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1. INTRODUCTION

The Modd Based Predictive Control of the Spirulina production has aready been eaborated and
tested on the 7 litres reactor (report in TN's24.1, 24.2 , 38.1 and 38.2).

In the present study, a few parameters of the control, reative to the light supply and to the geometry
of the reactor, will be adapted to the new 77 litres reactor. Then this up-dated controller will be
tested directly on this new reector.

2. UP-DATING OF THE CONTROLLER

2.1 Geometrical parameters of the 77 litres reactor

In comparison with the 7 litres reactor which was congtituted of 2 concentric cylinders, the 77 litres
reactor is composed of 2 cylinders connected in U; the radius of each cylinder is equa to 0.076 m
(UAB data).

2.2 Up-dating of the control software

The previous control software (V3.0 of TN 38.1) is modified in order to take into account the new
light supply and the new geometry. The modifications are located in 2 subroutines (Ispc and dercx of
the source file Ispc.c) whose previous and new versions are described heregfter.

2.2.1 Up-dating of the subroutine ‘lspc’

Previous version :

doubl e Fr_max=400. ; /* max constraint on FR (in WnR) */
New version :
doubl e Fr_max=223.; /* max constraint on FR (in WnR) */

Modifications done :

Modification of the maximum light intensity according to UAB data (TN 37.2 ; April 1998) reported
in annex 1. The minimum vaue of 10 W/n is unchanged because it is the minimum reouired to the
good functioning of the reactor.

2.2.2 Up-dating of the subroutine 'dercx’

Previous version :

doubl e RT=0. 048; /* external radius of the reactor */
doubl e R1=0.0302; /* int radius of the external cylinder */
doubl e R2=0.02585;; /* ext radius of the internal cylinder */
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/*
Conmput ation of rx (biomss growth rate)
Integration interval : [zO0, 1]
This interval is divided into '"nstep = 1/jstep ' equal parts
Integration : rectangle nethod
*/
z0 = 1.e-6 / RT,
kstep = (1. - z0) * jstep;
sX = 0.;
for (z=z0; z<l1l.; z+=kstep)
{
if(( z<= R2/IRT)||(z >= R1/RT)) /* concentric cylinders */
{
pijz = 2*Fr/z*cosh(del ta*z)/ (cosh(del ta) +al pha*si nh(delta));
if (pijz>=Fnin)
sX += z * pijz | (Kj+pijz);

}
}
rx = 2. * muM* ¢cx * sX * fl * zpc * kstep;
New version :
doubl e RT=0.076; /* external radius of the reactor */
/*
Comput ation of rx(biomass growth rate)
Integration interval : [z0, 1]

This interval is divided into "nstep = 1/jstep ' equal parts
Integration : rectangle nethod
*/
z0 = 1.e-6 / RT;
kstep = (1. - z0) * jstep;
sX = 0.;
for (z=z0; z<1.; z+=kstep)
{
pijz = 2*Fr/ z*cosh(del ta*z)/ (cosh(del ta)+al pha*sinh(delta));
if (pijz>=Fmn)
sX += z * pijz | (K +pijz);
}

rx =2. * muM* ¢cx * sX * fl * zpc * kstep;

Modifications done :

Firg, theradiusRT is st to its new vaue.
Then theingruction :

if(( z<= R2/RT)||(z >= R1/RT)) /* concentric cylinders */

is removed of the previous version because the 77 litres reactor is a cylinder (insteed of 2 concentric

cylinders).
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2.3 Test of robustness on simulator

Tedts in amulation are necessary to evauate the robustness of the contral. In the following tests, the
tuning parameters are those of the 7 litres reactor control :

control period : dt = 0.5 hour;

dynamics of the referencetrgectory : | = 0.88;

coincidence horizon : nhc = 5 control periods.

