end;
UNTIL STOP;
write_data;

end. { main program )}
(...00.....Q.O...O.......O&IQ..QIQO.....Q.O9.0.0.....0..00..000.00000...00)
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PLANT PARAMETERS

simulation start time
simulation stop time

plant simulation sampling interval
twice mill pure d lay

tuice separator pure delay
integrator gain

gain of regulator integrator
magnitude of disturbance
disturbance start time
disturbance stop time

time to complete change in model
magnitude of noise

frequency of noise in hertz

€8sss °~8:
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CONTROLLER PARAMETERS

S controller sampling interval as a multiple of delt
30 optimization update time
3 logging interval as a multiple of the sampling time
2 dead_time as a multiple of SAMPLE
1.00 forgetting factor
0.060 high pass filter constant
0.6 deadband_time constant

] dead_bard width scaling factor
Q0022 initial value for covariance matrix diagonal terms
true covariance resetting

false constant trace
.20 input move step size

U maximum gradient

.0 minimum gradient
.00 rt max

|

6

2.8 initial rt

@.16 rt step size to test astimator
("] step start time

2.001 size set point

1029 constant for trace algorithm
150 constant for trace eslgorithm
false tsst sztimator only

' start estimation after this time
1200 stop estimation after this time
50 start optimizat:ion

true debug

IS}
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‘.-..----.I-...--..--.---.--.--.-----.----.'-I-I.--l----.--.-.--I----.------

{ feed characteristics constants )
ore_density=2.7y { density of rock )}
vater_density=!; ( density of water )}
g=9.8; {( gravitational constant)
frac_grind=0.7;
frac_fines=0.2;
frac_req_grind=@. 1,

‘ines_voidage=0.4;
media_voidage=0.4;

{ mill model constants }
L=10; { length of mill in meters )
R=2.61 { radius of mil) in meters )
Max_load=0.6@;
power_max=1.0d;
overfill=0.1;
P1=3.i4153;

{ sump model constants )
Vaump=10Q: { volume of sump in cubic meters )

{hydrocyclone model constants)
cut=D. 0220751 {(required cut size in meters)

{physicel constants)
S=2.7: A{density of solids in pulp (g/cm*3))
Dc=70: {inside diameter of hydrocyclone(cm))}
D1=20; {inside diameter cf inlet (cm))
Du=5; {inside diameter of apex (cm))
Dv=4Q; {(inside diameter of vortex finder (cm))
grate=0.01y {(mill discharge grate siza in meters)
h=14@; (free vortex haight (cm))

{statistical constants)
moan~0. 00011 (mecun size of particles in fines in cm)
SD=9. 002 {staidard deviation of particles)
{comprising fines in cm)}
intervals=1@;{nusher of intervals that the}
{fines are to be divided into)

(...---..'/..--..-..---.\.------..--.-..---.-...-...-.'-..-.------...-..-‘----

"7



(...------.-..--.--.-.-..-.-.u-..----------I-----.----.--“'I---.-l.--.---..-

const

max_states=10;
(--.-.----I-----.------------.---.--..----..-..-.-----------.-.--..-....-..-
type

vector=arrayl(@..max_states] of real:
(.--.--...-.-.--...-...-----..----h.-.U--.I-.--R------...---"----,---.--I!.
var
{ state variables )

x:vectori

dx:vector;

{ note SI units unless specified }

{ inputs )
feed_rate:real;y { solids feed rate )
nill_water:ireal; { feed rate of water into mill )}
sump_water:real; { feed rate of water into the sump )
pump_speed:real; { speed of sump pump )

{ outputs )}
pouwar:realy {( mill power dr=ft )
weightireal: { muss of mii! contents in kg )
sump_level:realy « level in the sump )
flow:real: { flow rate to cyclone )
pulp_density:real; { density of pulp }
underilouw:realy { volumetric flourate of underflow )
ovarflowireal: { volumatric flouwrate nf overflow )
lt:realy { total mass flow into mill )}

{ intermediate outputs )

{ mill )}
y@:real; { water discharge )
ylireal; { required grind discharge }
yZirealy { fines discharge )

{ intermediate variables )

{ mill )}
Voirealy { internal volume of mill )}
fcireal) { fractional volume of fines )
J : REAL: { fractiona! volume of grinding media
load_volume: REAL: { volume of load within te mill )}
A : REAL: { constant for atrition breakage rate }
Tiirealy { volumetric feed rate of required grind )
T2:realy { volumetric feed rate of fines )
T3:realy { volumetric feed rate of pebbles }
T4:realy { volumetric feed rate cf fresh grinding media )}
sZ2irealy { breakage rate for attrition )
s3:real: ( breaksge rate for abrasion }
sd:realy ( breankage rate for chipping }

D: arrayl(3..4,1..3) of REALy { breakage functions )}

Fpo: REAL, { constant for mill discharge )

coarseness:real: { coarseness of mill load )}

discharge:real; (volumet-ic discharge rate of pulp from mill )

fractional _filling:real: {(fractional filling of mill)}

mliirealy { mass of water entering the mill )

m2:irealy ( mass of fead entering the mill )

power_correction:ireal; ( pcwer corr=ction factor )

permeability:realy { permeability of grinding media )

mx:real; ( slope for power curves )}

my:realy { slope for power curves }

wear_slope:irealy { change in wear rate due to change )
{ in ore characteristics )}

Uireal; (fractional filling of media interstices)

{ limits of operation )}
overload:arrayll..4] of real; { power calcultion 1f not under }
{ normal operating conditions )

18



max_coarseness: REAL; { maximum allowable load coarseness )
min_coarsaness:real; { minimum allowable coarseness )
minimum_load:real; { minimum load for normal wear rates )
excess_wear: REAL; { \ncrease in media wear rate due to underload )
reduced_wear:reals { reduction in media breakage rate )
water_critical:~eali { critical level for water dilution )

