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% This io called internally bv make_opsom
%
function [D]=d_oper(n,etahat,muhat):
k=n+4:
etahat=otahat(l:k,l:k):
muhat=muhat(l:lt,l:k) :
D=etahat*(etahat*muhat-eye(k,k»*muhat~2:
0=0(1 :n,l :n) :

D.5.6 makeus om

%
% makeuo conotructs the polynomjoal ohift matricoo :forU and U 0 L
%
% [poly .•U,poly_T.u]"makeuo(n,U,Ll) j
%
% The l'eoulto of thio function lre panccd 0.0 argumonno to ooxl.m
%
function [poly_U,poly_LU]=makouo(n,U,L1)j
k"nj
[x,y]=oizt3(U):
U(k)=O:
poly_U=polyr(k,U):
poly_LU=polyr(k,U*Ll):

D.u.7 bc .n

%
Y. function (bc_o]=bc (n , eto.hat)
'/.
function [a]=bc(n,otahnt)
amzoroo(n,n);
otahatuotahnt(1:n,1:n)i
~l~chobvoc(l,n);
vO=chebv9c(O,n):
bi"vO;
b'2"'vli
b3.:s(otnhat) *vO;
b4'" (otnhat) *vl;
bS-(otnho.t.~:)*vO:
0.(: ,l)tJb2 i
n.(:,2)cb4j

% phi(O)"'O
% phi(l)cO
% 0 phi(O)=O
% D phi (1)<20
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D.5.3 lLoper .m

%
% Ll_OPER calculates the oporator L=D~2-1/r,D for the Sexl
% equation, ill the transforrr,ad domain,
%
% This function is called internally by make_ops,m
%
'/.[L1J=l1_opor(n, otahat ,muhat) ;
'/.
function [Ll]cll_oper(n.etahat,muhat);
k==n+4j
otahat"'etaltat(1:k.l: k) j

muht'.t=muhat(1: It, 1:k) ;
Ll"'otaha'~*(otahat*muhat+3*oye (k, It)) , , ,

*muhat"2j
Ll=Ll(l:n,l:n);

D.5.4 12_opor,m

'/.
'/.L2_0PER calcul~cos the operator L"2=(D"2-1/r,D)"2 for the Sexl
% oqul).tion,in tl10 transformed domain,
%
'/,Thio function is called internally by make_opo,m
%
'/.[L2]=12_opor(n,etahat,muhat)i
'/.
function CL2]=12_opor(n,otahat,muhat)j
k"'I1+4j
etaho:t:..otahat (1:k ,1:k) i
muhat=muhat(1:1t.l:k) j

L2~otahat*( etnhnt"3*muhat"3
+6*otahat "2*muhat "2
+3>t<otnhat*muhat
-3*oyo(k,lt»;

L2=L2(1 :n,lm) j

D.B,5 d.opcr .n

%
% CD]ed_opor(n,orahat,muhat);
%
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% shift right 2 places

%%%%%%%%%%%'1.'1.'1.%%%%%%'1.%'1.%'1.'1.%%%%%%%%%%'1.%%%%%
% preform eigenvalue calculation %
%%'I.%'I.'I.%%'I.%%%'I.%'I.%%%%%%'I.%%%%'I.%%%~%%%%%%%%%%%

CAA,BB,Q,Z,VJ=qz(A,13)j
AA=diag(AA)j
BB=diag(BB) j
I::::find(BB"=O)j
AA=AA(I)i
BB=BB(I)j
V=V(J, :) i
C;::,M./BBj
[Y •IJ "'flort(imag(C)) j
[r.,y]=size(I) ;
J:"'I(l:x-j,,:)j
eigval=C(I)j
eigvoc"'V(:,J.)j

D.5.2 ma.ltG.ops.1n

'I.% mako_ops constructs tho oporo.tors L, L~2,mu,ota,lnu"3,p
%
% [Ll,L2,muhat,otahat,M,D]=mako_ops(n)j
%
'I. Thoso oporators are passod as arguments to sexl.m
%
:function [L1,L2,muhat,otahat,M,DJ=mako_ops(n)j
It"'n+20j
muhat=makomuhat (k) j

etaho.t..makeetaho.t (It) j
M-muho,t'"3 j
L1",ll_opel'(n,etahat,muhat) j
L2=12_opor (n ,otahat ,muhat) j

nlt'ld_oper(n,otahat,muhat) j
j'Jl",r.l(l:n,l:n)j
L2=L2 (1m, 1:n) j

n"'n(1 :n ,1 :n) j

M=M(l:n,l:n)j

551
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rvur=poly2d(V,rur.C.Cinv)i
end;
N~ruux(: .1:n)*Ipluoint+rvur(: .1m) i

D.5 The Sox! stability equation

'l'lWH(1 1\1'(' t11('Matlah Iuuctlous and H('l'iptH l1H(I(1 t () caleulato t lJ(l Ht ahil! ty p1'Op·

(lrtll'14of pipe wlodty profiles. Tho muin Iunctlou is ooxl, m, which «vnluntos (hI'
Hll\hility of It HllJlllJi!'(1 wlol'ity prufllo, B!'f!ll'(' ('ulliug thiH function tIll' Iuncrtous
make.cpu .m nud makoua .m Ill\lst l){' invoked to Hllpply tlH' ('Ol'l'P('t lll'glllllPutH (0

ooxl.tn,
Two higJt('1' I(lwh; of Iunctiou wldc'lt Ilfoi(' ocxl .m art' HII[lpli('d, uumclv findro .m
and gotnooo, m: Tho Iormor linds, fhr II parti<'nitl' value of t!lll wnventuuher
rr, that IiI' {'Ol'l'('H}lou(lilll\ to th(l ('ritical value, Ullllll'ly that for ('j cc: n, 'I'll!'
Iltttl'l' usos the Iennor, and huplemont« a simple ;;1'lll'dl (p('\llli(lUI' to (\l't(,t'lttilll'
tl1(\ value of nand llr eorrespouding to tli(' iulnlunun eritirnl H(lyuolclH 1l1l1ll111'1'
(if auy) for a pnrtkulnr wlodty prolll«. Both of t!ll'S(1 two flllH'tilhlH must IIl'
suppllod with PlU'ltUH'tC'l'S P;!'lIl'l'Itl.('c1 hy mllkl)~or>0.m1111(1makeus .m. Th« Iunerlou
mukcuu.m tHill'lLill turn \)(1 HUJlpli(I(1 with It v(liol'ity prolll«, giwll H:-la row \'(I('lor
of CIH'hYI11H'v ('()(IIIi<'irllts,

D.o.l aoxl..n

%
% ooxl,m calculateo tho oigonvaluoo for tho Soxl problom
% for ~ givon ulpha o.nd Ro
%
% [oigval,oigvoc]doed(n,alpha,ro,omogo.,L1,L2,M,poly_U,, ,.
% poly_LU.bc_o);
:function foigvo.l,oigvocJ "'ooxl(n ,o.lp,1'0,0, L1, L2, M Ipoly _U, ' ,

poly_LU,bc_o)
im_Aa1/(alp*rc).*(L2-(2*alp·2+o),*Ll+(alp·4),*M3);
ro_Bt:l(L1-(alp·2).*M3),
ro_A=nUl*poly _!I-polyqLU;
AClro_A+i,>t<im_A;
B=ro_Bi
clear ro_A ro .•B im.A

%%%%%%%%%%'1.%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% inoort boundn.!'y condiHono %
%%%'!.'/,%'/,%%%%%%%%%%%%%'l%%%%%%%%%%%%%%%"~:%%%%



ml=makomuhat(n+2);
cml"'ohml;
c:l"collder(m)i
% cl=ding(onoo(n-l,l) ,l)-diag(onoo(n-l,l) ,-1);
% c1=c1/(~*(n-l»);
Iint=oyc(n~2,n+2)-4 .*intmat(n+2)*vec*ml;
ol"'ol(l:n,l:n)j
o2r::e:G(1:n,l:n):
ml;.;m1(1:n,l:n);
eml=em1(1:n,l:n);
rint=Iin~(l:n,"n)j

D.4.7 nonlini. m

1.
1. nonlini c:o.lculo.teothe valueo of the non-linear tcrmo
% for the integral fo~mulation.
%
Yo [N]=nonlini(n,U,V,otal,muOl,ctalmul,coll,Ipluoint{,C,Cinv})j
Yo

% n 10 tho crdor, and U,V are the matricoo of axial, radinl
% velociUeo reopoctivcly. otal, o'tnlmul, coll, Ipluoint
Yo nro tho cencuane matricoo gonerated Ly tho £uncdo.\
% mo.kcmatint.m
Yo

:function (N]-nonlini(n,U,V,otal,muOl,ota1mul.voll,Ipluoint, ..•
C,Cinv);

%
,; calculato tho te\'m r.u.u_x ...
"1.
ru..U*muOl;
u_x-coll*Uj
if (nargin=.8),

ruuxnpoly2d(ru,u_x);
01013,

ruux=poly2d (ru,u_x, C.Cim') j
cnd;
%
% Now tho term r.v.u_r ...
Yo
rur",U*otn.1muli
if (nnrginOQ8),

rvurcpoly2d(V,rur)j
0100,
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D.4.4 kopint.m

%
% kopint dotormines tho C011Gto.nt Inatrix
% KcooInoga.r
% for tho RHS of the equation
%% (K]"'ltopint(m,n,omega);
%
function [K)okopinc(m,n,omegu);
muOl"makomuho.t(n);
Ke.:zzoroo(m,n);
K(:,l)aonoo(m,l)*omoga/2j
K(:,2)Qonoo(m.t)~omoga/2:

D.4.5 linopiat.m

'/.
% linopint calculatoo tho linear oporator:
% -omcga.r-S+D+rDft2
%
% function [L]=l:'1opint(n,omoga):
%
function [L]~linopint(n,omogo.);
muOl·lnakolnuhat(n):
otal·maltootnhat(n);
It_O''zcroo(l,n):
It_O(l,l)-2:
S·onoo(n,l)*R_O;
L= -omoga .*muOl -eto.hS*mu01 + oto.l + otnl"'2*muOl:

D.4.0 makematd .m

%
% mo.ltomo.tigonora'coo tho c;onotant matricl)o otal, otn2, otalmul,
% coll, and Ipluoin'h for uno by the ocl'ipt,
%
% [otul, ota.2,muOl, otalmul, coli, Iplusint] cmo.Jtomo.ti(n,m) j
%
function [ol,02,ml,oml,cl,Iint]omo.ltomatl(n,m):
vocczoroo(l,n+2)j
vot:(l).,l;
olomukootahn~(n+2):
02001"2;
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diop(malt~milx(abn(diff (hulf+l :m, :»») ;
urocoef2pto(u,C,Cinv);
dr=coef2pto(diff,C,Cinv);
ur=ur(:,1:6:3*n/2);
dr=dr(:,1:6:3*n/2);
Durf(Yplot,Xplot,dr,ur);
view( (50,30J) ;
drawnow;
totartccputime;

end;
end;

D.4.2 contint.m

%
% contint roturnD tho radial velocity, V, whon paDDed
% the axial velocity, U. T.no mo.triceo RHS and coll arc
% gonero.tod by tho function CONTMATI.M
%
% CV)-contint(U,RHS,co11)j
%
function [V]acontint(U,RHS,coll);
V"-coll*U*RHSj

D.4.3 contmati.m

'I.
% contmati gonorateD tho conoto.nt matricoo lleeded by contint
%
% [RHS]=contmati(n,m);
%
:function [HilS) "'con'tmo.ti(n,m) ;
Inul"'makemuho.t(n) i
otnl=makootahn:c (n);
divioor"(ota1*muHeyo(n»*rnu(n)~2j
divioor(:,l)=chebvoc(l,n);
divioor(:,2)cchebvoc(0,n)j
[l,u]=lu(divioor);
RHS=mul*mu(n)~2*inv(u)*inv(1);
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u(: ,1:n)=R*inv._N;
if (tN",1) ,

u(l,:)cu_p(l,:); % the inlet Be
ond;
v(:.l:n)=contint(u,RHS,coll)i
v(l,:)=zeros(l,n);
if (dt(dtmark.l)<=t & dtsize>dtmarlt),

diap('changing discretisation');
dtmark=dtmark+l ;
if n>dt(dtmark,8),

n"'dt(dtm"rk,8);
output=oprintf('n is now = %g',n);
diop(output);
InuOl=makemuhat (n~4) ;
mu02=muOl~2j
eto.i=makeetahat (n) j

muOl=muOl(l:n.l:n)j
m1102ar:muQ2(1:n,l:n) ;
Lt:linoptint(l1,omoga);

ondj
Kckopint(m,n,omeg~).*dt(dtmark,2)j
N=(muOl- (dt(demark, 3) *dt (dtmarlc,2» *L) ;
N"N*mu(n)~2;
N(:,l)·chebv~c(lJn) .!n~2j
N(:,2)=atal(1:n,1:n)*chebvec(O,n) .!n~2;
[ll,uu]=lu(N) ;
inv_N=mu(n)~2*inv(uu)*inv(ll)i

M~(dt(dtmark.2)*dt(dtmark,4» .*L+muOl;
disp('end of lOOp');

andi

u=inv(diag(maosflow(u»)*u:
if rem(t,Gavo)==O I ta=l,

disp('saving to filo');
fnnmo=sprintf( ...