All the tests have the same pettern :

- At the beginning of the smulation, the process works in steady state and the biomass production
st point is equa to 0.90 g/h (this set point, which is supposed to be fixed by the operator or by
the levd 2 of the hierarchica control, is caled set point -level2 in the figures);

The level2 flow rate set point is fixed to 0.675 I/h (dilution = 0.0877 K" ). One recalls that the
level2 controller is alowed to move the process flow (also named measure of flow on the figures)
within arange of 10 % around the level2 flow rate set point.

At timet = 10 h (Imulated time), the set point is increased to 1.15 g/h, which is higher than the
maximum production alowed by the maximum flow rate (computed to 0.7425 = 1.1 * 0.675 I/h)
and the maximum biomass concentration (1.5 g/l). So the control computes the set point -levell:
11138 =1.1* 0.675 * 1.5¢g/h;

Then at time 100 h, the set point is decreased to 0.9 g/h;

Test 1 (figure 1) :
Theinternal mode of the control matches the smulated process.

At theincreasing set point (t = 10 h), the control movesthe two actions:
the light intensity (FR_ctrl) is set to its maximum constraint : 223 W/n? . Due to this constraint,
the dynamicsis limited and the set point isreached in about 45 h;
the water flow rate is st to its maximum value (computed by the level2 controller) : 0.74251/h .

When the measured production reaches its set point (at about t = 52 h), the light intengity, FR_ctrl,
decreases smoothly to its steady state value (133 W/nf ) and cauises no overshoot of the set point.

At the decreasing set point (t = 100 h), the controller moves the 2 actions as previoudy :
the light intensity (FR_ctrl) is set to its minimum value : 10 W/n and the dynamics of the closed
loop is due to the dilution phenomenon. The set point isreached in 20 h;
the water flow rateis set to the level2 flow rate set point : 0.6751/h .

When the measured production reaches its set point (at about 115 h), the light intendty, FR ctrl,
increases smoothly to its steady state value (82 W/nt ) and causes no overshoot of the set point.

The maximum condraint on the biomass concentration (1.5 g/l) is respected.

Test 2 (fiqure 2) :
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The internd mode of the control does not match the smulated process : the light intengity received
by the process is assumed to be 50 W/n? lower than the action FR_ctrl computed by the control,
with aminimum vaue of 10 W/n? because the lamps cannot be turned off.

In that case, the behaviour of the closed loop system is nearly unchanged, except that the dynamics
of the first step is alittle bit longer (75 h instead of 45 h) and that the set point is dightly overshot
(about 1 % of the step) at the end of the decreasing step (at t = 120 h).

Test 3 (figure 3) :

Another mismatch is smulated : the illuminated surface retio of the process, fi_process, is supposed
to be 90 % of the illuminated surface retio of the internd model, §_ctrl . In comparison with the
matched control, thisis equivaent to adecreasing of 10 % of the biomass growth rate.

In that case too, globdly the behaviour of the closed loop system is identicd to the one of the
matched control, except that the dynamics of the first step is longer (85 h instead of 45 h) and that
the steady state is not reached because the next step occurs.

Test 4 (figure 4) :
Thistest isasmulation of bad cdibration of a sensor : the flow rate of the processis assumed to be
80 % of the flow rate measured and given asinput data of the interna mode! .

In that case too, globdly the behaviour of the closed loop system is identicd to the one of the
matched control, except that the dynamics of the first step is shorter (it takes about 30h, compared
to 45h, because of overestimation of the production) and that the dynamics of the last Step is longer
(because of asmaller dilution).

Test 5 (figure 5) :
In this test, the biomass concentration of the process is assumed to be 80 % of the measured
biomass concentration.

In that case too, globaly the behaviour of the closed loop system is identicd to the one of the
matched control. The dynamics takes about 25 h compared to 45 h.