(

load_max_pouer:real; fractional filling causing max power draft)

{ steady state scaling constants )
Pmireal: { machanical power losses )}
Po:realy { constant for power draft )
{ sump variables )
{ x5 voiume of water in the sump )
{ x7 volume of fines in the sump )
{ x6 volume of requirad grind in the sump )
{ outputs ?}
2@:reals (flow of water out of sump)
22:realy {(flow of fines out of sump)
zlirealy {(flow of required grind out of sump)
{hydrocyclone model variables )}
{intermediate va-iables)
dS0, {cut size)

Ee, {probability that particle goes to the underflow)
-, {sharpness of separation)

P, {pressure drop across tha cyclone}

Ph, {pressure drop expressed in head of pulp)

pflouw, {hydrocyclcne product flourate)

probability, {lognormal distribution of particles)

Rv, {(feed volume to underflow (X))

| {amount of feed that bypasses classification (X))
solids, (I solids by weight in pulu)

¥, {volumetric X solids ir feed )

Y. {random variable representing particle size)
{outputs)

ol, {propor tion hy volume of water in overflow)

ol, {proportion by voiume of fines in overflow)

o3, {proportion by volume of regyuired grind in overflcw)
ul, {proportion by volume of water in un’ ~flow)

uz, {proportion by volume of fines in overflow)

ul, {proportion by volume of required grind in overflow)
Fi, roroportion by voluwme of water in feed pulp)

F2, {proportion by volume of fines in feed pulp)

F3, {proportion by volume of required grind in feed pulp)

ulb,u?b,uldb,olb,oZb,0db {b auffix indicates the actual)
{volume and not a fraction)

irealy

(-..--.-.....-.------..-.-....-.I-----.-.-...---....-J----.-.-....'...--....-
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(-.I-...-I.-ﬂ--..l-.----.-‘--.....------...--------.-I-.I--.-.----..--H-.---

program main{ input output);

type vec~arrayl(!..20) of rea
mat=array(1..20,1..70] of real;

const no_par=7; { number of model parameters )
$include 'model_const.p'$ ( file containing model constants }

var
{ simulator variables )
Tireal; { Time )
TSTART :real Simulation start time )
TSTOP:real; Simulation stop time )
LOG:real data logging interval, }

or controller sampling time )
NSTP: integer: number of intersampies, )
or plant simulation samling time )

{
{
(
{
(
{
{
{ differential ecautions )
{
{
{
{
{
{

METHOD: char integration mathnd for solving )

NSTATE: integer: number of state variables )}

ODELT:real: integration step length )

i:integer: general counter variable )

STOP:boolean; simulation finished }

magnitude:real magnitude of input fr step generation )
SAMPLE:realy estimator sampling time )}

debug_m,debug_e debug_c:boolean; { turns debugging on or off )

{ model variables )}
Sinclude 'model_var.p's { file containing model variables )

{ controller global variables )

x_utarrayl1..2] of reali { optimizer storage variables )
step_sizel step_sizeZireal; { steepest descent step size )
gradient| gradient2:real: { cost function gradient )
prad!_max grad!_minireal; { gradient limits )
opt_startireal) ( optimization start time )
opt_update:integer; { optimization update time as )

{ multipie of estimation sampling rate )
change_time:real; { disturbance start tima )
change:real: { magnitude of disturbance )
d'sturb_req:real; { variables to implement a disturbance in )}
disturb_finas:ireal; { size distribution )
disturb_grindireal;

{ estimator variables )
dead_time:integer: { process dead time as an )

{ integer multiple of sampling time SAMPLE )
sy:array(®,..3] of reali ( store past values of y )
su:arrayl1..2,0..20! of real;y { store past values of u )
sviarray(@..2@] of real; { store past values of v )

Pest:real: ( model estimated ouput )

errorireali { error between Pest and measured value )
P_mat:maty { covariance matrix )

par:vect { vector of parametors )

req:veci { regression vector )}

forgetting factor:real;

dz:arrayl@..1] of real; ( realative deadzone dynamic variable )
deadband_time_constantireal;

betaireal; { deadband width scaling constant )
feed_incireal; { feed increment when testing estimator only )
est_stopirealy { estimation stop time )

ercit_mag_feed, { magni‘*ude of excitation input )

excit_mag water:realy ( magnitude of plant excitation input )
est_only:bool san; { perform estimation without any }
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{ optimization plant moves )
covar_reset:boolean;s { perform covariance resetting )
diag,of f_diag:ireal; { diagonal and off diagonal elements )

{ noise variables )}
n:longreal: { white Gaussian noise )
nb:arrayl1..10] of real: ( bandlimited Gaussian noise )

{ data storage for plots }
$include 'plot_var.p's
(..........C....Q.......QQ......Q.O0.00000.0.0.00.0.0.0..l.ll......l.l....l.
procedure read_init_state(filename:strname);
var path:strpath;
initial_states:text;
file_no:integer:
i:integer:
begin
path:='/users/tleloch/sim_dir/init_state_dir/'
strappend{path filename)
pathi=sircirinipath?);
reset{initial _states path)y
readin(initial_states file_no);
writeln('File containing initial conditions: ' filaname);
readin{ initial_states NSTATE):
For 1:=@ to NSTATE-1 do begin
readin( initial _states x(1));
endj
close(initial_states))
end