'save .!ncc.%02g!U%02g%g.mat u v dt t 10ngthC', ...
omogo.,omega, t) i
ovo.l(fnnmo)i
fnnmo=sprintf(laave u%02g_60 u v dt t longthC',omoga);
eval(fname)

ondi

if rem(t,Show)==O,
diffcll-u_p;
half=m!4;
disp(max(max(abo(diff(l:ho.lf,:»»);
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N=(u,uOl-(dt(dtmark, 2)*dt (dtmark ,3» .*L) j

N=~,*mu(n)~2: % shift the tlatrix right 2 to augment BC I eo
N(:,l)=chebv6c(l,n)./n~2;
N(:,2)=etal*chebvec(O,n)./n~2:
[ll.uu]=lu(N):
inv_N=mu(n)~2*inv(uu)*inv(11):

%Uinit=[l 0 OJ:
%[x,y)=size(Uinit)j
%for i=l:m,
% u(i,l:y)=Uinitj
%endj
%v=zeros(m,n)j

Nlin_p=zcros(~,n);
Nlin_pp=zeros(m,n)j
Nlin=zeros(m,n)j
u_PP"zeros(m,n);
u_p"'zeroEl(m,n)j
[x,y]t:size(u):
if y >= n,

u=u(: ,1:n):
else,

u(x,n)=Oj
end:
M=(dt(dtmark,2)*dt(dtmark,4».*L+muOl:
%
% start the loop
%
totartacputime:
:for t=?:tn,

% shift the last time matricos to provious r.imes..
Nlin_pp=Nlin_Pi
Nlin_p"'Nlin:
Nlina-nonlini(n,u,v,otal,muOl,otalmul,coll,Iplusint,C,Cinv)j
u_pp=u_Pj
U_p"Uj
if t==i,

R=u_p(:,l:n)*M+I<+ (dt(dtmark,2)*dt(dtmark,6».*Nlin:
else,

R=u_p(:,l:n)*M+(dt(dtmark,2)*dt(dtmark,5».*u_pp(:,1.n)*L+K+
(dt(dtmark,2)*dt(dtmark,6».*Nlinj +
(dt(dtmarlt,2)*dt (dtmarlt,7» .*Nlin_p:
endj
disp(t)i
u(m,I-'irstN)=Oj
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D.4 The two dimensional base flow equation

D.4.1 base2d.m

%base2d.m
%
% this scr.iptgenerates the 2D entrance base flow model
% using the pressure-integral approach.
% Before implementing, specify the global matrices u, v.
%
% set pazamet era
%
%dt= [ti dt aO ai a2 bO bi n(140) ...
clgi % 4e-7
dt= [100000 7e-6 1 0 0 1 0 60l

100000 1e-4 100 1 0 32J;
[dtoize,y]=size(dt)l
11"'dt(1,8)l
FirstN=n;
me60l
dtmark=li
omega=60;
tn=10000;
lengthC=60i % axial domain is [O,l!lengthC]
Save=20i
Filt=20i
Show=10i
%
% set global matrices
%

Xplot:::(-lobgrid(m)+l)!(lengthC)j
Yplot=(lobgrid(3*n!2)-1)!2i
Yplot=Yplot(1:6:3*n!2)i
[RHS]=contmati(n,m)i
[etal,eta2,muOl,etalmul,coll,Iplusint]=makemati(n,m)i
coll=··coJ.l'.*lengthC;
filt=rcosfilt(m);

%
% genernte operator matrices
%
L=linopint(n,omega)i
K=kopint(m,n,omega).*dt(dtmark,2)j
[C,Cinv]=transops(3*n!2)i
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D.3.5 smat 0 m

% smat calculates the shape matrix
%
% [S]=smat(n,eta,mu);
%
% Used by l_oper.m
%
function [S]=smat(n,eta,mu);
k=n;
onemat=zeros(k,k);
onemat(:,l)=ones(k,l);
8=-2 .* (eta(l:k,l:k)*onemat*mu(l:k,l:k»:
S=S(l:n,l:n);

D.3.6 nmat.m

% nmat calculates the spatial operator for the l-D
% pressure integral formulation
%
% Used by l_operom
%
% [N]=nmat(n,eta,mu);
function [N]cnmat(n,eta,mu);
k=n+4;
N=eta(l:k,l:k)*(eye(k,k)+eta(l:k,l:k)*mu(l:k,l:k»;
N=N(l:n,l:n):

D.3.7 omegamat.m

%
% omegamat calculates the omega premultiplier onto u
%
% Used by l_operom
%
% [O]=omegamat(n,omega,mu);
function [O]=omegamat(n,omega,mn);
k=n;
O=omega .* mu(l:k,l:k);
O=O(l:n,l:n):
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endj
endi
save U u dt

D.3.2 etamu.m

%
% etamu creates the matrices eta and mu
%
% A convenience function used by baseld.m
%
% [eta,mu]=etamu(n)j
%
function [eta,mu]cetamu(n)i
eta=makeetahat(n)i
mu=makemuhat (n)i

D3.3 kmt.m

%
% kmnt calculates the constant RHS matrix;
%
% Used by baseld.m
%
% [K]~kmat(m,n,omega,mu);
functio,1 [K]=kmat (m,ll,omega,mu);
vec=zei-cs Oa.n) i
vec(:,l)=ones(m,l)*omegai
K=vec*mu(l:n,l:n)i

D.3.4 Loper.m

%
% l_oper calculates the implicit spatial operator
%
% Used by baseld.m
%
% [L)=l_opElr(n,omega,eta,mu);
function [LJ=l_oper(n,ome~<,. ta,mu);
L=smat(n,eta,mu) + nmat(n,tJl.,mu) _ ...

omegamat(n,omega,mu);
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couvonlonro, and discussion of til(' flow ltsolf ill lutor dmlJt!'l'S 11H('1"> tll!' more
convontioual nuliul cn-ordinato ~wst('ll1 with origin Oil tho plp« !lxis,

Tho origiu of tho axis systom ill tho lJo:; plano (tItl' plan» Pl'l'!H'I11lklllal' III th!'
pip!' axis) was taken as h!'iu(.'; Oil till' iuner wall of II!!' plpo, OU tho horlzoutul
llllt,iOl' llxis, This was nlso the most eonvoniont locntion Ior tIll' origin I b('('aus!'
it. corrospouded to tho point w11('1'(,tho laHPl' would be initially nllgnod IH'fol'!'
traversing into tIl(' flow, Dellnitlon of tl\(' pip!' axis as til!' origin would not luwo
hoen useful, \)(I('ltIlHl' this point was not paHY to Iind, All oxporhneutal data was
nliguod to IhP 1111>1'1'usual ('Plltr(I.lms!'<1 co-ordinnte syst('lll (luring Pl'll('('~IKing,

E.5 Tank and pressur. control

'I'ho tank Pl'('HS1lr(, had to 11(1cnutrollod to 1.1. Il<'t lovol: Iurthonnoro tho l:llliting
boluwiour and posltion of tho piston lind to 1)(' iuoultonxl, hul h Iot (lil'lllllY nud
Haf('ty purposes. Th{'HI' taHkH W('I'(' tho rl'Hpousihilit.y of two slmpl« ohj('('li' - til!'
rank control and 11l'PHH\Il'P coutrol oi>j!'('ts l'('HllP(,tiwly,

E.G.l Pressure control

This o\Jj('('t contalued It 1'('f(l1'(II1(,(' to til!' nnaloguo object, ill ortl"l' to ohtniu
Pl'I'HH\Il'(, lnlomintlou from tho t1'I1.I1H(1I11'('1' mounted in thl' nit' ('lwit~' of tho IH'adp1'
tank, It nlso lUH'd tho digital output. llnos of t.11('PCB to routrnl t il(' small
prcssuro control hl('('t\ solonold. It (lid 11(>1control t ho !ll'l·HKurhiill!'. of t.ltl' t auk.
merely tho mnlntcunnco of It Hl'!. 1>l'I':i:I\I1'I',

Tho lll'(IHH1ll'(1 control WII" It sluiplo 'IHtllg ..llItug' control HYHt(lllIj hHHieally tho
blood solenoid could olthor hI' switched Oil or (,It'. 'ro control ]>1'(,HH\11'(" tlt(· tank

WIIH allowed to \)('('OIlW Hlil~htly ovor-prossurisod hy HPtting tho -uuuual l'l'gllllltol'

Il('('ol'(lingly, This oxtru Pl'C'SH\ll'(' was thou hll'(l oll' through tho small solouokl,
IItI' Iluo Irom which ('0111(11)('slil~htly !hrott-h'(1 to 1'('(1\1('1' Ilowrato.

Tho ohj('('t. lmplom-ntod a shnplo cnutrol svstom, WhNl(IV(Il'!t \\oil:; (,!tIl(I(1hy nu'
main loop it would (']lI'('k tho jll'('HHIl1'C', If til(' value WIIS nhovo tIll' s('t point (plus
n siuull (\t'nd·hnlllll'('!l;iou). rho valve wouhl bo opou 10 1'('dl1(,(11.11('prossur«, If ou
111(' otlwt' hand fht' pressure 1'('(111('('<1 bok.w I he Hl'l point (mlnu« Ihl' d(llt!l luuul
quantity), thou thl' valve would Ill' closerl, Fig\\l'fI E,2 HitOWH this control of tho
{lI'CHSlll'("

'I'hls cont rol WIIS It t'I'IllIHll'iU'y IllP!\SIll'P aIHI n more ~(lJlhi~lil'ilt('(1 \'i\l'iilhlt· bh'('d
was piannod; Iww(I\'('1' 11H' ('IUT('ul nrquisltion (Iitl not \11<(, Ih(' }It'(,~Hm'(' rnutrol
at: nil, .Agaiu 111(11I1(1t'1Is of IJIl' ()O}> philosophy \\'1'1'<' evklent ill t:hiH <I('sigH
d(ll'isioll! (tlt.lwlIgh t ho control WitH ('1'11(11'. it wax 1)(ISHihl(1 lor tho nh,il'('j to simplv
Ill' 1'('pilW(I{1 at It lutoi HtIW' with It hotter vcrsiou, wllh lW 1/I(ulljintlio1/ (If 1/,11.1/
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E.4.3 Limit object

This oneapsulatod tltO bohavlour of till' limit l'iwitcll(% 'I'lio ohjP('t. containod It

roferonco to the 1>('14 to allow til!' limit (lata to he road, Tho bench ohj('('[: used
t.1l<'limit lufonnutiou to stop \)('111'11movomeut ill tho cuso of overahoot,

TIll' bench suh-aystoin cunsolidated tho hohuvlour of tho nhovo rouipouenta, Us
intC'rflt('C'was Himply It HPj; of commands l'plating to the' movomont of It pa1'ti(,1111\1'
axiH through It particulnr distauc«, Intornully, if 1'1IS1\1'(I!\ nrruruto posltioning;
of all axes using fC'('(l1Hll'k Infonnation from the poslthm obj(lct.. In tho caso of
tho stoppor-motor« this was \11;('(1 in i-!t.agc'H- the' bench wa« moved It rnlrulatud
uumhor of Ht.I'}lS, a monsuromout was l'a1((,11,and thl' h('1I1'1lwas ngnilllll()V(ld until
tIH' error in positluu WIIH within a cortuln tolornnrc (:Hl.!ll min waH used), In
[:11('C'aH('of tho linear aetuator more dynumlc control was implemented. Position
wa« continually monitored 1111(1 tho uuit was brought \(1 I'PNt gra(I\lllll~' at the
upproprlat« positlon, Tit!' llmlts WI'l'(I {IS montlonod UI-l<'<\ to eusurc 110 (lX(,(lHHiw
movement of tit" bench,

Again it euu bo S('C'I! that tho result of tho ohjPC't ori('llt( d mothodology hoiit high
IC'V!'Irepresentation of til(' LDV ll'IW(ll'sillg bench. Thls obJp(,[, lW('(llltH ('OUUlWll
HPllH(' movement eonnnanda, and [:11(\complication of oven what is movlug tilt'
bench ls hidden from till' I1H01' of' tlH' oh,iC'('t ..

