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1. Introduction

The aim of the study is to support EPAS in defining and tuning the level 0 control of the
liquefying compartment of the MELiSSA loop.

The selected control functions to be studied are:
temperature in the bioreactor

temperature in the influent and filtrate tanks
liquid volume in the bioreactor

pH in the bioreactor

pressure in the gas phase of the bioreactor
flow rate in the gas analysers

The optimisation and validation of the control are based on tests which can be realised:
e in simulation, which requires development of simplified models including:
¢ multi-physics models for the different parts of the pilot (thermal model for
temperature, thermo-fluid model for pressure, chemical model for pH ...)
¢ instrumentation models (sensors and actuators)
¢ environment models (disturbances)
¢ level 0 control models, derived from the PLC program
e on the pilot, in real operation conditions (meaning with the inoculum), and once the
automation and control functions are programmed in the PLC.

The aim of these tests is to check that the systems acts automatically like expected and
the control specifications are respected.

Both kinds of tests (in simulation and on the pilot) are to be performed. This report is
dedicated to the first kind of tests, and describes the models developed for control
evaluation purpose, and the simulation results. The validation of the models is done by
comparison between real measures and simulation outputs.
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2. System model for bioreactor temperature control
2.1. Pilot requirement

It is necessary to maintain a stable temperature, as fluctuations in temperature can cause a
disturbance in the bacteria population.

2.2. Process description

O

Bioreactor
R-R-01

— —— TS-R-01

T=65°C T=55°C
V=8L V=120L
Hot water

vessel double jacket

TS-R-02 —

= (@
50

HX-R-01

Figure 1: simplified process & instrumentation diagram for temperature control

The temperature is regulated by heat transfer between the reactor content and heating
fluid (hot water).
2.2.1.Sensors
Temperature in the bioreactor: TS-R-01.
Temperature of the warm water bath: TS-R-02
2.2.2.Actuators and manipulated variables

Heating via hot fluid (water):
¢ The temperature of the hot fluid (= 65 °C in steady state condition) is controlled by

an electric heater HX-R-01 (maximum power = 2 kW)
¢ The hot fluid flow rate is constant (20 L/min for 1.5 metres head)

No cooling device.
2.2.3.Disturbances
Temperature of the influent product (= 4 °C) which is fed semi-continuously
Temperature of the recirculation product from filtration
Thermal losses

This document is confidential property of the MELiSSA partners and shall not be used, duplicated, modified or 6
transmitted without their authorization
Memorandum of Understanding 19071/05/NL/CP



MELiSSA melicsn
Ce?
TECHNICAL NOTE

e Fluctuation of the ambient temperature
2.2.4.Control

2.2.4.1. Specification
e Max constraint = 60 °C
e Steady state set point =55 + 0.5°C
e Start-up set point = ramp from 20 to 55 °C (max ramp to be defined)

2.2.4.2. Control strategy
e A cascaded loop strategy is implemented in PLC Quantum (concept language):

Hot water
temperature —p| 1aster P ,| Slave eate
set point regulator regulator power
TS-R-01 TS-R-02
measure measure

Figure 2: temperature control strategy

e The control period is 1 min for both regulators.

e PI (Proportional Integral) regulators are used.

e The output of the slave regulator is sent to a PWM (Pulse Width Modulator) which
steers the heater HX-R-01.

Heater

Output Y On T_on = (Y/100)*1min
of slave
regulator ] PWM L
(0-100%) off >

T on

—>

1 min

Figure 3: temperature on-off control
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2.2.4.3. PLC code

FBLA &(1)
SAMPLETM FBI_8_3(2) FBI_ S 4(4)
PO PID1
#im[=—— INTERVAL Q EN EMO EN EMO —
— DELSCANS 0[=—— MAN 07— MAN
0[=—— HALT 0 =—— HALT
SCI_R_T_R_01_SP[=—— SP ¥ [——{=R_Temperaturs_PID1_Y e E—— =1 ¥ —~—=R_Temperature_PID2_Y
TS_R_01_aw[—/A PV ERR —{=T_R_01_ERR 9.11{3) TS_R_02_sw —A PV ERR — =T R_02_ERR
SCI_R_T_R_01_SP[=—— BIAS . ) — BIAS
1[=— EN_P QMAX |— SEL 17— EN_P QM&X |—
1—EN OMIN | 1— EN_I QM [
o=—— EN_D ERR_R_pH_BL_R_01_Inactive~—| G o-— EN D
0r=——o] D_ON_X R_Temperature_PID1_Y [-=—— INO — 0=—— D_ON_X
15.00—— GAIN SCI_R_T_R_01_SP[>——IN1 20.0=—— GAIN
#h[=—— TI #10m =—— Tl
— TO — TD
— To_LAG - — To_LaG
75.0[—— YMAX — YMAX w
00— YMIN NN | v N
5550 =—— YMAN MaSter — YMAN Slave
FBILS_10{5)
SAMPLETM FBI_S E(E) P ‘N}M
BWM
t#5e[~—— INTERVAL O EMN ENC a7(7)
—| DELSCANS  fperature_PID2_Y =——| X A7)
—R Y_POS AMND_BOOL
T_R_D2_PARA_PWM =——/ PARAY_NEG

