputs=2 
NumOutputs=l 
NunRules=25 
And>1ethod='prod1 
OrMethod='maxl 
ImpMethod='prodl 
AggMet hod= 'max ' 
DefuzzMethod='wtaver' 

[ O u t p u t  l] 
!iame=' output ' 
-?&nge= [-38.52 27-94 ] 
*.:cAcnMFs=2 5 
KFI='outlmfl':'Linear',[10.250494?268394 -4.59000102375182 3.38135105613161: 
YF2='outlmf2':'linearr,[12.5962918241749 -4.61315074512367 -7.50735610i75151; 
?<F3='outlmf3':'linear',[-12.6867576506603 -30.3025875563405 -2.46EC6SSYit252::  
l<F4='out1rnf4':'lineor',[-7.12518362956298e-O05 7.86816371111275e-006 -9 .8903S5S65 '63fLe-  
O061 
MF5='outlmf5':'Linear', [-4.37213435101421e-006 -1.24290873628162e-005 - 5 . i 6 1 1 5 5 4 3 5 3 - 3 3 1 ~ -  
O071 
MF6='outlmf6':'linear',[10.1812156301908 -4.58480989206612 4.22494505127111 
MF7='outlmf7':'linear',[11.0107941562329 -5.15551924668648 6.335508001686391 
MF8='outlmf8':'linear',[10.7276390218218 -3.68664949219074 -7.0082158813961 
MF9='outlmf9':'linearr,[-113.928552424904 41.0516229583896 -10.63055650737531 
MFIO='outlmflO':'linearl,[-8.11044433535312 -23.053896828434 -0.957731102341722j 
MFIl='outlmfll':'linear',~230099848029772 -3.9422784496852 64.64974921163911 
MF12='0utlmfl2':~linear~,[l0.8738137693773 -4.8736779429171 2.455176596426181 
MF13='0utlmfl3':'linear',[18~6097364961149 -5.49280652596518 -47.4795334500641 
MF14='outlmfl4':'linear',[9,33317898196166 -5,70559131301073 32.0532027313435] 
MF15='0utlmfl5':'linear',[-44.6648353648655 18.1081748658553 -97.83144796293211 
MFlG='outlmfl6~ : 'linear' , [II l6986409l763 2,2306784726271 0.1748698643920921 
MF17='0utlmfl7':'linear', [-10.1322607756243 -14.4936742714462 -1.415851846055771 
MF18='outlmf18':'linear1,[19.24236439295 -5.3883827474188 -66.56574370988321 
MF19='outlmf19':'linearw,[9.81S38838680726 -5.68921692582631 20.92878256755281 
MF20='outlmf20':'linear1,[12,410861754904 -5.39070483114989 -2.318208157109183 
MF2l='outlmf2l1:'linear',E2.62982625768954e-0 4.96385428691344e-005 3.94458095278972e- 
O06 J 
MF22='outlmf22':'linear1,[-0.0212729187974714 -0.0465907220913332 -0.0023804677200397f 





clear  
%Nominal condition 

5 Rpe decreased by '0.9 
EDV-L09-Rpe = (7.5 0.7 78.61;7.53 0.7 78.92;7-557 0-7 79-2;7.58 0.7 79.44; ... 

7.601 0.7 79.66;7.619 0.7 79.85;7.629 0.7 80.03;7.643 0.7 80.18; ... 
7.656 0-7 80.32;7.668 0.7 80.45;7.679 0.7 80.56;7.689 0.7 80.67; ... 
7.698 0.7 80.76;7.706 0.7 80.85;7.713 0.7 80.92;7.726 0.7 01.06; ... 
7.736 0.7 81.16;7.744 0.7 81.25;7.751 0.7 81.32;7.756 0.7 82-38; ... 
7.761 0.7 81.43;7.764 0.7 81.47;7.767 0.7 81.5;7.77 0.7 81.92; ... 
7.772 0.7 81.55;7.773 0.7 81.56;7.774 0.7 81.58;7.776 0.7 51.55; ... 
7.776 0.7 81.6;7.777 0.7 81.61; 

IRpe decreased by '0.8 
E3V - L08 Rpe = [7.597 0.7 79.63;7.661 0.7 80.29;7.?19 0.7 80.89;7.769 3.7 5 1 - 4 2 ;  . - .  