E.4.4 Interactive bench control

This l)hj('<~t WitH hnplomontrd [.0 allow tho 1)(111('11to bo moved intpl'llC'tiV<'!y with
lllOI1HC' or nrrow I{(IYH, It illHtnntiato(1 I~ diHjllay Oil tIl<' scroon, showing both
!wt.\\l\ll\Utl tmllsfol'llH'd bouch posltlons, Wll('11 tho UHI'1' 11l'('HH('(1 tlw arrow k(lYH
(or clicked ou bntton« Oil til<' S('1'('('n IIHill!~ tho 1U001HP), the ItllPl'opl'iltt<' axis was
moved, IUH11~ dynamic' reud-out of hoth urt.uul {\11<1 tl'anHfol'll1('clllositiOllH W<'l'P
given, Tho Hll('('c\ ('(1\11<11)(' dUUlg('d, and tho origiu of tho bench H(·t by 111(11-1('
lllC'!U1H,

ThiH i\mC'liouulity was developed to II11m\' tho \1SI'I' (0 poxition tIl(' bonch ('fU'pfnlly
withln tho nppunuu«, fot' hlHl.IlIU'(1 when Ilndhu; tIl(' )lip!' wall. Whon nc!!'((lmt('
'\hglllllt'ut wns uchiovod tilt' control dluloguo hox could h(' <'ioSP(l and 1.1I!'progralll
reverted (.0 tit!' nonnnl routrol S('1'(I(,11,

E.4.5 Co-ordinate system & origin

TIlt' prinripul axil' of ['11(' honch WHH tukon ItS t 11<' loug axiK, purallel to [11('
pip!', 'i'hllH HIP bench co-onlluato HYHtPIll WitH \\11111<11111,AH moutioncd, tho ,I'
('o·:,!'!lillah' WIIH parallnl to t11(' pip«, tho ,II rn-nrdinnto was tnkou HI' tho other
horizonuil axls, while ,~was VPl'tit'ally \1pWI\l'(1 1-1, TIlt'S!' (IPiinHiollH W(,I'P onlv [01'
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polymorphic handling of tho trunsformatiou P1'()('('SH, Other more complicated
trausfonnntious inherited from this basp class, TIl<' two that WI'I'I' hnplomontod
W(,1'(' for a Hnt walled intorfnro, nnrl fill' a round-in ..sqnnr« interfnr« (tIll' current
interface}, Wh(,11 givl'll It sot of tll"('P rc-onliuutes, tIll's!' ohj(,l'ts could calculat c'
('ithl'l' tIl<' forward or 1'C'V(ll'S('n ausfonn, that is frorn bench co-ordlnntes to pipl'
eo-ordlnatos 01' vice vorsn, Pammotors, such as relrnrtivo index wall t hirknoss
and other dimenslous WI'1'('obviously 1l1'('Pssa1'Y to cnlculat« the trunsfonuution.
'I'heso woro 111'ovidNI by roforoncing tho file lwttiUp,S object, which a1'l' <il's('rih('d
later. 'I'llI' polymorphic uuturo of til!' transfonuution ohjl'l't mount that USN'S of
this ohj('('t (for oxumplo tho intoractiv« Iwudl movement olJj('('t) <lid not lWP(l

to know what trausionnntiou WI\H IH'illp; used - thl'~' simply lIS('<1 tho numbers
returned hy the current trnusfonuntion.

E.4 The bench sub-system

Tho bench l'Hlb'HYl'li0111 waH concorned with til(' movomout aUII cuntrol of till'
LDV bench. It was thus It contnlnor ohjP('t for th1'l'(' otJI!'l' Ohjl'('tHj tilt' HI('I)1>(,I"
actuntor 1\11<1 limit switch, It. also coutninod a 1'('[('1'1'11('('to til<' position o\ljf'ct,

E.4.1 Stepper-motor object

This object used thl' ~ll'rinl }101't oi>jl'cI ill ordor to rounuunlcato to 11)(1stopper-
motor drive down tho sorlnl link, It contninod Iuuctlous to move the stopper-
motors and chango 1)11111111('t·I'1':;. which mount that 11)(1USN' of tho Iunction» did
not huvo to bother with till' (\i'i:i('lllhly of counnaud Ht.l'illgl'l hut could cull high
I(lV0IIllOVl.'IlH'nt Iunctious. Thus in till' splrl] of ohjl'ct orieutatiou, tll(' stI'Plll'l'-
motor ohjl'('1 truly omulatod tho boluwlour of l~ S0t of stoppor-motors, COlIl-

l11<H1<IHwore Himply of tho Ionu Stopporo, Movo(X ,100) i 01' Stoppors, Abort 0 i,

E.4.2 Actuator object

This Will' Hil' obj('('t. that, controlled t ho Ih10IU' :t('tlllttOI', It ('olltaitu'd II 1'I'fl'1'l'llC0
to tho PC30 object, ill ol'dC't' to allow lUI aualogu« output t:o tho uctuaior. ItH
oporarlou was dllloront Irom 1.11('S(('llJll'l'·motol' ohj(I('(. ill thnt tho unit ha(1 no
knowledge of positi01l2, ouly of voloclty, thus positiolling of this unit Will' con-
trolled rouiplctolv from tho main bench ohj('('t., ill cnnjuuetlon wit h t 11('}l()sit.ioll
oh.iP('(.

~~"~';i17;,Htl'(lIH'l'-IlH1IOI'N 'klll,\~7·;;;llI't;·()r !t'NS whore tllt'Y woro by vlrtu« or tlll' nmuher or Htl'llN

th('y luul moved,
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E.2.6 Serial I/O object

This (lhj(,(,t coutnluod all till' log it' for !{t.l'C'lUuiug strings tn and f1om 1111'sorinl
port, It diIf<'l'('(lfrom tho othl'l' ol'Jp('\;l ill that it was not, rouccruod with physirul
n.(~q\1jHiti()ncards. It utlllsod tho stn.xlard DOS interrupts in its oporntlon.

E.2.7 Position I/O object

This ,'!u'<1wns not an aln.:t.l'lt('tioll hut, reprosoutorl dirort ly the l)l'opri(·t:nry ('(U'{l
that monitored tho roudlugs from till' throe eo-ordinate H('aINI, It provklod Iuuc-
tionnlity to r=nd these values, and it coutulned conversion and OlfHI't values 1'01'
ouch axis, and unplumonted a monos of clmllgilli~ tho origin ill ('ItI'h cns«,

Tho Clbj('ctH Iistod nbov» ('X('C'!>t for tili' po~iti()u and serinl objC'ctH) r<'jll'l's('utp(l
components of till' I/O runls. Both tho P(,30 and PCa,! ohjC'l'ts wore IlHUl\- lip
of colleetions of those suh-cutnpononts,

E.2.S PC14 object

ThiH ohjC'('t (,Ol'l'l';lpolldillg to the PCl,l curd itself, W1tHsimply a (,(lllt.\illpl.' objoet
for its ('Oll1IH)IlC'lltH " two cligil:ltl I/O ohj('cts nud n :;ingJ(' tlmor object, However
it too was <lC'H(,(II1<IC'<1from IhC' bnso I/O enrd ob.lp('t (ill unlC'l' to inhC'rit tho port
nddrcss and port control hohnvlours}, thua it roprosontod a {'OIllPOHit.(' structure.
It: mirrorod ull tho aHpC'rtH of tho physlcn! card.

E.2.9 peso object

As with tho PCB object ahovo, tlliH was n composite ('ontaiuC'r object, mirroring
nil til<' hllj)m'l:ullt a.~PI'('tH of this c11rd. US('l'H (If this ohjC'c{ could Himpl.v r(,IHI HlId
wrlto Vahl!'H to th« ports IIH voilng!':;, It IlIKO iuanng«] tho illt.('l'l'Upt, SC'l'Vil'l' ill
combiuatlou with tI\(' nnuloguo oiljl'ct it cuntnlmxl, allowing an lutorrupt driven
.icqnlsltlon sorvlco, which waH UH('(l hy th« II()\\'IUI' t('" ,

1l.3 Transformation sub-system

'I'h(lllitth of tho LDV b('IlIllH 1hrounh till' pip(' r('~nl{:(I(1 in diHtol'(ioll of Ill(' IH'ItlIlH,
duo 1:0 Su<'iI'H law, ThiH ohj(lcl, WIlH 1'l'(Il\{C'C\ ill order to h(' ablo 10 (1<'I(ll'mitu' thl'
lU'tllllllll(lIlHlll'illg VO}\UIIC' posltlou Irotu til<' LDV posltlou. III l'C'ulity 111(1struc-
turo of this suh-systvu; was 11101'(' ('olllpIimtC'(1 t han HhoWII ill Ilguro E.l. A bnso
cla:;H ohjC'(,t was dcllntxl which WI\'1 simply It uuitv transfonuntiuu. Givou throe
co-ordluntcs, it would silllply return tlll' Hltllll' values, Thitl WllS dono to allow
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E.2.2 Port control object

Tlli!'! was n Hiugh' glounl pi .: ('I in th« systl'lll, owned hy t he main ohj(,(·t. It
Ht{)l'I'(1a list. of por! "I), '.'11"113 nnd tholr \lS('S. Thus ('·11It ('1'\1(1('level it Pl"Vl'ut('(\
dHl'l'l'l'ut ohjl'('(s from .\ltl'lIlptiur, to lllilisp 1lip saui« 110l't acldl','s:-l('H. It did
however have' It Inr 11101'(' important Iuuction, nud that was preventing ('ollflkts
1)('IWI'(,11oiljl'('ts utilising a SillAI(' card for dHf(,l'Put purposes,

To oxpluln (.lIb, it iH ]\('st, to (,()llsh\l'l' tIll' ('ohl.g\\mt.iol\ of tJI<' PClot digital
cnrd, This card waH multi-purpose ill that !iill'P! ent I/O lines coultl he plartxl in
difforont morlos: for iUHtIHl('(' smuo ill uoru.al our put ruul othC'l'H ill hl-(lil'('('tiollal
luuulshaklng input. However t h(' modo of till' card Will' sot through It HillAII' I/O
port, and l,h\\H Himply writing a UI'W value to it would corrupt Hl'ttiur,H Ior Ilt(·
other purts of IIH\ port. It waK tho [ob of the porf coutrol ohj(l('t to luIllliuiH('r
the' nilocatlon of tho H('ttll1l~H on tho variou« potts to prevent H\I('h It rnnllirt
oerurrin«

Ilavlng . cpluluod tho ntll'('stOl' aud port control Ohjl'I'tH, till' SJlC'('j{i<' (YIlI'H (If port.
(lhj('('t'. will 1)(' liH!.!'c!. gal'll of Ibl'HP cl('litH'(1 Hlwd!k hl'lmviolll' of cortulu tYIH'H
of port" for instunc« tIl(' H('r1al I/O oilj(,(·t waH concorn«l with Hl'lI(\iUg HIring;; to
tho sorial port whereas the digital I/0 ohj('C't Hhuply trnusmlt ('ci iutogers,

E.2.3 Timer I/O object

ThiH was prininrily coneomod with control of t II(' ~253 (hUN' ('hip which WIIH
rosldout Oil both tho PCH ami reao (·111'(1 .... Sp<,C'ifi('Iuuctlon« W('1'1' provided to
snt til<' eountor into varlous modes, iuil htlhw tho couuto» value and so on,

E.2.4 Digital I/O object

This was C'OUC'(ll'll('ll with control of Ill<' ~255 I/O dtlp and illl iuitiallslttioll. With
tho \1S(' of I Ill' port control ohj(,('t, till' ('hip could 1)(· 14(,(. into allY of its UlO(\('H,

aud hauc\HIl!\ldllp; 1\1Ic\rlntu l'('i\(', informntion could 1)(' nrqulred.

E,2.u Analogue I/O object

This t'Ufajl!-l\llah·t! H}ll'eifi(' Ii!'t -up hohnviour of HOIllI' of tho C'0I111l01l('ut l'I'Aistl'l'l'I
of tho PC;iO raul. It. llic\ not represent t hI' card itself, hut wns It 'c'ollwllil'u('C"
oh.lC'C'( to allow t.l cnlloction of H)l('('i1ic' I uaIOll;I\(' IW([lliHitioll bohaviou»,
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loop docs not. 1H'('('S~1 this object. so it should ronlly 1)('eucapsulated within some
sub-object, HOW('V(,l" it is wklclv used, and b('('alllw it l'PPl'(,H(lutS It Hinp;i(> iteru
(tho physical card itself), uot 1ll00'!, t hall ou« ('opy of t 11('objl'('t should 1)(' ill
('xist(lll('p, Thus the ('II1'l'<'1lt· layout (OlH' analogue obj(,(,t OW1H·(1 hy tho maiu
o\)j(l('t) iH a menus to avoid dupllrrn.ion of tho ob.iP('t, Thi« IltyOl'( bl'l'akH till'
oucnpsulntlon in that tho main ohj('C'I. ,,110111<1not 'know' about tllp A/D card
dir('<'tly. However t hh~ ob]« I is lWVI'l' I\;;('{I ill tll(' main loop; rat II!'!' it polntor to
it, is IlllHs!'!l to each UI'W oiljl'('t (i.«, Pneumatic valve) as they nro ('l'l'atr<i, Th'
solo l'('spollHiilility of the main 10;,1> iH simply to uinuugo Ill(' annlopuo card.