——Hx_R_001
ERR_R_Temperature_Low_waterlevel [ =—-:

Figure 4: PLC blocks for temperature control
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2.3. Model

2.3.1.Structure, equations and parameters

The thermal model of the bioreactor and its environment and control is developed with

Simulink.
TS-R-01 : Temperature of the reactor (°C)
- TS-R-02 : Temperature of hot water (°C)
init_R_temperature plot_R_temperature HX-R-01 : Heater power (off/on) on=2kW
Thermal model
of reactor
! i
l _ Manu/Auto . MAN
1 [ > Wan 15R01 b >
Reactor v N aha
Fereean® TR0 | ©
HX-R-01
1 BIAS Tsroz PPV
Bias (°C)
! aan o e e O g e
1 %o Bm’s’_ o)
I T
Ti () Kp IHcI water tank + Reactor
75 600 T
1 YWAX erR 0.03074 — |
Max (°C) =
: T '
I Min (°C) Max (%) I
| il s |
emperature
setpoint Yman (%) Slave PIDI

1 in manual mode |

Temperature control functions

Figure 5: Simulator diagram dedicated to temperature control

The simulator is made up of two parts:

e The first part replicates the control functions which are programmed in the PLC:

2 cascades PID regulators

1 PWM which steers the heater

e The second part models the thermal exchanges between the reactor and the heating
fluid:

Three thermal capacities of fluid are considered (fluid in the hot water tank, fluid

in the double jacket, fluid inside the reactor)

One heat capacity is considered (wall between the liquid in the double jacket and

the liquid inside the reactor)

The considered heat flows are:

*
*

*

Heat source to the hot water tank coming from the steering heater

Heat transfer between the hot water tank and the fluid in the double jacket due
to the circulation of water

Forced convection between the double jacket and the wall

Free convection between the wall and the fluid inside the reactor

Heat flow during influent feeding

Various thermal losses with the ambient environment

This document is confidential property of the MELiSSA partners and shall not be used, duplicated, modified or 9
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:

HX R(M

011 to kW

Heater

Phi J/W (kW)

\

Pump

i

Heat Power (kW)

hermal
losses

Jacket - Wall

Double jacket
Hot water tank Thermal fluid
Thermal fluid capacity
capacit . . et ot
pacity Recirculation " Wall .
v Heat capacity
T Dble Jacket ("C)
Hot Vessel temperature (‘C) ﬁﬁﬂm Dble Jacket II
_ 3 [ I Wall T Wall (°C)
Flow (/mn) J da — 0
- [
o 'T v V! v
| "3 m
OO N B PN ﬁ@ e e
A

ﬁ

Heal Power (kW),

2
A

Free Convection
between

Wall & Reactor Thermal

losses

[

Recirculation from fitration
thermal losses (kW)

TS-RO1

T
Reactor temperature (°C)

— r‘

/Tnuuem [§)

Forced Convection Reactor
between Thermal fluid
Double jacket & Wall capacity

-

Reactor

FM

Feed flow disturbance
s)

Influent tank

Influent tank
Thermal fluid
capacity

Figure 6: thermo-fluid modelling

The parameters are listed in appendix 8.1.
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2.3.2.Validation
2.3.2.1. Static validation

In nominal conditions (i.e. with recirculation flow), both simulation results and process
measurements give the same operating points (see figures below):

Reactor temperature = 55 °C
Hot water temperature = 61.5 °C
Heater steering = 60 % = 1.2 kW