Conclusion of these tests :
The robustness of the contral is quite correct. It has to be confirmed on the red process.
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Figurel: Matched control
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Production : measure and set point -level2 (-.) -levell (--)
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Figure2: Mismatched control : Fr_process= Fg_ctrl - 50
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Production : measure and set point -level2 (-.) -levell (--)
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Production : measure and set point -level2 (-.) -levell (--)
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Figure4 : Mismatched control : flow_process=flow_measure* 0.8
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Production : measure and set point -level2 (-.) -levell (--)
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Figure5: Mismatched control : cx_process= cx_measure* 0.8
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3. UP-DATING OF LIGHT CALIBRATION

The converson of the Manipulated Variable (the light intensity, FR, computed by the control Ispc)
into the Action Varigble 'light controller action’ , which is specific of the light supply, is done by a
subroutine outside the control programme Ispc. So, the conversion can be changed when necessary
(in case of new equipment, for example) without modifying the control programme I spc.

The subroutine of light cdibration, lightcal, is given in annex 2.
4. CONTROL TESTS ON THE PILOT PLANT

4.1. First test

A first test was done at UAB from October 13" to 18™ 1999.

At the beginning, the production setpoint is set to 0.38 g/h, identicd to the measured production
(upper graph of figure 6). The light intensity, Fr, is then 44 W/n' (second graph from top).

A sampling period later, the value of the measured production is 0.42 g/h. So R decreases to its
minimum 10 W/nt .

At timet = 18 h, the flow rate (bottom graph) is increased from 0.4 to 0.7 |/h, which increased the
production to 0.68 g/h . So Fr remainsd its minimum.

Due to the dilution, the production decreases dowly until t = 100 h. Then R increases smoothly to
25 W/nt so that the production remains on its set point.

During dl the tedt, the biomass concentration (third graph from top) never goes under its minimum
congdraint.
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Figure6 : UAB data from October 13" to 18
Remark (figure 6) :

After October 15™ 17:26 (time = 65.525 h), the measured flow rate (equal to 0.711 I/h) is different
from the feasible flow rate (equa to 0.7 I/h) : this problem is due to a lack of precison of the data

collection.
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4.2. Second test

The second test was done from March 11" to 14™ 2000 (figure 7).

At time t=18h, a set point step is gpplied from 0.55 to 0.77 g/h (top graph). At that moment, the
manipulated variable increases to its maximum congtraint (220 W/nf) and stays there until the
process output is gpproaching its set point at t=67h. Then the action decreases smoothly until its new
seady State point. The set point is over-shot of about 4%. Due to the max congraint on the
manipulated variable, the closed time response is 50 h. The control works as expected.
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Figure7 : UAB data from October 11" 1:37 to 14™ 14:37
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4.3. Third test

4.3.1 Description and results of the test on the pilot plant

The third test was done from March 29" to April 22™ 2000 (figure 8).

The st point (feasible production set point) and the Controlled Variable (biomass production) are
represented, respectively, by the red (or dashed) and blue (or continuous) lines of the top graph.

The Manipulated Vaidble (light flux) is represented on the second graph.

The test is compaosed of a positive level2 set point a time t = 42h, followed by 2 negative level2 set
points at time t = 300h and t = 330h. A negative step of flow rate set point is redized at timet =
428h (bottom graph).

Due to the maximum congtraint on the Manipulated Variable, the closed loop response time is about
100 h, which isthe vaue obtained on the smulator (see next section).

When the Controlled Variable is nearly reaching its set point a t = 250h, the biomass concentration
(third graph) and the production decreases dightly while no input of the process moves. This
phenomenon is due to a non measured disturbance (non measured modification of the flow rate?) as
it will be confirmed by the mode output given in next section.

The two last set point steps (at t = 330h and t = 428h) cause oscillations (more visble on the first
one) of the closed loop. This is due to a mismatch between the internd modd and the process. In
order to improve the robustness of the cortrol, the closed loop time response will be increased by
setting the coefficient of the dynamics of the reference trgjectory, lambda, to 0.97 instead of 0.88 as
it wasin the present test. As a consequence of this robustness increasing, the absolute congtraints on
the biomass concentration could no more be respected so tightly and the closed loop time response
will be dightly increased (see section 5).