procedure read_const(filename:strname):
var path:strpath
file _no:integer)
const_file:text,
begin
path:='/users/bleloch/sim_dir/constants_dir/';
strappend(path,filename),
path:=strrtrim(path): {(remove any blanks from end of string)
writeln('File containing plant conctants: ' ,filename):
reset(const_file path),
readln{const_file A)y
readln(const_file,s3)y
readin(const_file, sd4),
readln(const_file D(3,11)y
readini{const_file D(3,2])
readin(const_file D(4 1))y
readin(const_file D(4,2])),
readin(const_file D(4 3))
readln(const_file,Fpo):
readln(const_file, max_coarsanesc);
readln(const_file min_coarseness);
readln(const_file minimum_load))
readln{const_file excess_wear);
readln(const _file, reduced_wear):
readin(const_file, water_critical);
readln(const_file Pm);
readln{const_file, Po)
close(const _file):
end;

procedure read_setup:
var file_noistringl3):
path:strpath;
filename:strname:
setup:text;
begin
writeln(' Autogenous Grinding Circuit Simulation’)y
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write(' Setup file number? ')iread(file_no)jwriteln:
path:='/users/bleloch/sim_dir/setup_dir/setup_';
strappend!path file_no);
path:=strrtrim(path):
reset(setup, path);
readln(setup,file_no);
readln{ setup, TSTART ) jur iveln('Start time ' TSTART:3:2);
readln{ setup, TSTOP)juriteln('Stop time ' TSTOP:3:2);
readln(setup , LOG) juriteln( 'Logging interval ' LOG:2:2);
readln{setup NSTP);
readln{ setup,METHOD)
readln(setup,filename)iread_init_state(filename);
readln{ setup,filename);read _const(filenare);
readln{ setup, pump_speed);
readln{setup ,mill_water);
readln{setup,sump_uvater);
readln( setup,magnitude)
readln{setup,step_sizel);
resdinlsstun aton size?):
readlnd setup grad! wax)i
readln{ setup ,gradl_min),
readin(setup, opt start);
writeln('Optimization start time=' opt_start:3:2);
readln( setup, SAMPLE )y
writeln{ 'Estimator sampling time' SAMPLE:2:7),
readln{ setup,opt_update),
uriteln('Optimization update time=' opt_updatesSAMPLE:Z:2)
revdin{setup, danad_time);
readlm setup,change_time)
writeln('Disturbance start time ' change_time:3:2)
readln( setup,change);
writeln( 'Magnitus: of change ', ,change:2:2)y
readln{ setup, forgetting_factor):
readln( setup, deadband_time_constant )
‘Ladlnt setup beta):
readin{seiuy, 3% ¢ upit
writeln('Estimation stop time ', est_stop:3:2)
readlni setup, exzit_mag feeu)
write('Nagnitude of feed_rate excitation signal ')y
writeln(excit_mag feed:2:2)y
readin(setup,sxcit_mag water):
mite( "Ragnitude of mill_water excit_tion ')y
writeln(excit_mag water:2:2))
readln(setup,ast_only)y
writeln('Estimation only ', est_only);
readln(setup,covar_reset)
writeln('Zovariance resetting on: ' covar_reset):
readln{ setup,diag)
readln{ setup,of f_diag):
readl n{ setup, debug_m)}
readln( setup,debiug_a)
readln(setup, debug )i
close(setup);
run_number:=file_no}
endj
(.---.-.-.........-...-.-..'.-.--.-------.----...--I.--l--....-------.--....
fimction log_time:boolean;
begin
if round(T#10) mod round(L0G*1@)=® then log _time:~true
else log time:=false;
endi
(-.-.--.-..--.-..I-I-l-..----.‘....I---I--.-.-.-.I-I.I-I----.---.----.---I--
function sample_time:boolean:
begin
if round(Te1Q) mod rounal SAMPLE*1Q)=0 then sample_time:=true
else sample_time:=false;
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end;

(.-.----..--...-.-.---‘-.-.-..--.---..---.---.---.--.-----I.-..I...--..---“.

function opt_time:boolean;

begin
if re A(T#10) mod (opt_updates*round( SAMPLE*1Q))=@ then opt_time:=~true
else . time:=false;
and;
(-.---I-l.b LA . THS AR AN AR RN A SN NS NAATE RN T R LRSS TR RS L AN R R TR RS
function 1y L.variable, ax minireal):real;
asgin

if (variable>k=x) or (variable<min) then begin
if variable>ma: then limit:r max;
if variable<min then limit:=min;

end
else limit:i=variable;
endi
( ...........................................................................
S$include 'model. p't { file containing dynamic grinding circuit model }
( --------------------------------------------------------------------------

- e -

function sranc4B:longreal jexternal
function dirand48:longreal iexternal

function noiselid: tntmrl:uio":rul) real)
const sigmav@.85
var 1:integer:
torirealy
msccunm: longreal |
begin
{ calculate a Gaussian distribution from a normal distribution )
accum: =@,
tor:=1/(2episcutoff),
for 1:=) to 12 do accum:=accum+(ZedranddB-1 i,
ni=accum/ 12y
nblid) :=nbl id) *expl -DELT/tor ) +sigmasnesart( 1-exp( -2+0ELT/tor) )y
noise:=ntliid)
end;
" [ — e " - -~
pro edure dump_model
var 1:integer:
begin
wreiteln( 'Time ' T:3:1)
writelni 'Nodel Variables');
writeln('Inputs ')y
writeln( 'solide feedrate ' feed_rate:2:2),
writeln!'mil]l water ' mill_wvater:3:2),
writelng
writeln( 'Outputs ')y
writeln('Pouer draft ' power:3:2);
writeln('Inside mill' )y
writeln('fractional filling of mill ' fractional _filling:2:2)}
writeln('fraction of grinding media ' ,J:2:2)%
writeln('fractional filling of interstices ' ,U:i2:2)y
writeln('States' )
for 1:=Q to NSTATE-! do
writelnt k(' 1,')=" x[1):3:2)y
writelm
end;

procedure regression_vector(y ul, uZ viireal jdead_ t\no.tntogor);
var 1,j:integer:
begin