Time(0)=03-Oct-2006 21:01:0f
Time(end)=04-Oct-2006 08:59:0]
sampling=60]
TS-R-01 Reactor Temperature Reactor temperature: measure TS-R-01-AV & setpoint SCI-R-T-R-01-SP (red curve)
57 T T T T T T T T s7 T T T T T T T T T
= Measure
5 T S A R N TR | T T O RO B B S R
I I | | | | I | [ I I | | | | | | |
©
| | | | | | | | |
Bt e e e e et Ay Ey B
1 1 | | 1 1 1 1 |
o 0 e e e 20 20 20 a0 20 00
TS-R-02 Heating Vessel Temperature
T T T T T T T T
= Measure
o e
L ! ! ! L L ! ! N
ostF — —l—m— - — A4 ——+— — b~~~ ——— o — — + — —
| | | | | | | | |
B e T e e
1 1 1 1 1 1 1 1 |
G0 720 w0 10 e 20 20 260 260 280 300
Temperatures
I I I I T I I I I )
T T T T T T T !
o —-—-—--—- - -5 - - - - -—- - ===~ — TS-R-01
! ! ! ! ! ! ! — Wal temperature
,,,,,,,, [ [ — —|— — —| — —|= Jacket temperature
EES | | - + - I | T Jackelo
| | | | | | |
s [ I B e e e B B | |
5 1 1 1 1 1 1 1 1 1 ] | T — | T -
100 120 140 160 180 200 220 240 260 280 300 100 120 140 160 180 200 220 240 260 280 300
HX-R-01 Heater Power Recirculation from FU flow rate FS-F-01
12
2777\777\777\77\777\777\777\777\77%7 T T T T T T
| | | | | | | | 10 : . . : - - : . +
L it it Rt Sttt et Nt At At M 8- -
e e e el e i e i S ¢ The recirculation is the sludge return flow
| | | | 1 | | | | ab . . —
e
| | | | | | | | | L from the filtration unit _]
‘Co " ===~ T C- " -~ - ~3-~=-T~71 o . . . I . | | . |
100 120 140 160 180 200 220 240 260 280 300 100 120 140 160 180 200 220 240 260 280 300
Feeding valve position V-V-03
o. T T T T T T T T T
o I | | | | | | I I
T .
0z _ | | | | | | | | |
2 04 < | | | | | | | | |
06 ° | | | | | | | | |
o T T T T T T T T T
” 1 1 1 | 1 | 1 1 |
oo w00 12 10 te 18 20 20 260 260 280 30
Time (mi) Time (min)
EWC_R_Temperature EWC_R_Temperature: sherpa061004_1.xls

Reactor temperature operating points with recirculation ON
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With no recirculation flow, both simulation results and process measurements give the
same operating points (see figures below):

Reactor temperature = 55 °C
Hot water temperature = 56.5 °C
Heater steering ~ 20 % = 0.4 kW

TS-R-01 Reactor Temperature.
T

— Measure
sl — — — — b — setpont
| | | | |
o ; ; ; ;
| | | | |
Bl [
1 1 1 1 1
700 105 Mo 115 120 125 130
TS-R-02 Healing Vessel Temperature
T T T T
— Measure
s8l- — — — — oLl {— sepin
| | | | |
s - — = — e
| | | | |
p—_
| ] I | |
- | I I | |
T00 105 110 115 120 125 130
Temperatures
T T T T — TSR0l
— Walltemperature
sl — — — | I L L 1 _ _|— Jackettemperature
| | | | e
© ¥ = = ¥ =
! ! ! ! I
] ] ] ] ]
1 1 1 1 1
00 105 110 115 120 125 130

110

2 04

115
Time (min)

EWC_R_Temperature

Figure 9: simulation results

Time(0)=02-0c1-2006 15:01:0
Time(end)=02-Oct-2006 17:00:5}
sampling=10]

Reactor temperature: measure TS-R-01-AV & setpoint SCI-R-T-R-01-SP (red curve)
T T T

|
[
1
5 20

********* i ettt ettt Bttt s b
10 1 25 30 35 40
Recirculation from FU flow rate FS-F-01

12 T T T T T
0 — = — T e i R
8- — — — |———— - ———F ——— A==t ——— =
Eo———— N —_—___—,_—————e
4 — = — o
o — — — iy
0,
10 15 20 25 30 35 40
Feeding valve position V-V-03
T T T T T
| | | | |
o=ttt
| | | | |
| | | | |
| | | | |
T T T T T
1 1 1 1 1
10 15 E) 2 E) B3 a0
Time (min)

EWC_R_Temperature: sherpa061002_2.xls

Figure 10: reactor measurements

Reactor temperature operating points with recirculation OFF
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For a set point change of £1°C, both simulation results and process measurements give

similar responses (see figures below):

TS-R-01 Reactor Temperature.