Remark :

Asit can be seen on the bottom graph, there is some problem with the sensor of flow rate : from time
to time it indicates an abnorma vaue, congtant to 1.0 I/h all dong the tet.
It isrecommended :
to cancel the abnormal data through data processing;
or, if not possble, to soften this phenomenon by computing the average of the flow rate by mean
of the following datement in the main programme of the GPS before the cdl of the Ispc
subroutine :

ge_moy=average var(&qge real.vaue30);

asitisaready done for the biomass concentration.
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Figure8: UAB data from March 29" 0:00 to April 22" 24:00
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4.3.2 Model and process comparison

The figure 9, obtained on smulation by feeding the model with the process inputs (the measured flow
is smoothed to cancel the artefacts visible on the bottom graph of the figure 8), allows to compare
the modd and process outputs for the previous test. For this comparison, the biomass concentration
of the modd is initidized on the value of a steedy date process : 1 g/l, which is obtained on March
30™ &t 0:00 (i.e. t=24 h on fig.8).
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Figure 9: processand modd outputsfor biomass conc. and production

Between the beginning and t = 200h, the dynamics and the datic gains of the process (biomass
concentration and production) and of the internal model can be compared (blue and green curves for
the measure and moddl, respectively) : there is a dight difference for the dynamics and no difference

for the gans.
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At t = 200h, the process and modd outputs begin to differ : the evolution of the process is not
expected because there is no change of the measured inputs (light flux and flow rate). That shows
that a non measured disturbance appears at that moment. The control is unable to react as the
Manipulated Varigble is aready on its maximum congraint.

Remark: on the first graph of figure 9, the setpoint is not plotted (contrarily to what is mentioned).

5. INCREASE OF THE ROBUSTNESS OF THE CONTROL

The following study is done on the smulator of the closed loop system in order to choose a
compromise between the improvement of the robustness and the specified time response.

The dynamics of the Smulated process is modified so thet to create the oscillations observed on the
test : on the figure 10, oscillations are produced on the Controlled and Manipulated Variables
between t = 300h and t = 400h as it is on the actual process (figure 8, betweent =330 hand t =
428 h). In this smulation, the value of the coefficient of the reference trgectory, | , is equd to the
vaue of the present UAB test where | = 0.88 . The closed loop time response is as short as
possible due to the absolute congtraints on the Manipulated Variable (light flux).

As a generd rule, the robustness is improved by increasing the time congtant of the reference
trgectory. The best compromise has been obtained with :

| =0.97
The figure 11 illugtrates the behaviour of the closed loop system with thisnew vaue of | . Thereisno
more oscillation and the time response is dtill acceptable even if it is dightly increased.

A new tet with the new vaue of | = 0.97 has been requested to be done on the pilot plant at UAB.
Unfortunatdly a test has been done again with the old vaue of | =0.88 . This test is reported in
annex 4 where dight oscillations can aways be seen.
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Figure 10 : Smulated closed loop syssem with | = 0.88
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6. CONCLUSION

The tests of the new control software, done a UAB, show that the control is perfectly adapted to
the new process despite it is ten times as big as the process on which the control was eaborated
fird.

Two points are then validated :
the control itself which is proved to be generic and ready for an industria photobioreactor;
the easness in moving a new control module without any modification into the software of the
Globa Purpose Station.
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ANNEX 1

Light calibration
(conversion function)

A hijective function binding the light intensity 'Fr' and the 'light controller action' is built from the UAB
data (TN 37.2, p.22, April 1998) and isplotted in figure A1.1.

Given:
X : controller action (between 0 and 1)
y: light intensty Fs .