syl 3)imayl2)

syl2):i=syl 1)

syl1):i=ay(@);
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syl@):myy

for 1:=1 to 2 do

for j:=@ to 15 do osul1,20-j):=suli1,2@-j5-11;
sul 1 ,@):=ul;y
sul2,0):=u2;

for J:i= 9 to 19 do svi20-3):i=sv(2@-5-1):
avi@li=yly

regli]li=ayl 1]}
regl2):=syl2]y

regl 3):i=sul | dead_timel;
regld):i=sul !l dead_timet!],

reglSli=sul? dead_timel,
reglbl:=sul? dead_tir 411y

regl7):=1y

for 1:v 8 to 1@ do regli):i=@;

function dead_band:boolean;
const cdz@=0.0001,
cdz 1+9. 0001
cdz2=0.0001
cdz3+0. 0001
cdz4=0. 0001,
begin
if TOSAMPLE then dzl(1]:=dz(@] else dzl1]:=@,
dz( @] : =deadband_time_constantedz( 1]
+cdz@+cdz 1vabs(sul ! ,0))+c 'z22vabs(sul2,0))
tcdz3rabs(sy(@] )y
errori*syl@]-Pest)
if abs(betaedz(@))>abs(error) then dead_band:=truse
else dead_band:=falsey
endi

R e R

function multiply_vec:ireal;
var 1:integer:
dummy:real
begin
dummy : =Qy
for 1i= | to no_par do
dummy : sdummytregl ilepariil
multiply_vec:=dummy:
end;
( ......... A —— B L L T T T RS SR
procedure dump_controller:
var iiinteger:

begin
writeln(' Regression vector: ')y
wite(' &
for 1:=1 to no_par do write(reglil:2:3," ')iwriteing
writeln(' Parameters: '),
for Li=1 to round(no_par/2) do
writeln(' ‘.par(2ei-1):3:3 par(2¢1):3:3);
writeln(® P_mat: ")jurite(’ &
for 1:=1 to ro_par do write(P_matli 11:6:2," ')iuriteln;
writeln(' mill Power ',power:3:3),
writeln(' feed_rate ‘' feed_rate:3:2),
writeln(' mill_water Yomill_water:3:2)
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writeln(' product toyis¥i2h
writeln(' Gradients ' gradient!:2:3 gradientZ:2:3);
writeln(' Estimation error ',error:2:4);

procedure estimator:
var denom:real;
K,Livecs
1,)iinteger:
(4444404444t tHHAt bttt b 4t )
function normireal
var Mivec:
i,)iinteger;
dummy:real:
begin
for 1:i= | to no_par do Mli]:=Q;
for ji= | to no_par do
for 1i=1 to no_par do
Mljli=Mlj)+reglileP_matlii, i

dummy : =03
for ii= 1| to no_par do dummy:=dummy+M(1leregli]; X
norM: "dummy §
endi
R R R R R R

begin
Pest:=multiply_veci
error:=sy(@)-Pest,
denom:=forgetting factor+norm;
for 1:= | to no_par do begin
Kl1):wP_matii, )leregl 1 14P _matli,2]oregl2])
tP_matl i, 3)leregl 314P_matli 4jerey'd)
+P_mat( i ,5)ereglS)I+P_matl( 1 6lereglB)
P _mat(i,7)oregl(714P_matl( 1 ,8)leregiB)
+P_matli 9)eregl3)+P_matii, 10)eregl10]y
endi
for 1i=1 to no_par do
Lif)imregl1)eP_mat(!) il4reg(2)eP_mat(2, 6 1]
tregl3]eP_mat(3 1)¢regld]eP_matld i)
ireglS)eP_mat(5 1)1+ eglB)eP_mat(6,1)
tregl71+P_mat(7,1)4reglBleP_mat(B, 1)
tregl9)eP _mat(S 1)4regl1@)«P_nat(10,1])¢
for 1:= | to no_par do
par{i):ivpar(i]l+Kli)lserror/denom;
for 1:= | to no_par do
for yi= 1| to no_par do
P matli,jl:=C1/forgetting _factor)e(P_matli, jl-K(i]leLl}j)/denom)}

procedure reset P(diag_value off_diag value:real )
var i,jiinteger:
begin
for ti=1 to no_par do
for j3i= | to no_par do
if 1=) then P_matii,)l:i~diag _value
else P_mat(i,j]:=of f_diag_value

procedure level_controller(var spued:irealiset_pointirealisump_level:real )
const P=20; {( gain of proportional controller )
var errorireal;
begin
errori=set_point-sump_level;
speed: =pump_speed-Prerror
speedislimit(speed, 800 ,5),
end;



procedure opt_controller(var feed_rate mill_uater:real);
var
1,):integers { array indexes )

ber ‘n
A ull)imx _ulll4step_sizelegradient!;
A ulZ)i=x_ulZ)ltstep_sizeZegradient?;
roul1limlimitdx_ul1],100,0);
x_ul2)i=lamit(x_ul2),100,0);
faed_rate:=x_ullly
mill_water:i=x_ul2]);

end)

PROCEDURE dynamics
Begin
{ level controller }
level _controller(pump_speed,@.5,sump_level )

{ calculate the plant outpute from the states )
output_calci

regrevsion_vector(Power feed_rate mill_water 0, dead_time);

{ call the parameter estimation procedure )
1f T<est_stop then begin
if not dead_band then estimator
else Festi=multiply vec:
end:

{ write important variablas to screen to monitor simulatior )
if opt_time then {f debug_m then dump_mode.
if opt_time then if debug c then dump_controller:

{ calculate the gradiants )
if opt_time then begin
gradientl:i=(par(3)+parid))/(1-par(i]l-parl2]);
gradient!:=limit(gradient! grad)_max,gradl_min);
gradient2:=(par{Sl+par(B))/(1-parll) -pari2));
gradientZ:=limit(gradient? ,grac!_max,grad!_min);
end)