7,813 0.7 8i,88;7.852 0.7 82,3;7.886 0.7 82.67;7.418 0.7 63.31; ... 
7.897 0.7 83.31;7.923 0.7 83.58;7.946 0.7 83.83;7.967 0.7  84-05; ... 
7.987 0.7 84.25;8.004 0.7 84.44;8.019 0.7 84.6;8.033 0.7 8 4 . 7 5 ;  ... 
8.046 0.7 84.88;8.057 0.7 85;8.077 0.7 85.2;8.093 0.7 85.37; ... 
8.106 0.7 85.51;8.116 0.7 85.62;8.125 0.7 85.71;8.132 0.7 55.72; ... 
8.i37 0.7 85.84;8,142 0.7 85.89;8.146 0.7 85.93;8,149 0.7 85.96; ... 
8.151 0.7 85.98;8.153 0.7 86;8.155 0.7 86.02;8.156 0.7 86.031; 

iRpe decreased by "0.75 
EDV - LOTS Rpe = [7.488 0.7 78.52;7.569 0.7 79.28;7.652 0.7 80.17; ... 

7.735 0.7 81.03;7.8C9 0.7 81.80;7.825 0.7 82.49; .. . 
7.883 0.7 83.10;7-934 0.7 83.64;7.980 0.7 84.12; ... 
8.021 O.? 84.56;8-055 0.7 84.95;8.092 0.7 85.30; ... 
8.122 0.7 85.62;8.149 0.7 85.90;8.174 0.7 86.16; ... 
8.196 0.7 86.39;8.216 0.7 86.60;8.234 0.7 86.79; ... 
8.250 0.7 86.96;8.265 0.7 87.12;8.278 0.7 87.25; ... 
8.290 0.7 87.38;8.300 0.7 87.49;8.310 0.7 87.59; ... 
8.319 0.7 87.68;8.327 0.7 87.77;8.334 0.7 87.84; ... 
8.340 0.7 87.911; 

i3pe decreased by *0.7 
EDV-L07 Rpe = [7.709 0.7 80.74;7.813 0.7 81.8;7.857 0.7 82.77;7.94 0.7 33.63; ... 

8T012 0.7 84.39;8.076 0.7 85.06;8.133 0.7 85.66;8.184 0.7 86.2; ... 
8.23 C.7 86.68;8.271 0.7 87.12;8.309 0.7 87.51;8.326 0.7 87.87; ... 
8.383 0.7 88.47;8.428 0.7 88.96;8.465 0.7 89.36;8.496 0.7 84.64; ... 
8.52 0-7 89.95;8.54 0-7 90.16;8.556 0.7 90.33;8.569 0.7 90.47; ... 
8.579 0.7 90.59;8.588 0.7 90.68;8.595 0.7 90.75;8.601 0.7 90.81; ... 
8.605 0.7 90.86;8.609 0.7 90.9;8.612 0.7 90.93;8.614 0.7 50.96; ... 
8.616 0.7 90.981; 

%Rpe decreased by '0.6 
EDV-L06 Rpe = [7.783 0.7 81.95;7.935 0.7 83.48;8.071 0.7 84.88;8.175 0.7 86.12; . . .  

8,277 0.7 87.22;8.368 0.7 88.19;8.448 0.7 89.05;8.519 0.7 89.82; ... 
8.583 0.7 90.51;8.641 0.7 91.13;8.693 0.7 91.69;8.74 0-7 92.2; ... 
8.782 0.7 92.65;8.82 0.7 93.06;8.854 0.7 93.42;8.885 0.7 93.75; ... 
8,936 0.7 94.31;8.978 0.7 94.75;9.011 0.7 95.11;9.039 0.7 95.4; ... 
9.06 0.7 95.64;9.078 0.7 95.83;9.092 0.7 95.98;9.103 0-7 96.1; ... 
9.117 0.7 96.24;9.126 0.7 96.34;9.133 0.7 96.42;9.138 0.7 96.47; ... 
9.14 0.7 96.51; 

-Rpe decreased by "0.5 
EDV-LOS-Rpe = [8.11 0.7 85.34;8.291 0.7 87.24;8.45 0.7 88.94;8.589 0.7 90.43; ... 

8.712 0.7 91.76;8.821 0.7 92.93;8.917 0.7 93.97;9.003 0.7 94-89; ... 
9.048 0.7 95.71;9.116 0.7 96.45;9.178 0.7 97.11;9.234 0.7 97.7; ... 
9.284 0.7 98.23;9.329 0.7 98.71;9.369 0.7 99.14;9.405 0.7 99.52; ... 
9.438 0.7 99.87;9.467 0.7 100.2;9.505 0.7 100.7;9.544 0.7 101.1; . . . 
9.576 0.7 101.5;9.601 0.7 101.7;9.622 0.7 102;9.638 0.7 102.1; ... 