In gonornl th(' eoutnlumeut structure must 1)(' n tnxonomy or hlorarchv, Whl'l'PllH
t.ll(' l'('f(11'('11('(' rl'laliollHliip ('1111 form It not 01' woh,

What follows iH It drtailrcl review of (11('baHic' (,OlllJlOU{'I1I,S shown ill ll~~Itl,(,Eo!.
A descrlptlon iH giVl'l1 for each objC'('t..Htart ill!~ from (.)1<' lower lcvol aud working
up to (h(' doscrlption of llil' high level dl'sign OhjP('(H, Th« lunrtiou of t he lowr-r
ohjr('tH is malnly simpl« control of haulwaro componeuts, or tho porformauce
of ndministrntlvo tasks (storiug <lata). Till' hir:iwl' level I'llructu« • I1HI1'('

ubstmct, und l'Plll'PH('ut At'llt'l'IIl Iuuction« of tho HYHt('lll, for instu., polling
dutu,

E.2 The input/output sub-system

This sub-syutom onccmpnssod tho low I('\'('I I/O obj('('tH, anti Inclndod all tho
Hpt'd[k instaucos (pelt1. PCaO) of thoso Ohj('('tH, AlK() Included were the im-
portant port control ohjl'('t, rosponslble Ior mnnuging I/O ad(ll''';;H allocution
ltlll(lllgst ot.it('1' eoncorus,

E.2.1 I/O curd object

As mcntlonod holor«, the bas(' I/O curd ohjC'('!:oncnpsnlutod [.1)(1bnslc hehavlour
of all tho I/O (,lIrtls, This obj('('( Hlm'p(l th« cnrd hasr ndtlrl'Hs lind It 1'('[('1'<'11('('10
1:11('port eontrol object. H abo 11('11111'<1 utility function» for l'<'!t<lill~ awl writ iug
hyt.rs to tIl<' low level I/O p()rts of thr 111llchill(ll '1'1)(' hdllwi()lU' of tlw port
control ohj(>(,t iH <i('s('rih('(i ill (il'tail holow; it. WUH hnportunt til Itv(lid ('ouflktH
WIWll llt.iliHillr~ til!' I/O <i(lVi('PH,

-·~~'ll('rl~viUl;-.::tii/() devlces ill III!'m:M ~ysl(,1Il uro rontro\l('(l hy fl'lI(lill!\
or writillil (h~ln. to 1111I/O pnrt,
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1'11(' goncml rostrlctions, behaviour nnd conditious of the V1tl'iOIlH intorrolatinn-
ships are outlined below.

lil.1.2 Containment

All objects must Ionn part of a containment hi -rarchy, Thus all tho I-\('ll('ric
or mnltl-purposo oiJj('l'ts t hat an' not directly (lWIH'<i by sub-compououts of t ho
system l\1'r contained hy the main object, This is lnehcatod Oil tho diagram, ItS-
ing tho broken liuo coutrdumont symbol to uvoid oxcossivo crossing of lines . .At
program start tho mnln romponeut is rospousihl« [or ('1'pating all its contuiuod
co., »onou.s. If IIII'S(, romponouts in turn contaln other sub-eomponrnts, thou
it. iH "ilr 1'('spon:-oihility of the eontninor ill ouch ('IU;(I to iustuutinto its contniued
objects. III this way all o!JJp('ts ill t 11<'system ar« ('1'(lat('(1. On P1'OP;1'lUll 1('1'-
uilnatiou, tho l'('V(ll'SI' occurs: all routaillt'l'H uro rosponsihlo [01' d('Ht,l'oyillr~ their
coutalned ohj('ds. and each ohjf'(,t. iH Iurt her l'(,HPOIIHihl(' for "liut.tiIlA down its
own nssociatod (phvsicnl or logical) syst(,lll, 1"01'instanco 11.(' stopper-motor oh-
j('ct. must 1'('s('1 till' drive boforo shutdown, Control of tho entire svstem hy til!'
main uhjoct is thus achlovod hy menus of eoutnhunout,

E.1.3 Inheritance

Tho inheritnuco arrows arc' not part. of tho dynnmk- lioluwlour hut l'atlwl' do-
scnbo ,9talir. slmilnritios botwoon rolatod ohj('(·tK. As montloncd, {.ltt') do not
strictly belong in this fi~\U'(', hilt. nro shown to lndlcntr that. nil the' I/O ollj('('ts
are d('S( ended from a base I/O dnss that d('sc'rihrs tho Iuuduiuontnl bohuviour of
nil such nh,jC'd,s, Thus tho nmnagoiuont of till' I/O is through tho g<'1u'rjc ClIlI(,'
tiOlll\lit.y of t.h!' hl\s(' cluss • common boluwlour (lops not 11('('<1to he' 're-invented I

for oach sp('<'ific I/O object,

E.1.4 Reference

'1'11(' roforonrr rolntionship is uioro nil indicator of t 11('working intoraotiou of'
tlu' ohj('('{s with ouo another, Contnhuuout also ('lit nils 1'('[<'1'('1\('(' (ownorship is
uutomatie roforonce), thus hoth OIH'U nIHI dm;!'c\ l'ird('s lndicut« t.11(' dyumul«
iUt.('l'IWt.iolls of tho systom, Tho arqulsltkm control oi>j('('t, is 1\ good example of
1'('f('1'<'II('(', Wh(,1l this ohjl'l'(: is runulug it l'('(luil'('K control of 1\ nmnbor of thl'
rig ('OIUPOIl(IutS, Most of tll('sl' cornpouonts nt'(l tlS(ld hy other ohj('('t.s at. othC'l'
timos, !hus !he nrquisitiun ohjoct a('quire's or ruutrols t !1I' ohjP('t by l'pfC'l'PIIC'(',

B('cnmw it knows ubout tho 1'(1[('1'('11('1'<1 ohj!,l't.s. it ('lUI ('1111 nll their associat('(l
Iunctloua,

SU1IlP ('olltn;UlIl('ut. Jinks 111'('11111 used in Ihl' dynnmk' rnnniug of the SYS!('lll,
A WlO(l oxamplo or such n link is t hat to t IH' Annloguo I/O ohjl'('(. TlH' iuuin
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Figure b,l: Tho top-level object relationships ill the system: -, inheritnnco: .,
coutninuiont; 0, r('r('l'('llc(',

Cram tho object pointed to, Ilowover tho 0111' object d()('H not own tho other: it
is just nwnro of it.. A good illustration of this rolationshlp is ill tho closed-loop
control of tb(' Ilowrate. Hero tht' closed-loop object 11('('<ls to know tho Ilowrnte,
hut because tIIC' flowmeter oi>jt'Ct is a general resource, other ohjf'cts 1I{'('(1 to
roforonre it too, Thus ill this cnso it is thr- correct dt'S;gll for tho closed-loop
ohj('('t to contnlu n n>('l'('uc(, to tho Ilowmotor object, The ('los('<1 cln-lo indimt.<'H
coutnlmuout, IIrrC' thr one object owns the other object, For Instance tho
1>1'11('11objert, whirl! lI('npsulnlt'S Ihe bohaviour of thr entire traversing system,
must havo full coutrol of the stepper-motors, No rommands should hI' pn.....,,('{l
dil'f'ctly to tho strpp('l's t homaelvos; rnth<'l' nil 1'C'<tU('stsfor bench movement
lllust \)(' mndo to tho high 11'v('11)('11('11 oh.i('('t, Tho \If'lI('h is ('utir('iy l'<'sjl<lllsihlC'
for tho stepper mnnagcmeut, iucluding tilt' rreatlou nne! destrurtlon of their
mcmory wprosoutatlcn. Ao:;Inr 11..'; tilt' olhsid(' 'world' (tho hi!;h lovol soltwnre)
IS eoucorned, only tho bench C'xists. This i.; 1\11 C'xc('lIf'ut example of the Hlt'ong

oucupsulatlou of the' 001' method, Tilt' luhorltauco nrrows point from tho child
to t ho paront ohjf'('(' Th« 1'f'f('r('1\('(' uud contalnmont symhols point. Ih<' ollw1'
way, Irom tho roforred to (01' rout niued) daR'; to t he 1'c,rC'rriul!;(or coutnluor)
dass, The line and dot ran be t hought of as hf'iollgillg 10 Iho subordinate dns."
mHI '('lllhC'ci(lillg' itself into itll prlncipal.



Appendix E

The main control software

This appendix presents r. (h,tniled rlosr ription of the structure of tho control
and acquisition softwaro TIl(' design is presented ill an objeet-orioutod 1I11UUH'l',
with the Iunctional description of the various components boing in terma of
tho interaction botwoon these objects. 'rhiH description nssumos that tllo render
has sonic basic knowledge of the concepts of object-oriented design, although (h('
fundamental structure of tile design should be evident despite this, The reader is
referred to Rumbauch (1991) for further reading on the object-oriented method,

The overall design is host Illustrated by au object diagram (figul'e E,l), showing
the functional relationships between the components.

E.l General design principles

E.!.1 The elements of the figure

This figure follows roughly the notation of Booch (19011), concerning the repro-
scntation of object rolatiouships in Object-Oriented Programming (001'), al-
though in a much simplified form, The various symbols ou tho interconnretiug
lluos indicate the type of relationship l>('tW('<'11 the objects,

TIl(' IU'l'OWH represent lnherltnuc«. Thus for instance, considering the Analogue
I/O object, the arrow pointing from it to tho I/O card object can he' read as "The
Analogue I/O objcct is a tllPr. of I/O card object". Tho inheritance relationship
should 110t strictly he shown Oil the figure, 1>(,(,I1.\1setho parent clnss is merely
11 gouoralisatiou for its childfrou) and thus doesn't actually exist, Its lIS(, does
however servo to lndicnto tho undorlyiug cummouallty of the lower I/O objC'('ts,
Except for ill tho limited usc of this rolatloushlp, all other objects exist as unique
instance« in tho software system, The O}lC'Il eirclo iudicntos 'r('[er(,I1('("; that is,
au object coutnius 11. pointer to unothor so that it can use or obtain iulonuntiou

557
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alb..alp+dalp:
curve=zeros(3.3):
curve(1.1)=ala:
curve(2.1)=alp:
curve(3.1)=alb;

[curve (1.3: •curve Ct , 2)]=findre(n. C\ ••,_.,. .1) ,0 ,L1,L2.M,U,UL •...
bc,rea,reb,remax,tol,k);

[curve(2,3),curve(2,2)]=findre(n,curve(2.1),o,L1,L2,M,U,UL •...
bc,rea,reb,remax,tol.k):

[curva(3.3) ,curve(3,2)]=findre(n,curve(3,1) ,o,L1,L2,M,U ,UL,...
bc,rea,reb,remax,tol.k);

%initial guesses for alpha bracket the given value
while (abs(cuxve(3,3)-curve(1,3» >alptol),

[aa,i]=sort(curvo(:,l»;
curvo=curvo(i,:);
% cu~ve is sortod in increasing alpha
fit=polyfit(curve(:,1),curve(:,3),2);
root=-fit(2)/(2*fit(1»j
curve(4,1)=root

[curvo(4,3) ,curve(4,2)]=findre(n,curve(4,1) ,o,Ll,L2,M,U,UL, ...
bc,rea,reb,remax,tol.k)j
[aa,i]=sort(curve(:,3»j
save __temp;
% curve is sorted in increasing Ro
curve=curve(i,:);
curve=curve(1:3,:)j
% the smallest 3 elements of curve are retained
A=curve(l,l);
R=cu2:ve(J.,3);
E"curve(1,2);

end:
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eigc=s~xl(n,alp,rec,0,L1,L2,M,U,UL,bc);
[I]:::fint1(real(eigc)<=k);
eigc=eigc(I);
e~=max(imag(eigc))
if sign(ec)==sign(eb),

eb::ec;
reb=rec;

else,
ea=ec i
rea=rec;
end;

end;
niter=niter+1;
i:f (niter>60),

error (,Iteration overflow (niter>50) ,)
end
if (reb>remax),

error('Max Reynolds number exceeded');
end

end
rey=rec;

[Y,IJ=sort(imag(dJgc));
I=flipud(I);
eigc=eigc(I);
eigval=eigc(1);