{ call the optimization procedure )
if not est_only then
if Topt_start then
if opt_time then
begin

opt_controller(feed_rate mill_water);

{ reset covariance matrix )
if covar_reset then reset Pl(diag,off_diag):
end;

{ estimation only }
if est_only then 1f opt_time then eed_rate:=feed_ratetfeed_inc

{ add an excitation signal )
feed_rate:=feed_ratetexcil_mag_feadenoisel( !, 1/3+SAMPLE )
mill_water:=mill_watertexcit_mag waterenoise(2,1/3¢SAMCLE )y

{ simulate a disturbance )
{ change the size ditribution of the fresh rock solids )
{ going into the mill )
if Tochange_time then begin
disturb_req:=1;
disturb_grind:=( | +change):
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{ the change in amount of fines must not change the total )}
{ mass of fresh rock flowing into the mill, this is done )
{ by calculating the change in fines using the following formula )
disturb_fines:=(1/frac_fines)s(1-frac_renq grind-frac_grind¢(!+change)
end
else begin
disturb_req:=1.0;
disturb_fines:=1,0;
disturb_griad:=1.0;
end;

End; { procedure dynamics )
(4444444442440 4444444444444 4 44444444444 4444441444444 4444444444444 4444444
PROCEDURE Euler;s
VAR
i: INTEGER;
Begin
model §
FOR 1:=@ to NSTATE do
X{id:= X{4) + DELTedX[1]y
Te= T ¢ DELT
End; { procedure Eular )
(4444444444434 4 4404044044444 1444444444444 4 44444444 4444444444444 44444444444
PROCEDURE Runge_Kutta;
VAR
1: INTEGER:
Xstart, K1, KZ, K3: vector;
Begin
FOR 1:=@ to NSTAVE do begin
Xstartl{i):= X[1i)s
Kilil:= dX[11*DELT,
X{i):= Xstart(i] + KI1[1)/2y
end
Tim T ¢ DELT/24
model
FOR 1:=@ to NSTATE do begin
K2[1):= dX[1)eDELTy
X{il:= Xstart{i) + K2011/2y
end;
model ;
FOR i:= @ to NSTATE do begin
K3[4):= dX[11«DELT,
X{1):= Xstartii) + K3[1);
end\
Ti= T ¢ DELT/2y
model y
FOR 1:=Q@ to NSTATE no
X{il:i= Xstart(4) + (K1[41] + KZ201)e2 + K3[1)le2 ¢ odX[i)eDELT)/6.0;
Ti=round(T+«100)/10d;
End;s { procedure Rurge_ Kutta )
(4444444444404 44 4444444444440 4444444 4444444444444 44440444444 b 444444444444
PROCEDURE integrator:
var i:integer;
RBegin
CASE METHOD of
'E': Eulery
'R': Runge _Kutta;
End:y { case )
IF (T >= TSTOP + DELT/2) then STOP:= TRUE;
for 1:=@ to NSTATE-! do if x[11<@ then x[1]:=0;

End; { procedure integrator )
(A4 4444444444444 4444444444444 444444444411 4444444404444 4444444144 444444

procedure log_points(curve_no,step_no:integerivalie Tireal)s

begin
datamatrix_xlcurve_no,step_nol:i=«Ty
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datamatrix_ylcurve_no,step_nol:=value;
end;

procedure log_datas

var i:integer;

begin
log_points(! step_no,feed_rate, T);
log_points(2 ,step_no,mill_water, T);
log_points(3,step_no,power ,T);
if Tdopt_start then log_points(4 step_no,Pest, T)

else log _onoints(4 step_no,@,7);

log_points(5 step_no,fractional _filling,T);
log_points(B6, step_no,J,T);
log _points(7,step_no,fc,T)
log_points(B step_no,U,T);
log_points(9 step_no,gradient! T);
log_points( 1@ step_no,gradient?  T);
log_points( 1| step_no,y!, T);
for 1:=Q to NSTATE-1 do log points(1+1Z step_no,x[(1],T);
step_noi=step_not!;

endi

procedure write_dataj
var
path, pathl:strpath;
i,dummy: integer;

{HA44 4443444 4444444144444 44444 444444444444 444414444444 444 4)
procedure write_file(sub_dir:strpathiname:strname;
curve_no,no_of _points:integer);
var directory:strpath;
i:integer:
begin
directory:=path;
strappend(directory, sub_dir);
strappend(directory, name);
reurite(file_var directory);
writeln(file_var name);
writeln(file_var no_of_points);
for i:=1 to no_of _points do begin
write(fila_var datamatrix_x[(curve_no,il);
writeln(file_var datamatrix_ylcurve_no,il)}
end;
closel(file_var, "SAVE' )y

end;
(4444444444444 4444444444444 444444444044 444444444444 44)

begin
path:='/users/bleloch/sim_dir/plot_dir_":

strappend(path, run_number)ipath:=strrtrim(path)

strappenu(path,'/selection_dir’);

{ file inputs )
write_file('/inputs_dir/', 'feed_rate', ! step_no);
write_file('/inputs_dir/','mill_water' 2, step_no);