$ R D ~  decreased bv *1.2 

S R p e  decreased by '1.4 
EDV-H14-Rpe = [6.997 0.7 73.62;6.917 0.7 72.79;6.847 0.7 72.05;6.784 0.7 7:.3f;F.';- 3.- 
70.78; . - .  - - 

6.676 0.7 70.23;6.629 0.7 69.74;6.587 0.7 69.3;6.549 0.7 6F.9 ;6 .515 C l -  65-12; ... 
6.484 0.7 68.2;6.455 0.7 67.9;6.43 0.7 67.63;6-407 0.7 67.33;6-367 2. '  6 6 . 3 ' ;  . . .  
6.334 0.7 66.62;6.307 0.7 66.34;6.285 0.7 66.1;6.267 0.7 65.91;€.252 C . -  6 5 . - E ;  ... 
6.24 0.7 65.63;6,23 0.7 65.52;6.222 0.7 65.44;6.215 0.7 65.37;6.21 1 3 . 7  6 5 . 3 , ;  - . .  
6.205 0.7 65,26;6.202 0.7 65.22;6.199 0.7 65.19;6.196 0.7 65,i7;0.135 :.; 65-15:; 

%Rpe decreased by '1.6 
EDV Hl6 - Rpe = [6.96 0.7 73.3;6.837 0.7 72.03;6.729 G.7 70.5;6.633 3.7 83.5S;6.5:5  2 . -  
68.98; ... 

1; t.. 6.47 0.7 68.16;6.4 0.7 67.42;6.337 0.7 66.75;6.279 0.7 66.14;6.227 S.' 6 5 . 5 -  
6.179 0.7 65.09;6.143 0.7 64.63;6.104 0.7 64.23;6.069 0.7 63.86;6.036 0.7 6 3 . 5 2 ;  . . .  
6.007 0.7 63,21;5.981 0.7 62.94;5.935 0.7 62.46;5.898 0.7 62.07;5.867 G . .  61.-5; ... 
5.842 0.7 61.48;5.842 0.7 61.26;5.825 0.7 61.08;5.811 0.7 60.94;5.755 2 . -  6 Z . C : ;  ... 
5 . 7 9  0.7 60.71;5.782 0.7 60.63i5.776 0.7 60.56;5.77 0.7 60.51;5.-66 3.' OC.46; - . .  
5.762 0.7 60.43;5.761 0.7 60.41]; 

tRpe decreased by '1.8 
EDV-H18-Rpe = i6.849 0.7 72.21;6.7 0.7 70.66;6.568 0.7 69.28;6.451 0.7 69.%;0.346 2 . -  
66.93; ... 

6.251 0.7 65.93;6.172 0.7 65.02;6.093 0.7 64.19;6.021 0.7 63.45;5.357 0 .7  OZ.--; 

5Rpe decreased by '2 
EDV-H2-Rpe = 16.948 0.7 73.24;6.752 0.7 71.25;6.579 0.6999 69.46;6.128 0 . 0 5 5 4  6 - . E 6 ;  

%From EDV-H2-Rpe u n u s a l  data from simulation 
54.283 0.6992 53.76;5.086 0.6993 60.42; 

% setup training and checkinq rnatrix (var iab le  is "data"). 
data - EDV = [EDV-N; E D V - L O ~ - R ~ ~ ;  EDV-LOB-R~~; EDV-~075 Rpe; EDV-L07 Rpe; EDV - L06 - Rpe; . . . 

EDV - L05 - R ~ ~ ; E D V  - H ~ ~ - R ~ ~ ; E D V - H ~ ~ - R ~ ~ ; E D V - H ~ ~ - ~ ~ ~ ; E D V - H ~ ~ - ~ ~ ~ ;  ... 

data-size = size(data-EDV); 
disp(['The size of the EDV data is : ',num2str(data_size)]); 



'?Nominal condition 

3Rpe decreased by '0.9 
ESV-LOg-Rpe = [7.53 17.83 -3.177;7.58 17.83 -2.624J7.619 17.79 -2.0833 ... 

7.643 17-77 -1,679;7.66$ 17.76 -1.368;7.689 17.76 -1.116;7.706 17.75 -0.9108; ... 
7.72 i7.74 -0.7427;7.736 17.74 -0.5468;7.747 17.73 -0.4027;7.756 17.73 -6.2365; ... 
7,761 17-73 -0.2418;7.764 17.72 -0.1971;7.768 17.72 -0.1452;7.771 17.72 - C . I L 2 4 ;  ... 
7,773 17.72 -0.08716;7.774 17.72 -0.07107;7.776 17.72 -0.04725;7.777 1 1 - 7 5  - 

C .  038531 ; 

iRpe decreased Sy '0.8 
ESV-LOB-Rpe = L7.661 18.8 -6.798;7.719 18.81 -6.281;7.769 18.73 -5.644; ... 