D.5.9 gatnose.m

%
% This :functlon finds the nose of the stability curve :forpipe
% :flow by using a polynominl iteration on findre
% function
% [alpha,rey,eig]=getnose(n,alp,rey,L1,L2,M,U,UL,
% bc,tol,alptol,omGg~);
function [A,R,E]=getnose(n,alp,rey,L1,L2,M,U,UL,bc,tol,alptol,0);

remax~1e12; %If above this Re, flow deemed stable
k=O.5; % eigenvalue real component search cutoff
do.lp=O.OOOl\~:
rea=rflYi
reb=rey+200;

o.lac:alp-dalp;
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D.S.S findre.m

y,
% this function takes n (order), Ll,L2,M,D, two initial guesses
% for ray, and a toler(ence), and then finds the neu.ral
% stability curve crossing for that alpha by using ne.ton
% iteration on the function genpois. A maximum Re is supplied to
% terminate the search.
%
% [:rey,eigJ=fil1dre(n,alp,omega,Ll,L2,M,U,UL,bc,rea,reb,remax, ...
% tol,k)
%
function [rey,eigvalJ=findre(n,~lp,o,Ll,L2,M,U,UL,bc,rea,reb, ...
remax, toler ,k)

counter=l;
eiga=sexl(n,alp,rea,o,Ll,L2,M,U,UL,bc);
eigb=sexl(n,alp,reb,o,Ll,L2,M,U,UL,bc);
(IJ~find(real(~iga)<~k):
eiga=eiga(I):
ea=max(imag(eiga»
[I]=find(real(eigb)<=k):
eigb=eigb(I)j
eb=max(imag(eigb»
niter"'lj
while (abs(reb-rea»toler) ,
if sign(eb) == sign(ea),

disp('signs the samel)j
rec=reb-(reb-rea)*(eb/(eb-ea»
eigc=sexl(n,alp,rec,o,Ll,L2,M,U,UL,bc);
[I]=find(real(eigc)<=k)j
eigc=eigc(I)j
ec=max(imag(eigc»
rea"'reb;
reb=recj
ea=ebj
eb=ecj
else,

disp(lsigns differ'):
% if counter==l,
% counter=O:

rec=(rea*eb-reb*ea)/(eb-ea)
% else,
% counter=1;
% rec=O.5*(rea+reb)
% end ;
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Flow varlutlon

Tho l'Ollst ants ill the above t ahl« dollned fill' required flow ratt' variatlnn for (hi'

f(,(·tlhal'!, control. For tll!' various choson flow vnrlutions, tbl' dl'sit'l'd Ilow was
givon by:

(J(f)pob' -- (Jmilx [1.'0 + ~'I x f + k~ X f2] ,
(J(t)t.ri~ :::: (JlllIlX [1"0+ 1.', Hill(I.'2 x t)j ,
(J(t)<.xp -_ (JlllltX !I.'II+ kll'Xp(kl x ill,
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E.) 1.1 Command-Ilne and macro syntax

All cununauds i~!'ll1'd at Iho ruuuunnd prompt. or included within 1\ mucro, uro
of till' form

{xx}lJCOMMANj);{argJi1rg.(lr~.",}
All itvms wit hln hnu'PH ,11'1' (I(,Pl'll1i(,111 OU I hI' context, 01' opl ionnl, Tho xx h~ It
numeric luhol, llH(,['1I1oulv in t h .. ('1\:-;(' of 1\ maero, ",111'1'('it is 111'11'(1illit GOTO:
I'ItatC'111l'llt. The portio II COMMAND: iH any rnnunand from tahl<' Eo1 below, U1' in
fhp em;r of It macro, nlso from rnbl« E.2. '1'11r t 1'1'1IlH arg are nrgumout«, t ho
lIUlIII)('1' dl'l)(lJl(lillg CHI th(' H}ll'dlk counnm«]. Tabl!' g,l also IiHts tho t,VI'1' alit!
number of 1ll'{.\11!''''litH apPl'up1'illt!' for ('Iwil command.

MIU'l'O syntax

III addltlou to til!' doliuitlou of till' ItllHit' liuo syntax (it'lilll'd above, thoro W('1'('

plll'ti<'lllm' h'H\I(lH that 1'l'latl·d to tIll' HSI' of tll(' couunuuds wit hlu mneros. Fil'Hfly,
tlll'l'P wore ouhnunxl l'!·atUl'I''' uvuilablo III' giwll In tnhlo g,2. uurl soronrlly, soino
Hyut!l('tit(\1 HI1'll!'t 111'1' Will' 1Il'('PI'HIU'y [or thl' 1lIIH'1'O, A gonorul 1111\('1'0 prototvp«
is given by:

INFO: Soma doocripcivo titlo of tho macro
{nn} COMMAND: {arg,arg, ,,,}

{nn} cOMMAND:{arg,urg, .•. }
END:

E.ll.2 Run fllo commands

Tlu: ('OlUlIUlUd syutux for t h(' ruu-Iile is :<impj(·l' t hall for tho llIlU'I'O. gal'll Iiuo
of tIl(' 1'\111Iilo can either l'ollsiHt of IL conunout (iwlil'ltlp<i hy Htll1't.illg thp liuo
with 1\ 'I.), or iuuat to Ill' of lh(' Ionn

timoucommanciuvnluo

whore timo. a reul tuunbor, iH lIlt' tillt!' ill H(·('OIUIH. command iH tit!' uctiou to hI'
rnkon, nut! valuo iH tIlt' valu« nPlll'Olll'iat(· for IIH'aetiun, T1H' llst of l)('l'lllil'!4ihlp
rmuuuuuls is I'OutailH·tl ill ligll1'1' E,a,
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and tho rest of t II(' progmm lH'j',wjolll' WIIS Implicit in tho ohjort lutoracfions,

E.1O.3 Data display sub-system

TIll' Iunctlon of this nhjC'{'1 was siluply to display t he LDV. Ilowuiotor and ot her
,WI[11ir{'d data f(raphi<'nlly, so that au evaluatiou of data quality, otr., could 1)('
mad!'. Typing the conunaud PLOT: invoked this compouout, whicl; exhibited
'POP-liP' behaviour, i.o, it had to 1)(, dos('(l down bl'i'ol'l' Pl'ogl'tull execution
roukl continuo.

1'11<'gutphkal display ('(1111<1overlap (lata from til(' dilloront rhanuols, as well as
th(' lloWlllPt!'t' datu, Tho S('1'('('l1 hall to ho l'xplidtly 'clonred' to show tilt' data
Oil a f('(lKl! fin! of IIXC'S. und datu 1101 l't'ns(I(ll'f'uutilH'<i plot.torl aftN' the graph WIIS
closed (kWH, 'I'his allowed ovor-plortlug of data from difloront tpst.s, useful ill

making roiuparisons.

E.10.'i Run ..Ille compiler

This is tit!' last Item to he d('S(,l'ib('d hero. It. waH an utility objort that, allowed
t he generation of tho control Ii;,ts uH('(1 ill tho urqnisit.ion from n, toxt Illo, TIl!'
Input Iilo wm~an ASCII rm'llIltl', IiI(', with onch liuo of the Ille In tho fonnat

<timo>l,<comIno.nd>w<argumento>

whore <time> Wi\H the' lillie of oxocutlon of the connuand ill H!'('OlldH, zero being
tho jH'ginlliup; of till' tel't, <command> was It mu-monie Ior tito lllll'tknlnt' com-
maud, lor lnsuuico SOL fol' titl' solouold, mul <o.rgumonto> W('1'(' Ill(' 1'P1<lvIIII(.

pnnunotors for lite ('OIllIllIt1HI- in rho cas!' of til!' solenoid, l moaut Oil and () olf,

Tit!' t'Ollllliling proroduro was ruloptod for two rl'ItSOUS, FirHtly, hy dl<'('khll~
tho llltHHI'c1 connnnnds during 1\ ('olllpilMioll, errors W('l'P uvnklod durlun (,)1(1

l'llulling of tlio conunaud llst: HI'I'()lully, tho uso of It hillary list. lIS opposod to lUI
intorproted st.ring allowed far gretlH'r SI)(lI'c1 cll1riul.~ t h« coutrol loop,

nn Command syntax and definltlons

'I'ho ahovo HC'(·t.ious (1I's('ril>('11tit!' tnp-lovel oh.i(l(,t d('sigu of tho syst('Ill, This
l'C'('tioll suuunnriso» tho counuauds 11:;('<1 to Oll('l'llt(' tIll' Ile<lnisition soltwaro.
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(1) 'I 11(' [4tdll~ "l\1OVE:Y,200" WaH strlppod of loading aut! tl'ailill~~ [41HU'!'}'l, and
convort«] to 1l1111Pl'"('llS(' h'tt('I'[4, It was (11(111 [4(>ill'dwcl from til(> IH'giuuing
until the colon was oucountored. TIll' dUtl'H('lt'l's lH'flll'<' till' rnlun W(,1'<'

examined to IW(\ if !!l(IY lImtl'h('(l allY l'('('OAuhHtblt, cornmnud.

(2) AnN' l'I'('()I~\1iHill[!; "!\IOVz.:" as <L ('(Il11IlHllHl, (lip dllll'Hct<'I'H IH'fill'(' a1l<1 ill-
chullur, tho ('01011 W(I1'(' (1iS('lll'(lt'll. TI\(' romainiug Htl'ill!~ "\',200" WiI;! then
1l1l1'H(,(\ Iurthor.

(:l) 'I'he striug WElH llunwd hy lookilll-( for counnns, and tIl<' individual stl'illg
~;('glll(llltH W('1'<' f01'w1\1'I1('<1to it H}l<,C'iii(' pat'!' of (hI' pal'HiuA loop (1('(1iml('(1
to tho "MOVl':" (,()lIll11IlIHl. Hor!' Lutu argltllll'u(s W(lI'(' converted iuto it

utunoricnl form (tho "Y" II('('an1(' 2 • the' S(I('OW! axls). A numhor ('01'·

1'(,SlHllltliu[!; to tit!' "MOVE" cuunnmul, nloug with 1':<(.l'a('t('(1 1I1'gltllH'HtH,

wore 111('11 1'1'(\\1'11<'(1to tIlt' inuiu oxerutlou loop,

(,1: UHiup;tho rommund muuhor, tho main loop [ump«! to Ihl' IIHlV(' connuund.
'1'11('move cummand WUH \IW11 (lil'C'('liy oxocnnxl, paHdllg tll(' returu«l pa-
1'11111I't!'1'[4 aHurgumont«,

Th(1 Ih\1'14(I1' also had tlH' ahility to pm oj(1mucro !il('H, EllhaIH'('d 1'Il\lahilitit'}1 Ior (1H'
I){U'APt' WI'1'(' huplemontod in thiH ('(lUII'X!, such llH tho ability 10 mnko hl'lu\('hhli~
t\t'<'iHiollH, or to loop, 'l'h(l;'(' l'xtl'lL f('al\l1'('s W(,I'(' however ('I'Utl(liy hnplomoutt«]
but W(I1'(, j\\st nt\('<!llat(' enough to allow tit!' rip; to ol)('l'al(' autmnutically Ior th('
11l'!'H<'llt I (,HtH.

E.l0.2 Main command loop

'1'11('mnin conunnud locp Hilllply ('OllHiHI.('<l of (':lm('tbr [hilt n IL loop, At 1'11(1ill"
gilllling of tho loop th(l Htrlng from t}w ),('yholtl'd WLUlIcd to till' pal'HI'I', '1'11(1
l'('~mlting roturu value Irom thiH Oilj(l('(' ('ltIIH(I(i tho program to brauch to 1.11(1cor-
l'r('t point, whoro t:)Wl'<'l('vltlll: ('OllllllltlHI \W\N Clll'l'ic'd out. ThiN [l1'1)('PHS('outilutP(\

until tho QUIT: ('()llIUIIIUcI was !'llt!'l'(I(l, tIt whlch point, Ill<' progl'aUl (l'l'llliuat.pt\.
I~:vC'l'Y sillp;h~ funetiou of (11(' prO~ll'I\lll waH illlpl<'lll!'llt('!l by filiI{ 1t1!'dltllliHlll, Th(1
full HPt. of fnll('tiouH lITO tabulated aml d('H('l'ilH'ti in H!'(!tiOU }~,11 that fOUOWK. '1'11(,
couuuaud Iooj waH in fad !'lll\)(ld<lI'(1 ill 11\(1mnin prognuu oil,i(,(,t, '[,hiK ob,it'('t
OWIl!'(1 all other oilj(,(·tH in tho HYHI'(I)u, niul WI\H l'<'14110llHihl<' for their ('(lllHt.l'lH't.ioll

lIt Ht.twt-UP, and their (\C'stl'll<'tiou ut pr()gralll t!'l'minat.ioll, On tltp top-moat 1<'\'(Ii
tho main (''',i(l('( hall ouly 1'.111'('('Innctlon« thut W<'1'(' invoked; initO, which dill
till' SYHf!'lll lnltlntiou, run 0 ,which stlll'lt'd tho lllPHHIW' loop, nud dono, w1Ii('1I
d(l[4tl'(»),NI all tho ('hild oh,i(l('tH and tlH'1l tonnlnut«l th(1 )l1'Ogl'IUlI. III filet Ill!'
mnlu pr(lgl'!\1ll itself ouly ('OIlHi!,('\i or tho 1:111'('('llnos:

MainLoop.lnit()i
Mo.inLoop,Run()j
MllinLoop, Dono 0 ;



\VIWll it rounuand was l'!'(,!'iVP(1 within till' coutrol lcop fot' tIlt' S!C'JlIH'l' to 1110\'1',
a movomout command W!\~ ,(,Ilt directly to tho S(!'PIH'l' oiljP(,t lbYl>!lHHihg t he'
clnxed loop control of 1'11('1)('l('h), TIt(' Hh'llIWl' w011Id 1'11<'11UlOVI' at till' Sl't ml('
to approxhnuroly t 11(1rorrec position. Instead of controlling inovomout nccu-
l'at'<'I~'with th(' f(·(·t1bt\('k lnfonnntion, til{' nrrurato IllI'IlH1ll'('1l1('1l1 iufonuntiou
waH mth('t' stored ill til!' 1'1l111(, muunor aK the Ilowmetor data. ill II liu1P l'l'fh'-
('11('('(1fo nn , tTHillg tlli~ tilll('o1'('['!'l'('llC'pd position lnfcnnntiou, datu could later
Ill' pr()('('stH'!1 huo timo-position-velocitv lrillipts,

Whilo tho prO('t'st> WlIHnovel .uul yleldod lntorostlng global illsigittH ill to th« Ilow
t1('wl01111ll'llt, ill tIl<' 1I('('plt'l'a1 ivo context Ill!' rato of scan waK too low (til!' outir«
hourh luul to 1)('moved) for even ronsonabl« qunlltutivo coucluslons to ho drawn.
Furt hennor«, dahL 1ll'()('('IiHill!~ was extremely dlllicnlt, ('sp<,l'ially when trying to
1'('('OI1Ht1'l\('( wIndt}' prolilr« Irom til(' <lata, It WHfoI for th!'HI' roasous that tit!'
t orhnlquo Will' not t'lllploy('(\ ill t hI' rnrrt-nt work,

E.l0 Main command loop and user interface sub-
systems

AU 1lH' oil,i(,(,ts und HubosYHh ms thus .liu' Pl'l's('ll\(I(1 did not illt.<'l'(l('t dir(ld.ly with
1)1(1 user, A user iut(ll'fn('(' HIIb,SYI'«\lll WHH(\I'sigll(ld to fI\!'ilitltt(' conununlcatlon
IH'tWI\(\ll till' 1114('1'1\11(\ tho 1ll (l<\l'Iyillg HYHt<'lllH,

'1'his took the' fOl'lll of n (N:ttill or (,()Ilso)l' ill(ll'fa('(', TIl(! UH(I)' (O)11.(l1'{'(1 conuunml«
hy typhll~ 111<'111,lUling It wo.l tl('IilH'd svutax, and till' aetiou waH thou ('ltl'l'i<'c\
out. Otlll'l' ({'ltt\ll'('1:j of t11(1jllIN'Ca('1' W(I1'(,: tho ability to write macros (tpxt,
lil('l'! ('ont!\jllhll~ I~ H(IQt1<'ll('(1 .)f consol« counnands), IW(WIHto It text editor for
l'(liting th« uincros (lind run fil('H). mul a gmjlhkal illtl'l'i'a('(' fol' shuplo (liKlllny
of' dntn, Iu ()l'tlN' to nchlcvc t.his f'uuetioun!ity a num' '\' of illt('l'lH'tillP; ohj('('t.s
W('1'(' d('Hj~\ll('(t. whit-It n1'P rl(';I('l'i1)(1(l helow,

E.1O.1 Oommnnd purser

Tit!' uood to intt'l'lll'pt Iwyhllltl'Cl ennununda roquirod t.11<'d('~igll of It coimnnnd
pnl'H('l' or i11('('1'll1'I'(('1', Thl« ohj(,(,t {\('('Pllt('<l It Htl'iug of dllU'I"'tpl'H IlH an nrgu-
mont, nnd rotumnl un omuuoratod ronunaud uumhor, and It K('l'i!'H of numbers,
(1<'}>(11I(\(I1lt 011 tlt(· connnuud i;;Nll('(1. '1'11('rnmmnud uumbor WitH all i'~(l('x into

I~ HtOl'('(l army of eouunumls, aud tho othor PIU'itlUP!N'S \\'''1'(' tilt' 1I1'gtlUl<'lltH fot'
!hut lllll'tit'nhu' ronuuuud.

TIt!' pl\l'Hill1\ Pl'()('('HK iH hPH .. illuHtl'ltt(l(l bv exumpl«, For iustuue«, tit!' move-
mont of tilt' boneh uiunuully was through It cmnnuuul cf till' form MOVE:Y I 200,
'l'hiH llltl't:k1l1m' eonnnmul moved til(' honch y co-nnll..uto hy 20() unn, Hotlghly
r1pPllli:illg, tltp llarli('l' wol'lwd IIH follows when l't'('!'ivillg thiH cmnuuuul :
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('lr(,('tH. A rnhh('l' liN'liou wali iUH('l't('(\ dowustrr-rnu of tl\(' flOwllwtl'l' to try to
ditlliuish any Pl'C',:SIll'1' WIWPS l'!'HIlItil1P; Irom start-up, hut it was rlecklod to tala'
Iurthnr ll!('aHIll'l'S on rig shutdown, to avokl duugorous impulsiv« clP('C'!('rat.ioll
IIllcl('r 1)1'('SH111'!',

Controlled shutdown was implcmontod t hrough n stundard Iunetion. When Ihe
trHtillp; torminnt rrl for whatever renson, I}I(' nhort Iuuctiou controlled t he rip;

until it was dcomod safe' to simply closo all valves,

011 h('illg culled, tIl<' Iuuction immodlutely IlIJl'711'ti IIl(' HO}('llOi<! valve nnrl (lil'l-

duu'[!,l'cl tllC' tank of air, tlH'l'l'aftPl' thl' pneumuth' vnlvos WI'1'(' rlosorl, The tnuk
pr!'HSIIl'r I1U(! Ilowrutr wore thou moultorod, /\1I(I t hI' solonold was only shut wl1('11
it. was cl('('lIl('(1 that the Pl'I'HH\Il'(' pulse would IH' Iow enough not to ('ltllH(' any
dalllag!' '1'11<' pipl'H would lloH!'Iihly 1mvc' withstood Iho full P1'C'i-iSlIl'(' PIl\:.W • af-
t('l' having boon woakou«! h.v pHH!'Iing(lll'tlllgh thl' rubber H('ctioll - hilt it wall
clc'dcl('(l to I'l'I' 011 thl' siclr of cnutiou to prevent mishap,

E.S.G Generul conaldorations

Tho [\('(jnisitiou loop was (\t'siglWcl to bo flexible and Iust. Tho list-operatod
polling mechanism made it vl'l'y gf'lll'l'ai, which matched th(' gl'lll'l'nlity of th('
UHrl' intcrfnco, to bo oxplainod lllt('l', Finally, tho acqulsitlon and control pmroas
waH HarC', nIHI tho rig could b(1 bro1lght. to (\ HaCC' halt under nll <'iI'C'II111HtanCC'H,

E.g Auto traversing sub-system

'1'11('bench contrcl cll's('rihl'<i ill soction g,,1 wns nol, a dYlllll!liC' Pl'O('PHS, Mow-
nwnt of tho \H'll('ll waH only ll\'l'mittl'(\ liming Ill'ri(H\S W111'll till' rig wn:-; not 1\1\(1<'1'

dyunmic control, Ilowovor <luring t 11<'Ill'Higu of til(' HUftwIU'(' th!' him WIlS mooted
of movlug tho !)('uclt while: urquiring dntn, This wnH lat('1' HIH'('C'HHfu!ly nchlovod
hy lutroduclug tit!' auto-tuwerso control oiJj('d. into (.11(' eoutrol Ioop, and l'C'Sltltl'l

from thc' Ill'll' of this tcrhniqu« for stoadv-lamlunr Ilows W('1'(' presonrod in Ahhot,
MmiS & Olivi{\l' (1(102),

This ()hj(,(·t wns limited ill that it 111'1('(1only tho steppor-motor», IUlti utilisod
!he' fn\'!'. Ihat Ill(' Htl'PJl(ll'H enuk] 1)(' rnnuunndod I() 1l1OV\' :nil'l,v Itt'I'III'at('I,\' to
It glveu dostinatlo» wit hout ('OuHtallt. Iutorvoutiou. This allowed tho s(('llll(ll'
control to 1)(1qnk", hl'cnns(l a couuuaud \\'i\t>i simply sout (0 tIl(> l'('ltIot(' I't('Jl}H'1'

c11'1v(' ho-c fol' Pl'ClC'I'HHinp;. with the' movomont not luvolviug tho central cmuputor
further, 'I'h« lincur aC'lllntol' Oil t.11I'other huud roquir«! closed loop control hy
thl' ('I~Il\llntC'l' Ior }loHitiouillF" nud wn« ('()llSC'<tlH'l1tl~' too ('ostly in tonus of f lm«
to hnplomon: within till' H('qllisit lou loop, Bp('ansl' of till' oxrlusive \lSI' of t IH'
HI "P{l(ll'H t hI' 1110V(>I11('1I1 was 1'I'stl'i<'II'c\ to tho horizoutu! plano ouly,
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Tho position of t ho pis tou or tho oct-nrroure of Il'aknl~(I wore moultorod by this
unit with «nrh loop, If tho piston position ('xr'ppdC'd its limits or water was cI('-
('('I('d behind tho diaphrngm (implying It rupture) then tIl(' tpst was inunodintcly
stopped,

Pressure control was also impleiuontod Oll a constant hasis durlug operation of
Ih(' rig, Tho prossurr-coutrol object was descrihcd earlier

As 1\ Ilnal Haf(·!y cousidoratlou, tho key hoard was polled for any keystroke during
tpsting, mal Ill!' dotoction of a k('y I>l'I'SS resulted ill lunnodiat« ondlug of til(' test,

E.S.4 Analogue acquisition & interrupts

TIl(' aualogn« nrquisidon did not ('()Jl('PI'Il itsPlfwith the arqnisitiou loup. Rather
au intorrupt sorvieo was iustantint pel at tho l)('ginlling of tho test and tonuinntod
OIl complotlou. 'flip PCaD har] It hardwaro int errupt Sl'l'vi('(' that could 1)(·s('t to
gonorato interrupts at a pnrtlculnr Iroquoncy, All interrupt handler was written
to ncquiro till' Ilowuictor und other analogue datn from tI1<'AD card object.

'I'ho bench co-ordlnntcs \\'(11'(' also polled using another interrupt proccdnrc
chnincd into tho aunloguo OU!', This was primruily 1'01'the scanulng arquisi-
tion procedure given in Ihe next section, All t 11<'other critical Inuctions could
havo been tied onto tho interrupt chain, hut it: W[W docirlod to lonvo them in tho
nonnal loop for a number of reasons.

• From tho point. of nrrurato polling, thl' Interrupt was hnrdwnro driven and
took prcccdouco over all otIH'1' comput ('1' Iunctlons, Thus tho accuracy of
(II!' tlmo has!' of both the annlogu« antl bench ncquisitlon wns ('IlSIll'('(1.

• Whll« I'OIlH' of tho o! her funct ions ill the iuniu loop woro l'l'itiC'l\I. this
loop was fast. enough to (,USIl1'<' iunnodlat« response. This was because 1hI'
polliug rat!' of tho loop was OWl' 20 kII:!"

• Courplicated intornctiou (kovbonrd polling) within iutorrupt handlers was
not possihlo under DOS 11\1t' to luuato limitutious of till' oj)('mting systoin.

Tho illt(,l'l'llpt st'l'vi<'t' 11'(1usf('I'1'('drlntu (lil'(,(,tly to mouiory, At the' tonniuntlon
of tli(' loop tho iuterrupt :,l'l'vi<'(' was stopped, 'l'h« Iunction that Ildti('wd this
could bo culled at allY thno; thus dUl'ing promaturo HloPllillg of tho t.t'st tho
sorvirt- stopped us required,

E.8.5 Tho abort S<'qUOllCC

It WIIS ft'H1'P(1 thnt iUllll(',\ialt' shutdown of tho rig under [Ill! Pl'PSSIll'P, and with
mnxinuuu Ilownuo, might ('llclallgPl' til<' glass (('st s(,(,tioll duo to wnter-hnnnnor
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E.S.2 Command execution

If tho return value was Hot Z(,1'O thou tho appropriato rouunund was C'x('(·Il{('(1.