{ file states )
for 1:=@ to MSTATE-! do begin

pathl:="x";

strurite(path! 2, ,dummy, 1:0)

write _file('/states_dir/' path! 1241 ,step_no):
endi

{ file outputs )
write_file('/outputs_dir/mil) _dir/', 'power' 3 step_no);
write file('/outputs_dir/mill_dir/', 'fractional _filling',5,step_no)
write _file('/outputs_dir/mill_dir/','J' 6, ,step_no);
write_file('/outputs_dir/mill_dir/','fc',7,step_no):
write_file('/outputs_dir/mi1ll_dir/', 's_feed',9,step_no)t
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write_file('/outputs_dir/mill_div/','s_water' 10 step_no);

write_file('/outputs_dir/mill_dair/’',"Jp’ 4, step_no);
write_file('/outputs_dir/mill_dir/', '’ B ,step_no);

write_file('/outputs_dir/cyclone_dir/' ‘product’' !l step_no);

procedure 1nit_param;
var {,):integer;
begin
for 1:=1 to 10 do
for ji=1 to 10 do
if i=) then P_matli,6j]:=10000
else P_matli,j):=500;
{ initialize parameters )
for i:=1 to 2 do parli):=@;
for 1:=3 to 10 do parlil:=0;
{ initialize storage variablies )
for 1:=Q to 20 do
begin
for ji=1 to 2 do sulj,1):=0;
svliili=@;
end;
for 1:= @ to 2 do syli):=@;
end;

PROCEDURE 1nitialise;
var 1i,j:integer:
Begin
Tim @y
step_no:= |y
STOP:=FALSE s
read_setupi: { read all the simulation setup variables and constants )}
DELT:=LO6/NSTP; { simulation time step size )
Voi=pi*ReReL; { mill volume )
feed_rate:=magnitude;
x_ull)li=faed_rate;
x_ulZ):emill_water;
ni=srand48;
Endy ( procedure initialise )
(.-------..-....--...--.-.-..----.I-.--..‘.-.--------.-.-..--.---.....-..-.-
Begin { main program )
initialises
init_paran; { initial model parameters )
log_datas { write i{riiiz]l data to global variables )}
writelnjuriteln('Running Simulation')jwriteln)
REPEAT
intogrator; { calculate states )
if sample_time then dynamics; { plant output calculation )}
{ ano controller calculation )}
if log_time then log data; { store data in global arrays )}
UNTIL STOP;
write_data; { write data to disk )
End. { main program )

(...--.-.-.------.---..--------.--.-......---.-I-I---m---l-.-'-------..-..-l
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FILE INIT_! ( contains initial =tates )

#file number
fnumber of states

#x( Q1]

#x(1]

#x(2])

#x(3)

#x(4)

#x(5]

#x(6)

#x(7)
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APPENDIX |. FILE CONTAINING GRINDING CIRCUIT CONSTANTS

Appendix I. File containing Grindiag Circuit Constants
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PRTTTTTIITTIR SRRSO~y

| FILE CONST_6 ( contains plant constants )

2.6 wave M constant for attrition breakage rate
.05 ~ews 83 breakage rate for abrasion

Q.15 enee 84 breakage rate for chipping

?.60 ==~ 3,1 proportion that breaks from x3 into x|
Q.40 w=ee 03 2 proportion that breaks from x3 into x2
.10 cee= 04,1 proportion that breaks from x4 into x|
.10 ~see D4,2 proportion that breaks from x4 into x?
Q.80 --=- D4,3 proportion that breaks from x4 into x3
0.05 ==+ Fpo discharge function

6.00 ~=== max_ccarseness

.00 === min_coarseness

.20 === minimum_load

2.0 === @XCess_wear

2.0 ~-=- reduced_wear

100.0 ==~ water_critical

Q.00 ~==- Pn mechanical power iosaés

1.0 wese Pg constant for power draft calculation
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Controller Parameters




SETUP FILE NUMBER &

6 file number

.0 TSTART simulation start time

800.0 TSTOP simulation stop time

4.0 L0G logging interval

8 NSTP number of integration steps

R METHOC numerical integration method (R,E)
init_1 #fi1le containing initial states

censt_B #file containing constants

50 initial pump speed

5.0 iritial mill_wvater

5 sump water

4.5 initial feed rate

0.1 optimization step size

Q.1 optimization step size

4.0 waximum gradient

-4.9 minimus gradient

50.00 optimizetion start time

0.5 estimator sampling time

50 optimization update time

| process dead time

420.0 disturbance introduced at this time

.20 magnitude of disturbance

1.0 forgetting factor

0.2 deadband time constant

0.0 deadband width beta

B800.0 estimation stop time

1.0 magnitude of excitat‘on signal for feed_rate
1.0 magnitude of excitation signal for mill_water
false estimation onrly

true covariance resetting on

1000 diagonal element of covariance meliix
950 off diagonal element of covariance matrix
true #debug model

true #debug estimator

true 8debug controller



SETUP FILE NUMBER 7

file number
") TSTART simulstion start time
800.0 TSTO0P simulation stop time
4.0 L06 logging interval
8 NSTP number of integration steps
R METHOD numerical integration method [R,E)
imat_1 #file containing initial states
const_B #file containing constants
50 initial pump speed
"] initial mill_water
sump water

5 initial feed rate

1 optimization step size |
™ optimization step size 2

@ maximum gradient
.0 minimum gradient

50.00 optimization start ‘ime
2.5 astimator sampling ime

50 optimization upuate time

| process dead time

100.0 disturbance introduced at this time

-0.) magnitude of disturbance

1.00 forgetting factor

0.2 deadband time constant

0.9 deadband width bets

800.0 estimation stop time

1.0 magnitude of excitation signal for feed_rate
1.9 magnitude of excitstion signal for mill_water
false estimation only

true covariance resetting on

1 000 diagonal element of covariance matriz

95 off diagonal element of covariance matrix
true Sdebug model

true fdebug estimator

true #debug controller
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APPENDIX K. PASCAL INCLUDE FILE MODEL.P

Appendix K. PASCAL include file model.p
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(.----.-----.-.-.--.--.--..------.ll-.-..--.-‘-‘--.---.-..-.--......---.-.l..