7.813 18.76 -5.026;7.852 18.73 -4.478;7.886 18.7 -4.005;7.518 18-69 - 3 . 5 5 7 ;  ... 
7.897 18.68 -3.238;7.923 18.66 -2-919;7.946 18.66 -2.633;7.467 La .65  -2.375; ... 
7.987 18.64 -2.142;8.C04 18-63 -1.932;8.033 18.62 -1.571;8.068 15.61 -1.151; ... 
8.085 18.6 -0-936;a.l 18.6 -0.7609;8.111 18.59 -0.6186;8.121 13.55 -0.sc23;  . .. 
8.128 18.58 -0.4088;8.135 18.58 -0.3323;8.14 18.58 -0.2702;8.144 13.55 -(2.2136; . . .  
8.147 18.58 -0.1785;8.151 18.57 -0.1309;8.154 18.57 -G,09553;5.156 1 1 . 5 -  -2.3 '53" - .  * - 

T Rpe decreased by '0.7 
ESV-L07-Rpe = 17.813 19.82 -10.91;7.857 19-85 -10.12;7.94 15-82 -9.109; ... 

8.076 19.71 -7.205;8.184 19.64 -5,754;8.271 19.59 -4.652;8.326 15.56 -3.776; ... 
8.383 19.54 -3.055;8.428 19.52 -2.486;8.465 19.5 -2.016;8.496 l9.45 -1.635; ... 
8.52 19.47 -1.326;8.556 19.46 -0.872;8.574 19.45 -3.6368;8.542 19.44 -C.4155; . . .  
8.601 19.44 -0.3059;8.609 19.43 -0.2012;8.614 19.43 -0.1323;O.OiO 1 5 - 4 3  -2.12-3:; 

iRpe decrea sed by '0.6 
= 17,935 21.1 -15.6;8,071 21.17 -14.56;8.175 21.13 -13.14; . . .  
21.05 -11.7;8.368 20.97 -10.38;8.448 20.91 -9.233;8.513 2 0 . 3 6  -5.244; ... 
20.79 -6.633;8.74 20.74 -5.366;8.782 20.72 -4 .828 ;8 .854  20 .63  -3.5C4; ... 

8.912 20.66 -3.146;8.958 20.65 -2.535;8.996 20.63 - 2 . 0 4 3 ; 9 - G 2 6  20.61 - 1 . 6 4 - ;  ... 
9.05 20.6 -1.328; 9.07 20.59 -1.07;9.085 20.59 -0.a626;3.098 20.58 - C .  635;; . . . 
9,108 20.57 -0.5605;9.117 20.57 -0.4518;9.123 20.57 -0.3642;9.131 2 C . S E  -C.L63E; ... 
9.136 20.56 -0.1908;9.14 20.56 -0.13811; 

'Rpe decreased by '0.5 
ESV - LOS Rpe = [8.291 22.73 -19.73;8.539 22.59 -15.94;8.821 22.39 -12.53; ... 

8T917 22.32 -11-13;9.003 22.26 -9.921;9.048 22.21 -8.871;9.116 22 .17  -7.3;-; ... 
9.178 22.14 -7.126;9.234 22.11 -6.392;9.284 22.09 -5.733;9.329 22.06  -5.l4l; ... 
9.369 22.04 -4.61;9.405 22.02 -4.133;9.438 22.01 -3.?06;9.467 2 1 - 5 5  - 3 . 3 2 2 ;  . . .  
9.493 21.98 -2.978;9.505 21.97 -2-669;9.526 21.95 -2.391;9.544 21.94 -2.133; ... 
9.576 21.93 -1.72;9.589 21.92 -1.541;9.612 21.91 -1.238;9.63 21.9 - G . 5 3 3 7 ;  . . .  
9.645 21.89 -0.7978;9.657 21.88 -0.6406;9.666 21.88 -0.5143;9.674 21.88 -0.4125; . . .  
9.68 21.87 -0.3316;9.685 21.87 -0-2662;9.689 21.87 -0.2137;9.692 21.87 -0.1-161; 

*Rpe decreased by '0.4 
ESV-L04-Rpe = [8.552 24.19 -25.82;8.762 24.18 -23.53;8.916 24.12 -20.98; ... 

9,077 23.97 -18.55;9.219 23.83 -16.39;9.334 23.72 -14.5;9.445 23.63 -12.36; ... 
9.545 23.56 -11.47;9.633 23.5 -10.24;9.713 23.45 -9.152;9.784 23.41 -8.L66; . . .  
9.847 23.37 -7.323;9.904 23.34 -6.551;9.955 23.31 -5.859;lO 23.28 -5.24; ... 
10.08 23.23 -4.189;10.14 23.2 -3.349;10.19 23-17 -2.677;10.23 23.14 -2.14; ... 
10.26 23.12 -1.711;10.28 23.11 -1.368;10.3 23.1 -1.093;10.32 23.09 -0.874; ... 
10.33 23.08 -0.6987;10.34 23.07 -0.5586;10.35 23.07 -0.4466;10.36 23.07 -0.357; ... 
10.36 23.06 -0.2854;10.37 23.06 -0.22811; 

%Rpe decreased by '0.3 
ESV-L03 Rpe = [9.081 26.05 -30.28;9.319 25.93 -27.1; ... 