Within tho loop was 11case statement. Depending on till' rommand numbor (.11('
appropriatv conunand waH executed, All eonuuauds had to bo (Illicit to (';{('('U({,.

and any action roquirhu; extensive processing had to 11('avoided. The avnilnhlo
conuunnds wore:

Control the solenoid valve. TIl(' downstrenm solenoid valve could 11('switched
on or off, dependent on tho value of the returned paramotcr.

Slave machine, A Bip;nal could 1)(' sent to tho slavo 1111\('l1i11l1, tolling it to
oithor start 01' stop a('<jllil'illl!; data, Thus data acquisition ('OHM he started well
into n test, which WIlH useful when for instance only t he far-tune behaviour was
Important. Aft!'r st.oppiug a test, resumlug it. would dear tho previous data;
thiH aetion Wl\S only really intoudod \0 be cnrrlod out OUC'P,

Pneumatic valve. The valve coukl he moved to au arbitrary position, (1('-
pendent (JIl the returned pnrnmeter, T11('r(' was no closed-loop control of til!'
valve, hut. simple llH1.I111nl positioning, Thi« command was useful in pro-sorting
tho valve b('fol'l' Implemontlng closed-loop control: altomntively it ('0111d Himply
ho used to VIt1'y tho Ilowrato in it steppod mauncr.

Closed 100':"' "Qntl'ol. 'I'ho o\)j(·('t, coutrolliug this WUH d(,Hcrilwd earlier. Within
(;}l<\ control loop, Ieedback control cOIII<1h(' swltchrd on or off, and till' vnrlnus
flow variation r-oustaut« could bo s('t, Earh action took the form of It SPll1t-

1'I\t(' connnnnd: thus to vary all four of tho flow variution constants, t1 sopnrat«
commanrls had to b(' iHHu('(1 in succession,

Auto-traverse control. This allowed lit(' 11('11('11to ho rnovorl (hiring ('sting,
Soparnto commands WPI'(, issuod to rho {l'IlvPl'siug' oi>jPl't to olt.hor H(,\ 1)1\1'I1.111<'('('I'S

(velocity, nxis) or initiat« IllOV(,IlH'11t. This ohj('('(' is clpsnil)('(l in section RD,

E.S.3 Safety & rig control

'1'11(·11.I>OV(· conunnuds wore 'optional' ilia HC'IlS('· it, was Ih('\ls<'1"S choir« which (if
uuy) should 1)(' lmplomoutod. TIH'l't' W(\1'(, howovor HOllU' uuuidatory conuuands
and funrt.ious which onsurod t IH' proper Iuurtloniug aud Hltfpt.y of (lip rig during
tho tost:
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It contained 1'(,{'(,1'(,lI(,(,S to all the controllable or measurabl« clements of t he rig:
t.he slrvo, solenoid. tank pressure, tank control, valves, closed loop control, an
w('11 as the' auto-traversing object, which is described below,

Tho object executed a tight acqulsition loop, controlled by commands from t.h('
run-Iilo execution object, This loop rend the time value' from tho system timor
object, and theu executed tilt' counnand from the run-file structure when tho
time was correct. Dopoudeut on tile couunnnds it receivod, tho appropriate
aotlous wore thou implemented. TIl!' gonoral structure of this loop is shown ill
figure E,3

End

Figur« E,3: The data ncquisition & control loop.

The basic components of the 1)001 wore thus the' interrupt service, (,lw flow
control and tho command execution, Considering the execution of the connnnnd
Ilrst, the structure of tho nm-filo ohjort must be ('o11si<1P1'(,([.

E.S.l Run-file execution object

This object simply contnined fl. list of 1'0 III III nuds ordered ill time, Each it('111
on tho list. contained tl11'P(, lII11ub('1'H: the thuo of execution, the counuand typo
aud tho li!\l'fl.m('(.el'value for tho ('X('('HUOll. TIH's(' values W('1'(, rotrioved simply
by ('filling It function thelist, getcmdO, which took [.]1(1 current time as rUI

urgumont, If tho timo passed (,X(,(,Pc1Nl tho thno of tho first value on thl' list, th«
Iunrtion returned th!' commnnd uumbor nnd tilt' parnmeter, or plHe it rotumod
Z!'1'O, Tints tho loop could Silllply poll It siuglo Iunction 011 ('ndl itoratio 11, If
tho conmuuul pnrumoters were returuod, an internal pointor within the ruu-Iilo
ohj(l('t. was iucremontod to poiut to til!' next Item.
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needed for this study. It. was used only by tho moro gouoral cont '01 sub-system,
described in section E.8 below.

The control of Ilowrnto was a classic control theory problem. A measured flow
(Irom tho flowmeter) had to 1)('controlled to follow a ('hOS('l1 varintiou in flowrate
by moviug a controllable valve, A gonoral-purpose control object was built,
which implemented proportional, integral, rlerivatlvc and pscudo-dorivativc con-
trol mechunisms. 'I'ho values for the various control constants wore given ill the
~;ett.ingHohjoct, and components could 1)(' doaetivated simply by setting all ap-
propriate constaut to zero,

TIl(' object contnined relerences to tho Ilowrate and pneumatic valve object IUHl

obtained its thuo haso from the acquisitiou object, TIl(' mnin control function
of tho object WIlS lmplomeutod as a 'fail-through' Iunction; that, is tlIP control
function was ('a11('11within tho data ucqulsitlon loop, uud kept running totals of
tho various relevant control parametors (running iutegral, \'11.111(' of Inst point)
without delaying the loop, By this means appropriat« values could he sell! to
the valve oarh time t he Iuuctlou was rnllcd, based on calculations usillg tho
stored numbers,

The desired Iuuction WIW supplied to till' object as It serlos of constants. \
limited impleuientatlon was dovolopod. whereby a qnndrntic, sinusoidal or ex-
ponontlal flow variation could be specified. Foul' constants were pnssod to tho
ohjrctj the llrst dotenuined the typ(' of acrolomtlon (qundratlc, oxpcnontinl,
otc.) while the other three, dependent 011 the value of t.he fil'Ht ronstant, defined
the desired How variation ill thno. These constants could bo set 'on-tho-fly'
during control, so that piece-wise ('0I1t,iI11l0tlS or oven dlscontinuous functions
assembled from the throo bnsic typl'S of vnnatiou could he assembled,

J3eCI1.URC of tIll' nat me' of dynamic control, no calibmtlon of the valve was 11(,1'-

ossnry, Duly adjustment of the parameters. Tho final conflgurntion only utilis«!
tho illt('~rfll and pscudo-donvative mochanisms, ou the advice of Coustuntcnu
(19!H), and nchlovod a suitably responsive and accurate system, However tho
extreme rauge' of tho flow variatlou coupled with tIt!' nou-linenrity of I,ho valve,
resulted in I~ control system that Wits not fl111~'opthuum over the ontiro l'ItlW·
of opernciou. A suitable Improvement to tho control systrm, such as all arlnp-
tivo control procedure would correct thls potential problem, although 11OU(' was
implemented,

E.8 Acquisition control sub-system

This object was a primary compouout of tho sysll'lll, It wa» fully rosponsiblo for
all dl\ia acquisition and rontrol during the ruuuing of tho test, Tho main loop
haudod full control to this object during testing, thus nllowing for hip;h spood
control and ncquisitiun.
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data object. This was achiovod by passing a reference to this data object to
the acquire fuuction, as Sl:.we,acquire (~RawdataArray), Tho function then
returned data in this array (or an error in tIt(l ('nRr of failure). Thus tho slave
object did not contain it reference to the <latH array, but was passed oue I1S n
parameter (all It 'need-to-know' basis), Thi» iR till' w('alwst form of lutoractlon
between objects; a simple usngo, There wore as many slave objects as thoro
wore slaves. Those were dynamically allor-ated and destroyed as the computer
user varied their choice of nrquisition ('1111.n11('ls,

E.6.2 Data objects and data processing

The data loaded into the raw rlata object was completely unprocessed. It con-
sisted of three bytes of LDV ditto. 1\11<1 four bytes of time infonnation. 'I'his
<lata was required ill a normal velocity-time format, with time in seconds and
velocity ill metres 11r1'second, To achiovo this conversion, a number of ('C)JIstHut
and variable data pnramoters wore required.

Bocnuso of the two forms of dat.a • processed and unprocessed - there wel'(, two
onus of data object: raw and cooked as they were informally labelled. They
ioth inherited from a data arrfty, an abstract object that 'knew' how to load and
torr to disk, and display itself to the graphics SC1'('(,I1. All Instance of both the
aw and cooked data existed for each LDV ehannol, thus in tho I>l't's('ut system
hero were two of each sort of array, one pair per channel.

'he raw data contained references to tho trunsformatiou object and t1:(' file
-ttlngs object, from which it was able to extract enough informatiou to convert
self to It proper velocity-time format, The unnsiormatlon provided the borun

! iglo and tilt of the measuring vohuno, while the Illo srttillgs gave lnfonnntiou
s t by the user aueh as the frequency of the light, LDV countor modo of operation
a d frequency shift", or measured pnramotors such r.s the thuer calibration and
('. '!tes llel' burst,

T l' raw data contained a function • conv drt • which took as lUI argumont n
1'(' '1'('11('.(' to the cooked data array. This function would then fill the cooked
(\1'1 'x with values of velocity aud time values calculated using all tho Iactors
oln lined from the transform and file settillgs objects.

E.'/ Closed-loop flow control

This was obviously ouo of tho most ('rit.i(,!tl control suh-systoiu« in tho soft·
wnro, for the reason that it, was Ils!'c\ to p.;l'll(-mt(' tho U('c'('t(ll'atillg flow varintlous

JTIll's(' sN tiugs eould uot ho i\~('('rtnit\('d din-rOy, tll\l~ tlll'Y W{,Tt' a sourl't' ur Jlossihlr error
iu that it was Ilossihll' for them not to match tilt' computer values.
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Figure E.2: Tho principle of controlling the tank pressure,

other smL7Y'(! code, This is ill stark contrast to couveutlonal npproarhea, whore
many functions, all over the codo, would have to he modified to implement such
a change,

E.5.2 Tank control

The tank control object was merely for acquisition. It measured tank position
(and any loalmge status), and was thus useful to both the acquisition and main
sub-systems, both described later.

E.6 The slave control, data transfer and processing
sub-system

This sub-system WIIS really composed of two cliffl'l'!'nt components. Til!' slave
control and datn Lrallsfl'l' was due to tIll' slnvo iuachlne object, while' tlU' pro-
cosslug wns done by till' data itsolf They are grouped together hero !W('ltU:iC'

they formed part of n. routiguons process in t ho running of tho program,

E.G,! Slave control & data j,ransfer

As montiou«] this wns achieved by the slave machiue objoct. It. contalnod it

roforon« to the 1'(,1:1 port .md ('0111<1 thus conuuunicato to til!' slav!' computer
via tho network doscrihod ill sectlon 5,3, illHllillg ronunnnds and l'rcl'iving data, It
oncapsulnted (II!' low-level hand-shaklng 11l'('('SSlU'Y lx-twoeu Ill!' main computer
ILUcl t he slavo machluo, and tIll' iuterfuecs W(,1'(, silllJlly to send the (,OlllIllIUHIH ruul
1'('1\<1 tho status. Further I()simpl: command passing, if the acquire conuuaud
wns Issued thou the datu from t h.' "Iavp wa» returned and londod into tho raw
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Appendix G

Raw data on CD-ROM

TIH' CD-HOM cnutnlnod ill tho sloovc below routnins the' rnw data aH('Olllpr('HSl'd
ASCII fUI'H, arruugod ill a sulxllreetorv strurture lu [\('('ordnu('(' with tIl(' t(·S!
llal\lNl, 'I'ho CD·HOM iHSl'lf·(ltH'11llH'lltNl: tho road-me lilt, ill thl' root (lil'(l('t.tll'~'
H(,l'VI'HIlH It 'road-map" !LIllI point» t () moro SIl('('Hit' lnfonuatlon Illes (,(lIl!aill(l(1
ill 111('Iurt her Hllhclh'('('(Ori('H, Till' modla was cronted uslug tIl(' stnndard (,DIt'S
iiII' system, and Ill' It result should 1)(' rondablo fro III both DOS/WINDOWS
ruul UNIX HJ'sh'llls, Datn rmnprossion is vln tIl!' Pk:-lip Il(.i!it.y, which is [1'('(lly
nvailubl« as shnreware (Lc. Itt most Illtornet F'l'P sites).
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Model 9169-460 focusing lens: This unit (m'us(ls tho widely spared bemus
onmunting from the bomn expander, aud (O('lISC'S them at 1\ single point in tilt'
now. R('frnrt('(l light from this measuring volume is roll('('t('t\ hy this IN},'! and
transmittod hark through tho Hold-stop systom, and into tho phcto-dotortors.
H had a Coral length of 450 nun,
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Model 9176 mounting ring: This unit serves as n support for tho ('OIllPO-

ueuts, Several monuting adapters were spaced eveulv down t.h« length of tho
optical barrel.