(.---.--".--...-I.-.-- AREGREFETAR AR S AN TSR AN RS R AN SEERENIEARIRSARAREaEREES )

function Rose_Sullivan (r: REAL): REAL:
begin
Rose_Sullivan:= x + 1 .Sesqr(x) - B.7esqri{x)ex + 4. 25¢sqr(sqgrix));
end; { function Rose_Sullivan )
(-.I-.I-I-.I-.-v.‘-.--....---.----l------...-.----..-----.-.'.l-.-I.I---.-)
function pump(pump_speed:ireal)ireal;
const kpump=1;
begin
pump: =kpumpepump _spead;
end;
(-.------I-----..-.-..-..m-----...-----.--.----‘I...'.--.-.---..----‘----.-)
function cut_point: REAL;
var
numerator, denomenator: REAL;
begin
if (S-pulp_deniity)<=@ then pulp_denaity:=1. 3;
numeratoc:= 14 . 8vexpl(@.46¢1n(Dc))eexp(@.621n(Di))vexpl1.21¢1n(Dv))
vaxp(@.0630V),
denomenator:= exp(@. . 71¢1n(Du))rexp(@.38¢1n(h))eexp(@.45¢1n(flow))
caxp(@.5¢1n(S-pulp_density) )
cut_pointi= Q,000301+ numerator/denomenator;

end; ( ftunction cui ¢ s o
(-..-..-.-.-..-.-..--. . .--.-..--.ﬂ--.-........-.----..-‘-.-.---.-.---.-.)
function distribution: HEAL}

var

numerator, denomenator: REAL;

Begin

Phi= P/(pulp_density * g)
if Ph=@ then begin
writeln('Ph=0');
Phi=@. 1,
ends
numerstor:= | 9eexn( 3. J1elnl{Du/Ov))eexp(@.54¢1n(h))
eaxp(@.36¢Inlsgr(Du)+sgriDv) ) )eexp(@. 00542V )
denomenator:= exp(@.24¢1n(Ph))eexp( 1. 11¢1n(Di) )y
distribution:= numerator/denomenator
Endi { function distribution )
(.....--.....--..-.-.-.--....I----.---..-'-...--.I-..-..-.Q .-..-...-.-.-.-)
function pressure: REAL)
var
numerator, denomenator: REAL;
begin
numerator:= | . 88eaxp(1.78¢In(flow))vexp(@.0055+V ),
denomenator:= exp(@.37¢1n(Dc))vexp(@.940in(D1))vexp(@,.28¢1n(h))
taxp(@.87¢Intsqr(Du)tsgr(Dv)) )
prassure = numerator/denomenator:
andi { function pressure )
(-I--.--..-----.-...I.---.-..I.---..l.--...(.-....--.-.-.-.U.--n.---..---.)
function flow_rate: REAL;
var
numerator, denorsnator: REM.y
begin
numerator:= @.53eexp{D.56¢1n(P)) & exp(@.21¢1n(Dc))
texp(@.5301n(D1)) ¢ oxp(@.16¢1nth))
vexpl(@.49¢In(sqr(lu) + sqiDv)) )y
denomenator:= exp(@.0031+V),
flow_rate:= rnumerator/denomenator
endi
(-...-l----l..-.--.-lI'.I..I......I.ll..-I....-M--II---'-.-..----.l----...-)
function lognormal (y, rean, SD: REAL): REAL:
const
bl = 0.31938153;
b2 = -0.356563787;
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b3 1.781477937;
b4 = -1.821255978;
bS 1.330274429;
pi 3.141592654;
[ 0.2316419;
VAR
t, x, fx: REAL:
Begin
if y=@ then
begin
writeln('y=0');
y: =0 000000 ;
end;
xi= (In{y*( 1+sqr(SD/mean))/mcan))/sqrt(lnl( 1+sqr(SD/mean)));
fx:i= (1/sqrt(2epi))eexp(-sqrix)/2);
tis 1/7¢1 + roxdy
lognormai:= | - fx#(hlet + L2e®sqr(t) + b3ssqgr(t)et
+ bAssnrisgr(t)) + bSesgrisgr(t))et);
End: { function lognormal )

(---‘...-..-...-.---l----...-.--.II--------I-------.--.-------I.---.----.. )

procedure model;
var
itinteger:
S4e, S3=: REAL:
Begin
flow: =pump( pump_speed);

{ feed size distribution )}
Ti:=frac_req grindefeed_ratesdisturb_req:
T2i~frac_fines*feed_raterdisturh fines;
Té:=frac_grindefeed_rateedisturb_grind:

{ feasible states )}
for 1:=Q to NSTATE-! do
if x[(1)<@ then x[i):=Q;

{ sump output calculatior
1f( x[S)+x[E)+x(7]) =@ then begin
20:=0:121:=0422:=0
end

else begin
20:=flowex[S1/(x[B) x[71+x[5] )y
zit=flowsx(B1/(x[(Bl+x[714x(5]);
22:=flowex (71 /{x(Si+xiB1+x{7]};
pulp_density:=uater_densityex[S)/(x(S)+x[B1+x[7])

toire dunsity® ! x(B1+x[7]1)/(x[S)+x[B)+x[7] )y
end)
sunp_level:=(x[S1+x[B)+x{7i}/Vsumpi

{ hydrocyclone )}
Fl:=zQedelt;
F3:=z1edelt;
Fli=.2ledelt;

{ calculate volumetric X solids in feed )

if pulp_density <> @ then
solids:= S+*(pulp_density - 1)/(pulp_densitye(S5 - 1))
else solids:=@;
Vi= pulp_density*solids/Sy

{ calculate cut point of cyclone )}
d5@ := cut_point;

{ calculate pressure drop across cyclone )
Pi= pressurej
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calculate fraction of feed bypassing classification )