9,528 25.75 -23.98;9.71 25.77 -21.14;9.871 25.62 -18.64;10-01 25.49 -16.48; ... 
10.14 25.39 -14,62;10.25 25.31 -12,99;10.35 25.24 -11.57;10.44 25.19 -10.31; ... 
10.52 25-14 -9,201;10.59 25.09 -8.208;10.66 25.05 -7.323;10.71 25.02 -6.532; ... 
10.81 24.95 -5-196;10.88 24-91 -4.132;10.94 24.87 -3.286;10.99 24.84 -2.613; .,. 
11.03 24.81 -2.077;11.06 24.79 -1.652;11.09 24.78 -1.314;ll-1 24.76 -2.045; ... 



5Rpe decreased by '0.2 
ESV L02 Rpe = 19.494 28.66 -38.52;9.8 28-55 -34.7; ... 

- 15-07 28.28 -30.79;10.3 28.06 -27.13;10-51 27-91 -23.86;10.69 27.73 -21; ... 
10.85 27.57 -18.52;10.99 27.44 -16.37;11.11 27.34 -14.5;11.22 27.25 -I2.â6; ... 
11.32 27-17 -11,42;11.41 27.11 -l0,15;11-48 27.05 -9,019;11.48 27 -8.613; ... 
11.59 26-91 -6.323;11.69 26.84 -4.988;11.76 26.79 -3.934;11.82 26.74 -3.102; -.. 
11.86 26.71 -2.447;ll.g 26.68 -1.93;11.93 26.66 -1,522;11.95 26.64 -1.201; ... 
11.97 26-63 -0,947;11.98 26.62 -0.7469;11,99 26-62 -0.6634;12 26.61 -C-5232; ... 
12 26.6 -0.4127;11,99 26.6 -0.3255;11.99 26.6 -0.25681; 

Sabove 0,2:8.769 27-95 -42.91;9.147 28.47 -41.59; 

S R p e  decreased by '1.2 
ESV H12-Rpe = [7.233 15.51 5.707;7.183 15.47 5.395;7.139 15.48 4.915;7,: 15.5 4 . ; 2 ; - . 7 5 5  
15-52 3.967; ... . -  - -  7.034 15.53 3.57;7.005 15-54 3.222;6,98 15.55 2.913;6.957 1 5 . 5 6  2 . 6 3 7 ; 6 . 3 3 6  ,=.; 
2.388; ... 

6.899 15.58 1-957;6-884 15-58 1.772i6.857 15.59 1.452;6.835 15.6 1-13;E-61' ::.El 
0.9753; . .. 

6.802 15.61 0.7992;6.79 15.61 0.6549;6.784 15.62 0.5929;6.775 i5.62 S.;G53;6,:65 
15.62 0.3982; .., - .- 6.762 15.62 0.3263;6-757 15.63 0,2074;6.753 15.63 0.2191;6.75 15-63 3.1'36;E. 7 * 

15.63 0.1472; .,. 
6.745 15.63 0.1206;6.743 15.63 0.09882;6.741 15.63 0.07331;6.74 15-63 C . S 0 0 3 7 : ;  

? R p e  decreased by '1.4 
ESV Hl4 Rpe = [7.087 14-23 10.33;6.997 14.17 9.724;6.917 14.i8 8.647;6.347 1 4 - 2 2  
7.943;6,784 14.25 7.164; . . . 

6.727 14.28 6,463;6.676 14.3 5.844;6.629 14.31 5.285;6.545 i4.34 4.334;6.464 14.38 
3.553; ... 

6.43 14.37 2.913;6.407 14.38 2.638;6.386 14.39 2.388;6.367 14.39 2.162;6.349 14.4 
1.958; .., 

6.334 14.4 1.773;6.32 14.41 1.605;6.307 14.41 1.453;6.295 14.41 1.316;6.225 14.42 
1.191; ... 

6.267 14.42 0.9767;6.252 14.43 0,8007;6.24 14.43 0.6564;6.23 14.43 0.5381;6.222 
14.44 0.4411; ... 

6.215 14.44 0.3616;6.21 14.44 0.2965;6.205 14.44 0.243;6.202 i4.44 C.1492;6.157 
14.44 0.1479; ... 

6.195 14.45 0.1212]; 

? R p e  decreased by '1.6 
ESV-H16-Rpe = [6.96 13.25 14.15;6.837 13.17 13.26;6.729 13.19 12.C6;6.633 13.24 
10.26;6.548 13.27 9.782; .., 

6.47 13.3 8.833;6.4 13-32 7.993i6.337 13.34 7.24;6.279 13.36 6 . 5 6 2 ; 6 . 2 2 7  1 3 . 3 7  
5.948; ,.. 

6.179 13.38 5.391;6.143 13.39 4.887;6.104 13.4 4.432;6.069 13.41 4.015;6.036 13.42 
3.644; ... 