Model 9180A frequency shift unit: Two of thC's(' units WI'1'{' inrurporated
into tho system. Two model Dl!:!2Brag c('lIs W(,1'(, placed ill the optical barrel
- OIl<' horlzoutnl and ouo vertical. TIH' Iuu. fiOIl of th('sp 1111itswa .. to shift th('
Irequoncy of one laser boam from ('1\('1\ pair, rIH' Irequency Hhift system also
conslsts of u pair of DIHGolcctrcnics model, to dow n-mix tho sigu,\ls Irom tho
photo« lot ectors,

Model 9175 beam stoering module: A pair of thoso unitn was inrurpornterl
alter the Drag ('('lis. to allow adjustment of tho beam path of 111('I4hICt(·d hrum,

Model 91t14A mounting turret: This unit servos as 11mounting point COl'
tho two photo-dotoctors. Returning light. Irom thp 11iPaslll'illg V011l111P is 1'('JI!,(,t.l,d
up Into this uuit by I\U angled mirror (the lucklent hl'alas pass tht'l mirror Oil

oithor side). A somi-silverod nnrror within the turret spllts thp rocoivcd llght into
two. -ual components, which 11.1'('then focused onto ouch of tho pair of model
910(J photo-detectors. Bolero pnssiug onto th,' photo-dotectors, Ill!' l'('I1('rtl't\
light is passod through pail' of model !llti8 baud-atop fill.pl's - greon for tho
one photodotoctor nud hill!' for tho ()~11('1'- in order to sopnrato tho r!'ilp(,! I'd
romponouts of tho light.

Model 9143 flold-stop systorm This unit coutuins au aporturo through
which the roturuiug light. is CO('\l."l('(1. Its function is to remove unwanted Ilare
and rolloctod signals 110t omnuntiug directly from t h(' uieasuring VOIUllH', Til!'
Iucklout bemus paSo'"through this unit uuhinderod.

Model 9181 beam stop Two of those unlts wore lucorporated, ill til(' barrel,
.~tl'ip;ht-allg!('s to each 0111('1',TIIPY attcnunted the 'pxtra' IH'aJlIS gr-norutod hy
tho BI'I1.p;p;rolls, IlSillA two ndjustnhlo knife-edges.

Model 0113 beam spncor: A pnir of thoso units \\'1'1'1' attachod ill Iront of
thl' Ilold-stop unit. TIH'il' function is 10 hl'ing onrh pail' of hplUlIl> closer lop;ptiI('l',
to allow tlu-m to pas:- pl'op<'l'ly into the 1)(,<t1l1oxpnudor.

Model 0189 hoam expnndorr This unit sl'IlIll'atl's tho ilwhll'1I1 lusor bemus
and iU('l'('its('s t hpj" dirunetor. It allows t hem til IH' subsequeut Iy Iorusod wit It
a lnrgo iU('J'I'1\sP in t lIP sil~llal-t o-nois« rat io and (lp('l'l'll"" in monsuring volume
dhnousinn.
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Model 9108 hr arn colllmatori This unit collin; the I<\HP1' beam: tbut iH
it ensures that tho minimum 1>('11111 dinmotor OC('Ill'S at th« measuring volume.

Model 9101·1 polarisation rotator: This unit ('11s\11'(lsthat the beam po-
larity is optimum for trnnsmissiou through tho intor optics. It. allow!' tho Iasor
polarlsation diroctiou to be rotated Itt will.

Model 9105 colour separator: This is !1 ('0111I>OU1HI unit" whose primary
task is to sopnrnto th« inrirlont laser boum into its spectral ('01l11HlUPll(:S, and t.JH'11

to transmit two of these components (blue at 'lSt-I.O 11111 and groon at. 514.5 mu).
ItH Internal (,01111>01l(,l1tsare: model 92011attenuntor: model !)10(l dispersion
prism; one model 910G and two model 910i mirrors; and a model 913Henclosure
In! e, Th(1 rut ire set of cmupoueuts is enclosed by tho model 013G (lUdOSUl'('

over, The two dlOSC'1l colour laser 1H'lUllS leave tho enclosure and pass into till'
optical barrel, the eoinponeuts of which arc doscrihod below.

The optlcn! hnrrol lucorporatos nil tho trawHuitt.illg and rocoivlug optlcs. Till'
greon and bluo lnsor boamn I'nt,('l' tho unit Itt tho 1'('(\1' - OUl' on-axis I1.U<1 one
dlsplneod off-axis • while tho l'l'intltJng foul' hr!\lllS INWl' tho front tranamitting
lens to Intersect ill the flow being measured. Tho compoueuts of this unit are
as follows.

Model 9102 polarisation rotator: This polarisation !!('vil'nalt('l's the polar-
isation of an individual colour (tho on-axis bourn). TIl<' previous model DI0l-l
unit, clmnged the polurlsatlon of tho ontiro multl-apeetral lnser beam.

Model 9115 beam splitter: The contrul beam ('llIalllLtillp; from the colour
soparatur j:" split into two equal components by this unit. This unit is mounted
so that tho l'(,ll1llting two beams arC' p(H,itiollnclvortieally above one another,

Model 917tl beam dlsplacor: This 1I11ithrlugs iJl(' off-axis hoaiu onto tho
contrnl axis.

Model 9102 polarisation rotator: TIH' H('('oIHl polnrlsatlou devico vnrlos
tho polarisatiou of tho 0(:11('1' colour beam (now brought ou-nxis hy «.urponout
917;1 abevo).

Model 9115 beam splltuoi» A second lx-am splitt('r now splits (Ilt' II(1W nn-
axis bourn ill till' horizontal piau!', A~ It result two pairs of (H'alllH 1(,lwe this unit
- oue pail' ill tho llOrill,oulal plan« and out' pail' vorncnlly aligned.
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The LDV components

Thi» appendix coutnins 11 (lptail('cllistillg of the components rmuprising I ho two
dll111111'1 9100 srrirs 'IS! Laser Doppler Volorhuctor lIHPd In till' current study.
Thil4 HYHtC'1ll is n four beam-two channel dovir« All model 111ll11b<'I'H usC'<1 lwl()w
111'(' for 'I'Sl compouout» 1mi!'SH ot.hl'l'wis\' ...tat('<!. A H!')J<'llllLI,k of tllP eutlro unit
is shown ill figure 10',1 below.

1I10a'I2
0116"

91H
9102'11

11146

9140

9175

0174

Fig\tl'(, F,1: Layout ofth« model Ulll0·i LDV SYHtl'lll (Iroui 'l'SI Sy:;t.PIll !JlO().7
LDV instructlou manual).

Mounting buso: '1'1]('outiro LDV nssomhly wns mountorl on u Htalldard model
0127 bnsn, This unit hns It l'('gulnl'ly HPIlI'('(l army of lllOlIllting holos IlI'l'OHH ilH
Iaco, nllowiug attuclnuour of cuinpononts anywhere Oil itH surfaco, TIll' l'ip;idity of
this unit allowed t1](' ontire ilHS(,lllhl~' to hI' snPIHIJ'I('(l Oil three mounting points
i)('lu'iup; onto Its uue!Pl'Sjrl(',

:isO
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Table E,2: The C'uhau('('d progralll ('Dutrol counuunds [DI'macro HS('.

(,Olllll1lUHl' I parametors Illleauiug ------~
int N, string 8 Display the string '8" if Ihe user pressps - --=DECISION:

the 'Y' key jump to the label N.
END: UOlIt' The hu~t.lino of tll(' macro. Donoros tho end,
FOR: char C, int 1,,1 St'! variable CE[I,.1,Kj to each value botwoon

I and .1I execute conunands below until NEXT:
counuand is rcnchorl.

GOTO: int N .1limp to the label N -----
r-:rnr.o; string S First line of mnero. A d('h('riptiVC' title. ---
INPUT: striug 5, var V Display S, n'nd keyboard input into

,_

,- tho variable' VElVAIn,VAnS.VAnnjlsp(' below). -,
NEXT: dllll'C SC'C' FOR:, rot urn program control to tho matching

FOR: loop. l:C: [1,.1,KJ,
VARI NjA -;r'1iC;-illtl'gC'l' svstom varinhlo, Most ronuuauds (lX])('('tillg

uu illtC'grt' parauicter will (tc('('pt VARI as arjnnuent,
VARR N/A Ali above, hilt for real number argumonta
VARS NjA As above, hilt for string arguments

PTY Sot tho tYP(l of flow variation doslrod
o =polynominl, l:=;trigouolllPtl'i('al,
2=oxpouontial
~Sii\!'~.Jr ::lIn}} LDV IW{l\1iHitioll (l=sll\1't,)
OjH'uj"rYos(' t he dow list l'Plllll SOI(lIlOid (l-O!lI'll)-
!'IIo\'(' th!' pnoumutic valve to posit ion N-:-'I'G;-
mug(' of N ('Ol'l'(lSI)(lll<ls to tIl<' nunloguo
()tltJlllt..E~llg(lJ!).10V) __ . .. .



APPENDIX E. TIlE !lIAIN CONTROL SOFTn:ARE 5itl

[{·i)mUHlIIlI I parumnters I moaning
Table E.1: TI1<'couuua, ..s for t hI' arquisitinn program.

- - .._---_ ...
ABORT: nOlH' Stop testing, rOll'll~~(IPl'l'SHIIl'Oin tank
COMPILE: string 8 Compile the run-Iilo 'Smiov', If R'tr('('ssflll the

compiled filp 'S.(,lWl' is produced.
CHANNELS: lnt N Sl't the LDV acquisition channels, 0-11011(;,

l::::('hnnupl I, 2::o:rhnlllwl 2, 3=both,
CYCLES: int M,N 8rt tho cyrlos-por-liurst for channel ME [0, 1J

to value N
Jo':iR: string S Lists tho contents of til!' directory 'S'
EDMAC: string S Edit til!' macro llnUIC'S 'S,mak'
EDMOV: string 8 Edit the run-file 'Sanov

f-FORWARD: HOlle Oli'('n the solenoid nllowhi'"g wlii(:filltO-------
the bottom tank (move piston forward)

FSHIFT: int-M,N SC't til\' Irr'quenry shift of LtW'CII.,\nuC'1 M to N kllz.
GETPOS: rh:'t C With CE [,r, 1/ • c], returns ",::ds position in mm--

t-i.ISTI1AC:
with respect to the absolute bench co-ordinates -Htrilll!, S List nll macros (*.mak) in curront macro dit'c'(-tOl'Y

LISTMOV: string 8 -List all run-lilt's in current macro directory
LOAD: string 8 Load theLhv datn from tho iiles 'S'-(no extension)
LOADDEF: string 8 Load tho pnramotors from tho (1lC'llm angle, etcJ

from tho pnrametor filo into tho fill' sottings object
MOVEABS: char C, int N MoV<' nxis CE[X,Y,Zj to position N mm, _......_

I-MOVEINT:
rolativn to thu ahsolutn bouch origin

11011(1 Start rho Iutornctlvo bench movement screen
MOVEREL: char C, lnt N AH with MOVEABS: abovo , but move relative

to current position
PLOT: iut N Allows plotting ( < thecurrent data,

plus analoguo channel N.
PRESSURE: nOllo Pl'ossUrisr. tho hendcr tank
RETRACT: 1I00W Pump water Into till! header tank until

r-RUN:
full (piston rotrncted)

string 8 Exocuto tho t('st delined by tho rotnpikxl
run-file 'S'. Invoke tho ncquisitiou loop
with list rontainod in tho Illo 'S.('xm'

SAVE: strillg S -- Snvos tho LDV nnd annloguo (h{!a to mps 'S-:-*'---
in current data din'rtmy

-SETPRESS: roul H Chnngo tho Slit-point tank lltrSRuH' to H \Ja\'-----
SETTLE: int N \Vait for N H(I(,OlHlsht'forl' continuing
SHELL: none OPC'I\ a D08 H('s~i()11(t.o. for d('I(1tlllg Illes, otc.).

Return bv typing 'gXI'!".
STARTMAC: Htriii'~T-- ~ " --------------- __ExC'('utlls tho mucro named 'S.nmk'

~TRANSFER: nonC' -- Rotrlovc the datu from t ho slave m;'\('hill(,s --'1;ERO: ,_ '1ii)iW----- Si,t tho orlgln of the (,II,:) ordlnatos at til<' --J
._---.-.- current boneh position

ZEROPRIN: nonC' t--g(,ttiW-lll'lII(~[piifT;I') Ol'cTinatn t;i"Wi1iIlt tll('---. '-"'

_.._-,--
--~ ..... >='*' ........ --

~'~!lt hplIch JlOS)tioll ~ ._' _________ .__ J
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