SC:= distribution;
Rvi= SC/(SC + 1)

calculate sharpness of separation )
m:= | .94vexp(-1.58¢Rv)eexp(@.15¢1n(sgriv. ‘*h/flow));

calculate pobability of particle satisfving the )}
rejuired grind reporting to the underflow )
Eci= | - exp(-0.6931¢sexp(mein(cut/dS0)) i

{if debug_m then writeln('Ec ',Ec,' dS¢ ' ,dS@,' cut ',cut):)}

calculate volume of required grind undergoing classification

that reports to the overflow and underflow )
03:= (1 - Rv)ell - Ec)eF3;
U3:= (1 - Rv)*Ece*F3;

calculate distribution of fines undergoing classification )

02:= &
UZ:= &
FOR i:=1 to intervals do begin
IF (i=}))
then probability:= |
else
begin

yi= (grate*(i-1)/intervals - mean)/SD;
probability:= lognormal(y, mean,SD);
endi
y:i* (gratesi/intervals - mean)/SD;
probability:= lognormal(y, mean,S0) - probability;
Eci= -0.6931vaup(melnigrateri/intervals/dS0) ),
IF (Ec < -20)
then Ec:= |
else Eci= | - exp(Ec)i
UZ:= UZ + Ece*probabilitye(l - Rv)e*F2,
Q02:= 02 + (1 - Ec)eprobabilitys(1 - Rv)eF2,
end;y { for }

calculata overflouw wvater )
oli=(1-Rv)*F1;,

calculate components of underflow )
Ul:= RveF1,

U2:= UZ + RveF2,

U3:= U3 + RveF3;

mass balance )

olb:=ol}
ulb:=uly
if (uZ2+02)=@ then begin
oZbi=0;
uZh: =@
end

else begin

oZbi=(0Z/(uZ+02))*F2;
uZbi=(u2/(u2+o2))*FZy

end;
if (u34+03)=Q then begin
0lb: =0
u3b:=0;
end

alse begin

03b:=(03/(u3+03))*F 3
udb:i=(u3/(u3+o0d))*F3;
end;
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{ calculate total volume flowing intc the mill )

underflow:=(uZb+ulb)/delt;

overflow:=(cZb4o3b)/delt;

if debugp_m and opt_time then begin
writeln('overflow ', ,overflow:3:2);
writeln('underflow ' ,underflow:3:2);

ends

{ evaluate present status of internal variables )
feci= (X[1) + X(2))/(Voe() - fines_voidage));
J = (X[(3) + X(4])/(Voe(] - media_voidage));
IF (fc <=0.159)
then S2:= P+Rose_Sullivan(J)
else SZ:= As(2eexp(In(@.158/fc)*@.55) - 1)*Rose_Sullivan(J);
IF (fc=@) then wear_slope:= 1,
IF (J=@) then wear_slope:=90;
IF (fc<>0) and (J<>@) then
wear_slope:i=|-fc/(J*0.4);
IF uear_slope ¢ @ then uear slope:=2;
IF wear_slope > | then wear_slope:=!;
IF (XI@) + X[1) + X{2) =~ @) then discharge:= @
else discharge:= Fpo*sqrix{@)+x[11+x(2] - @.0Z2+Vo)
ssqrt(x(@1/(x{@)+x[1)4x(2]))y

{ differential equations for mill mudel )
{ chipping process }
Sde:= wear_slopetexcess_wear*S4 + 5S4
S4e:= S4etoverloadi4);
dX(4]:= T4 - S4eeX(4),

{ abrasion process )
S3e:~ wear_slopetexcerr usareS3 + S§3,
S3e:= S3ertoverload! 3],
T3:= SdeeX(41eD(4, 3],
dX(3):= T3 - S3eeX(3);

{ crushing process )}
IF (X{@] + X[1] + XI2] = @) then YZ:= @
else Y2:= dischargesX[Z1/(XI@)4XI1,4X(2))
S2:= S2e0verload(2];
dX{2):= TZ +(uZb/delt)+ S3+)[(3,2])XI3)
+ SdeeD(4 , 2)eX[4) - S2eX[2)-Y2y

IF (XI@) + X[1) + X(2Z2) = @)
then Yi:= @
else Yi:= dischargesX[1]/(XI@)+X[11+4X[2])
dXl{1):i= Ti4(u3b/delt)+S2eX(2) + S3e0(3,1]eXI3)
+ SdeeDl(4 1)eX[4]) - Y14

{ water balance )
IF (XI@) + X[i] + X(2] = @)
then YO:= @
else YO:= discharge*X[@)/(X[QI+X[114X[2)),
dX(@):= mill_water+u'l/delt-y@d

{ check feasible states )
for 1:=Q to NSTATE-1 do {f x[1]1<@ then x[1):=Q;
{ sump model )
{ x5 volume of water in the sump )

{inputs )

{ sump_water sump water addition )}
{ pump_speed speed of pump )
{intermediate veriables )
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{ y® flouw of water from mill into the sump )

{ y! flow of required grind into the sump }

{ y2 flow of fines into the sump )

{outputs )

{ 20 flow of water out of the sump )

¢ 2! flow of required g ind out of the sump )
{ 22 flow of fines out of the sump )

if (x[S)4x(B1+x[71)<>@ then begin
dx(5):=yQ+tsump_water-flows (x{S)/(x(SI+x(Bl1+x(7]));
Ix[B)i=yl-flowe(x[B)/ x[S)+x[B)+x[71));
def7)i=y2-flowe(x{7) (x(Bl+x[7)+x[5)));
end
else begin
dx(5]:=y@+sump_uater
dxl(Giimyts

dui7)i=y2y
endi
{ end sump model )
End; { procedure model }

(..----II--..----...--.--.----..--I...--Il..--l ----------.---.n-----..)

(-..-.-....---..--.---...l--ll....-.---.--....---.-.-.-.I---.-----H---.--..-..
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