6.007 13.43 3.304;5.981 13.44 2.996;5.957 13.44 2.717;5.935 13.45 2.463;5.898 13-48 
2.026; ... 

5.867 13.47 1.666;5.842 13.47 1.37;5.842 13.48 1.127;5.825 13.48 0.5264;5.811 13.49 
0.7616; ... 

5.799 13.49 0.6261;5.79 13.49 0.5147;5.782 13.5 0.4231;5.776 13.5 0.3478;5.77 13.5 
0,2859; ... 

5.766 13.5 0.2351;5.762 13.5 0.1932;5.761 13.5 0.17521; 

%Rpe decreased by *1.8 
ESV - Hl8 Rpe = [6.7 12.27 16.22;6.568 12.3 14.73;6.451 12.35 13.28;6.346 12.39 11.99; ... 

6,251 12.42 10.84;6.172 12-45 9.828;6.093 12.47 8.916;6.021 12.49 8-051;5.957 12.51 
7.343; ... 

5.898 12.52 6.665;5.866 12.54 6.048;5.818 12.55 5,488;5.775 12.56 4.979;5.735 12.57 
4.518; ,,. 

5.667 12.59 3.72;5.611 12.6 3.062;5.564 12.62 2.521;5.526 12.63 2.076;5.464 12.65 
1.367; .,. 

5.466 12.64 1,379;5.445 12.65 1.132;5.428 12.65 0.9302;5.414 12-66 0.7656;5.403 
12.66 0.6304; ... 

5.393 12.66 0.519;5.385 12.66 0.4273;5.379 12.67 0.3518;5.373 12.67 0.2896;5.369 



%Rpe decreased by ' 2  
ESV-H2-Rpe = L6.579 11.63 18,68;6.428 11.65 16-97;6,3 11.7 15.34;6.178 11.74 i3.88; ... 

6.067 11.77 12,58;5.967 11.8 11,41;5,897 11.82 10.36;5.815 1i.84 9.406; ... 

i R p e  decreased by '2.2 
ESV-322-Rpe = [6.474 10.92 20.79;6.312 10.94 18.91;6.161 10.99 17.13;6.046 11-33 15.52; 

i3pe decreased by '2.4 
ESV - H24-Rpe = [6.384 10.28 22.6;6.208 10.3 20.59;6.042 10.35 18.68; ... 

5.915 10.39 16.95;5.78 10.42 15-39;5.658 10.45 L3.98;5.547 lC.47 12.71;5.420 13.43 

'Rpe decreased by '2.6 
ESV - H26 Rpe = [6.31 9.737 24.17;6.112 9.749 22.05;5.957 9.791 20.04; ... 

57798 9.832 18.2;5.654 9.867 16.54;5.523 9.897 15.04;5.403 9.523 13.68;5.295 9.546 
12.44; ... 

5.203 9.939 11.31;5.111 9.957 10.29;5.027 9.974 9.358;4.951 9.989 8.51;4.912 I C  
7.744; . . *  

4.85 10.01 7.047;4.794 10.03 6.412;4.701 10.05 5.31;4.619 10.06 4.397;4.552 10.38 
3.641; ... 

4.496 10-09 3.015;4.453 10.22 3.152;4.409 10.1 2.05;4.378 10.11 1.689;4.352 10.12 
1.398; ... 

4.331 10.12 1.157;4.313 10.12 0.9584;4.298 10.13 0.7937;4.286 10.13 0.6572;4.276 
10.13 0.5443; ... 

4-267 10.13 O-4507;4.261 10.13 0.37321; 
%above 2.6:6.774 10.31 26.62; 

SRpe decreased by *2.8 
ESV - H28 Rpe = r6.236 9.302 25-56;6.028 9-309 23.35;5.863 9.345 21.24; ... 

51694 9.381 19.31;5.541 9.413 17.56;5.401 9.441 15.97;5.284 9.466 14.53;5.i65 9.488 
13.22; ... 

5.057 9.508 12.03;4.959 9.526 10.94;4.901 9.543 9.962;4.821 9.558 9.07;4-749 9.571 
8.257; ... 

4.688 9.584 7.517;4.627 9.595 6.844;4.573 9,606 6.23;4.477 9-624 5.164;4.398 9.639 
4.28; . . -  

4.332 9.651 3-548;4.278 9.661 2.941;4.233 9.67 2.437;4,196 9.677 2.02;4.165 9.683 



%Rpe decreased by '3 
ESV-H3_Rpe = 16-17 8.861 26.81;5-973 8.862 24.52;5.777 8.893 22.32; ... 

5.6 8.928 20.31;5-439 8.959 18.48;5.302 8,986 16.81;5.164 9.011 L5 .3 ;5 .@35  9 . 0 3 3  
13.93; .., 

4.956 9.053 12.68;4.854 9.071 11.54;4.762 9.088 10.51;4.683 9.103 9.574;4.606 4 . I L 7  
8.719; ... 