The expression of y function of x is:
y=ax+b*x+c
Theinverse function X versusy is:
X = (-b + (b? - 4*a*(c-y))"?/ (2*a)

with: a=289.0
b = 54.56
c=-24.19

The parameters a, b and ¢ are identified by means of aleast square method on the range :
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Figure A1.1: Bijective function binding 'Fr' and 'controller action'’
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ANNEX 2

Light calibration
(subroutine)

The previous subroutine of light cdlibration, lightcal, in the source file CtrISpir.c is replaced by the
following new one.
This subroutine can be tested by tst_lightcal whose source fileis appended.
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light calibration from UAB data (TN37.2 April

#i f ndef ADERSA

i ghtcal (REACT *react, int node)
#el se

i ghtcal (react, node)

REACT *react;

i nt node;
#endi f
{
/* The follow ng paraneters conme from ADERSA TN44.1 */
double a = 289.0; double b = 54.56; double ¢ = -24.19;
double ymin = 5.; doubl e ymax = 223.
double xmn = .2371; doubl e xmax = .8352;
double x, vy;
swi t ch(node) {
case CAL_FR
{
/[* FR determination ------------------------- */

X = max(xmn, nmn(xmax, act_|anp.val ue));
react->Fr = a*x*x + b*x + c;

br eak;

}

case CAL_ACT:

{

/* light controller action determination ----%*/

y = max(ymn, mn(ymx, react->Fr));
act_lanmp.sp = (-b + pow(b*b - 4*a*(c-y) , 0.5)) / 2. | a;

br eak;
}
def aul t:
{
display_error("Error in routine lightcal ...\n");
di splay_error("*** Programternm nated ***\n");
exit(0);
}
}
}
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Mai n progranme to test 'lightcal"’

tst _lightcal.c

Sept enber 1999
*/
#i ncl ude <mat h. h>
#i ncl ude <stdio. h>
#include "ctrlspir.h"

extern int lightcal ();

mai n()

{

REACT react;

short i;

/* initial value of Fr */

Fr.value = 0.

/[* printing results to screen */

printf("\t Fr controller_action\n");

for (i=0; i<=13; i++)
{
/* light action sended to output of P100 controller */
react. Fr=Fr. val ue;
| i ghtcal (& eact, CAL_ACT);
/[* printing results to screen */
printf("\t%2.5e %2.5e\n",react. Fr, act_I| anp. sp);
Fr.val ue += 20.
}

/[* initial value of Fr */

act | anp.value = 0.

/[* printing results to screen */

printf("\t controller_action Fr \n");

for (i=0; i<=10; i++)
{
/* light intensity sended to input of control routine */
| i ghtcal (& eact, CAL_FR)
[* printing results to screen */
printf("\t%l2.5e% 12. 5e\n", act _| anp. val ue, react. Fr);
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act _| anp.val ue += 0. 1;

}
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ANNEX 3

Remark relativeto the
ilHluminated surfacefraction f,

Up to now, f; was computed (improperly) in the sub-routine control_spiru by the relation :
fl = VOLUME_LI GHT / VOLUME_TOTAL;

the parameters VOLUMVE_LI GHT and VOLUME_TOTAL being definedin melissa.h .

What should be done, to be in agreement with the very definition of f, :
to remove the parameter VOLUME_LI GHT from melissa.h , if it not used sewhere than in
control_spiru;

to remove from control_spiru thefollowing Satement :
fl = VOLUME_LI GHT / VOLUME_TOTAL;

to definef, in melissa.h andto set it toitsred vaue.
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ANNEX 4

Test on the pilot plant at UAB
(from March 9™ to March 23'¢ 2001)

The test was done with the old value of | =0.88 (instead of | = 0.97 as requested).

Only the setpoint, the Controlled Variable (production of biomass) and the Manipulated Varigble
(light flux) are reported in the following figures A4.1to A4.3.

The setpoint and the production of biomass are the red and blue lines of the top graph. The light flux
is plotted on the bottom graph.

Oscillations still appear on a part of the test (figure A4.2).

On the figure A4.3, the shutdowns of light flux are due to power failures.
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Figure A4.1: UAB Test from March 9" to 14™
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Figure A4.2 : UAB Test from March 15" to 20"
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production : measurel-) set point levell (=)

Figure A4.3: UAB Test from March 20" to 23
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