4.536 9.129 7,94;4.472 9.141 7,231;4.414 9,151 6.586;4.313 9.169 5.462;4.23 4.112 
4 - 5 3 ;  . o .  

4.16 9.197 3.757;4.103 9,207 3.116;4.055 9.215 2.585;4.015 9.222 2.144;3.3?2 3 - 2 2 ?  
1.778; ... 

3.955 9.233 1.475;3.932 9.237 1.223;3.914 9.241 1.014;3.898 9-243 0.6213;3.535 3 . 2 4 6  
0.6978; . . . 

3 . 8 7 4  9.248 0.5788;3.866 9.249 0,481; 

iRpe decreased by '3.2 
=SV H32  Rpe = 16-11 8.475 27.94;5.905 8.466 25.57;5.7 8.496 23.3; ... 

5y515 8.531 21.21;5.346 8,563 19.31;5.2 8 . 5 9 2  17.57;5.056 2 .613  16;4 .556 Z . 6 4 3  
14.57; ... 

4,639 8.664 13.27;4.733 8.684 12.09;4.641 8.702 11.0i;4.553 5 , ' 13  IY.S7;4,;'7 - = - .  - ' =  4 4  

5.133; ,. . - 
4,399 8.746 8.325;4.332 8.759 7.584;4.271 8.77 6.909;4,165 3 . 7 5 4  5 ,733;4 .5"  - - .  - - , C  

4.758; .., 
" ;= 4.004 8.819 3.949;3.943 8.83 3.277;3.893 8.84 2.719;3.851 8 . 8 3 7  2 . 2 5 7 ; 5 . C l "  1.-,, 

1.873; ... 
3.788 8.859 1.554;3.764 8.863 1.29;3.744 8.667 1.07;3.728 6 . G :  C.ïaG3;j.'L; 3 . 5 ; -  

0.7372; ... 
3.703 8.875  0.6118;3.694 6.876 0.50771; 

I setup training and c h e c k i n q  matrix (variable is "data"). 
data-ESV = [ESV - N;ESV-L09 - Rpe;ESV - L08 - Rpe;ESV-L07-Rpe;ESV-LOG-Rpe;ESV-325 - ?.pr;E5Y - 1:; - 5;e;  

data-size = size(data-ESV); 
ciisp(['The sire of the €SV data is : ',num2str(data_size) 1 1 ;  



$training data generated frorn 1/0 mode1 
%Training Data Stored in t trndata 
SChecking Data Stored in : chkdata 

9reads in the data pts for training the fuzzy estimator 
$the data are held in workspace variable "data" 

+Divides the data inro training pts and checking pts 
?Al1 p t s  are "training" 
5even pts are used also for "checking" 

xurnsts = length(data-EDV); 
trndata = data-EDV(I: l:numpts, : ) ; 
chkdata = data_EDV(2:2:numpts, : ) ; 

'Initial membership functions for inputs to be trained. 

nurnmfs = [ 5  31;  
m f t y p e  = str2mat ( 'dsigrnf ' , 'dsigmf ' 1 ; 
fismat = genfisl (trndata, nummfs, m f t y p e )  ; 

'Input 1: "delta pressure across the inlet valve" 

[xl,mil] = plotmf(fismat,'input',1); 
figure ( 5) ; 
plot (xl,mf 1) ; 
xlabel('Deqree of Mernbershipt); 
ylabel ( ' Dif ference In pressure across input valve [mm H g ]  ' 1 ; 
title('Initia1 membership for Pressure Differnece across Inlet'); 
print -dps 1inledv.eps 

+Input 2: "Dias'ole timing" set at -0.7 sec 

[x2,mf2] = plotmf(fismat, 'input1,2); 
figure (6) ; 
plot (x2,mf2) ; 
xlabel('Degree of Mernbership'); 
ylabel ( ' Diastolic time [sec] ' 1 ; 
title('Initia1 membership for Diastole timing (0.7s)'); 
print -dps Iin2edv.eps 

Enumber of batch times to train the data samples. 

nwnepochs = 100; %nominal : 100 
[fismatl, trnerr, ss, fismat2, chkerr] =anfis { trndata, fismat, numepochs, NaN, chkàatal ; 

%Training results 

trnout = evalfis ([trndata (:, 1) trndata(:, 2) 1, fismatl) ; 
trnEZMSE = nonn(trnout -trndata(:, 3) ) /sqrt (length(trn0ut) ) ; 

disp(['***Generating Plots for training Routine+**']); 

%Ploting error curves 
epoch = 1:numepochs; 
figure (7) ; 
plot (epoch, trnerr, ' O '  , epoch, chkerr* lxg ) ; hold on; 
p l o t  (epoch, [trnerr, chkecr3)  ; hold off; 
title ( 'Training Error' ) ; 
xlabel ( ' Epoch number ' ) ; 



ylabel( ' E r r o r  ' ) ; 
legend['Training error8,'Checking error'); 
print -des erredv-eps 

[xl,mfl] = plotmf (fismatl, 'input', 1); 
figure(81; 
plot (xl,mfl) : 
xlabel ( ' Degree of Membership ' ) ; 
ylabel ( 'Dif ference In pressure across input valve [mm H g ]  ' 1 ; 
title('Fina1 membership for Change in press'); 
print -dps Finledv. eps 

[x2,mf2] = plotmf (fismatl, 'inputt,2); 
figure ( 9) ; 
plot (x2,rnf2) ; 
xlabel('Degree of Membership'); 
ylabel( 'Diastolic tirne [sec] ' 1 ; 
title('Fina1 membership for Diastole timing'); 
print -dps Fin2edv.eps 

figure(l0l ; 
ssnsurf ( f ismatl j ; 
xlacel( ' Press across inlet [mm Hg] ' ) ; 
ylabel( 'Diastole TFme [sec] ' 1 ; 
zLabel('End Diastolic Volume [ml]'}; 
îFtle('Fuzzy Surface plot after Training'); 
prin: -dps SPedv-eps 



~ * * * * * * * ~ * * * * * * * ~ * * * * * * * * * * * * * ~ * + * * * * * * * * * * * * * * * * * * * * + + + * * + * * + ~ + * * + + + + * . * * . * * . *  

%Revised on 20 march 1998 
%Train a FIS for estimating the ESV based on the change 
Sin pressure across the outlet valve. 
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%training daïa generated from 1/0 mode1 
%Training Data Stored in : trndata 
%Checking Data Stored in : chkdata 

Sreads in the data pts for training the fuzzy estimator 
$the data are held in workspace variable "data" 
dat-ESV 

SDivides the data into training pts and checking pts 
Sodd pts are "trainingw 
<even pts are "checkingn 
numpts = length (data ESV) ; 
trndata = data ~ ~ ~ ( l f l : n u m ~ t s , : ~ ;  
chkdata = dataIf~~(2:2:num~ts, : ) ;  

!Initial membership functions to be trained. 
n m , f s  = [ 5  51; $ [ 5  51 = 0 ..14 error 
rr.ftype = str2mar('dsigmf', 'dsigmf') ; 
fismat = genfisl (trndata, nummfs, mftype) ; 

iïnput 1: "delta pressure across the cutlet valven 
[xl,mfl] = plotrnf (fismat, 'input',l); 
figuxe(5) ; 
plot (x1,rnfl) ; 
title('Intia1 membership for dP across inletf); 
print -dps 1inlesv.eps 

+Input 2: "Systole timing" set at --0.7 sec 
[~2,mf2] = plotrnf (fismat, 'input',2}; 
figure ( 6 ) ; 
plot (x2,  mf2) ; 
title('Intia1 membership for a P  across outlet'); 
print -dps Iin2esv.eps 

inurber of batch time to train the data sâmples. 
~umepochs = 100; Snominal=100 
[fismatl, trnerr, ss, fismat2, chkerr] =anfis (trndata, fismat, numegochs, XaV, chkaâzs; ; 

;Training results 
trnout = evalfis ( [trndata ( :, 1) trndata ( :, 2) 1 ,  fismatll ; 
trnRMSE = norm (trnout -trndata ( : , 3  ) /sqrt (length (trnout) ) ; 

5Ploting error curves 
epoch = 1:numepochs; 
figure(7) ; 
plot (epoch, trnerr, 'op, epoch, chkerr, ' x ' )  
hold on; 
plot (epoch, [trnerr, chkerr] ) ; 
hold off; 
print -dps erresv.eps 

[ x l , m f l ]  = plotmf (fismatl, 'input', 1); 
figure ( 8 ) ; 
plot (XI, mf 1) ; 
title('Fina1 membership for dP across inlet'); 
print -dps Finlesv.eps 

[x2,mf2]  = plotmf(fismatl,'input',2); 
figure (9) ; 
plot (x2,mfZ) ; 
title('Fina1 membership for dP across outlet'); 
print -dps Fin2esv.eps 



anfis-y = evalfis([trndata(:,I) trndata(:,2)lrfismatll; 

figure (10) ; 
gensurf(fismatl); 
xlabel('Pressure across inlet valve [mm Hg] ' ) ;  
ylabel('Pressure across outlet va lve  [mm Hg]'); 
zlabeL( 'End Systolic Volume [ml J ' ) ; 
title('Input/Output Surface plot Trained'); 
p r i n t  -dps SPesv.eps 



IMAGE EVALUATION 
TEST TARGET (QA-3) 
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