Time (min)

EWC_R_Temperature

Figure 11: simulation results

Time(0)=03-Oct-2006 11:15:1
Time(end)=03-Oct-2006 13:15:0]

Reactor temperature: measure TS-R-01-AV & setpoint SCI-R-T-R-01-SP (red curve)
T

sampling=10|

Time (min)

EWC_R_Temperature: sherpa061003_2.xls

Figure 12: reactor measurements

Reactor temperature responses to set point changes

2.3.2.3. Conclusion: predictive capacity of the model
The responses given by the model are similar to the measured ones. Therefore, regarding
temperature control performances, the model is valid to predict the behaviour of the
process (the reactor) both to set point changes or disturbances.
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2.3.3.Simulation results
2.3.3.1. Performances related to set-point changes

The settling time within 95% is around 25 minutes, with a slight overshoot.

55.4
55.2

55
54.8

75

70

65

55

50

66

TS-R-01 Reactor Temperature
T

56.2 T T T T T T T T
I I I I I I I I —
Measure
56 : ~ | = Setpoint |
55.8 i A I
|
55.6 i IS I
O |
° ]
|
]
|
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8
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- TS-R-01
= Wall temperature
— Jacket temperature

EWC_R_Temperature

Figure 13: simulation of temperature set-point changes
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2.3.3.2. Performances related to disturbances
Feeding of 1 litre of product at 10°C makes the reactor temperature decrease by 0.4°C.

© 548

60 — — — — [ s = TS-R-01
o I I
© sl - ——— [ O S S N — Jacket temperature
[ : — TS-R-02

T
I
|
|
]
: —— Wall temperature
|
|
1

180 190 200 210 220 230 240 250 260 270 280
Time (min)

EWC_R_Temperature

Figure 14: simulation of product feeding (semi-continuous)
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A stop or restart of the recirculation from the filtration unit makes a £0.5°C change in the

reactor temperature.

= Wall temperature
= Jacket temperature

— TS-R-02
T T
I .
I |
240 260 280
T T
R S
| |
[
| |
] ]
e e R
| |
| |
e
I I
240 260 280
T T
| |
B e |
L
i i
| |
B e
[ [
| |
L L
| |
| I
240 260 280

EWC_R_Temperature

Figure 15: simulation of stop and restart of the recirculation in the filtration unit
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2.3.4.Conclusion

The performed simulations show that the requirements are satisfied: the reactor
temperature stays within 5520.5°C, for the main simulated disturbances.
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3. System model for bioreactor pH control

3.1. Pilot requirement

The pH must be kept between two limits:
e Too basic = methanogenesis
e Too acid = inhibition of the reaction

3.2. Process description

acid base
PMP-R-01 PMP-R-02
Bioreactor
= ° pH-R-01

o—|— pH-R-02

Figure 16: simplified process & instrumentation diagram for pH control

The pH is regulated by means of added strong acid (SN HCI) or strong base (SN NaOH)
contained in two bottles.

3.2.1.Sensors
The pH is measured continuously by means of two probes: pH-ROl and pH-R02
(redundancy).

3.2.2.Actuators and manipulated variables
Acid or base can be added with the peristaltic pumps PMP-R-01 and PMP-R-02. Their
flow rate is 1.6 ml/min.

3.2.3.Disturbances

e Influent flow rate (either acid or basic)
e The product in the reactor becomes naturally acid

This document is confidential property of the MELiSSA partners and shall not be used, duplicated, modified or 18
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3.2.4.Control

3.2.4.1. Specification
e Constraints:
¢ 5<pH<T75
¢ -A<dpH/dt<A
e Setpoint: 5.1 <pH < 5.4 (in steady state or transient conditions)
3.2.4.2. Control strategy
e A split-range strategy based on a PI (Proportional Integral) regulator is implemented
in the PLC.

Manipulated
flow rate
A

100%

0 » Pl output
-100 % 0% 100 %

Figure 17: split-range between acid and base

e The control period is 10 min.

e An on-off control is used, by means of PWM (Pulse Width Modulators), whose
maximum active times are 5 min. This prevents from continuously adding reagent.
The control period is 10 min, and the active time of the PWM is limited to 5 min: so
to avoid integral windup of the PI controller, the limits of the PI actions have to be

+50%.

Pump
. On T on = (X/100)*10min
Manipulated limited to 5 min
flow rate X PWM
—> —>
(0-100%)
Off >
T on
10 min

Figure 18: pH on-off control

e A dead-zone strategy is implemented. No reagent is added if the absolute value of the
error between the pH and its set-point is less than the dead-zone value (typically
0.03).
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3.2.4.3. PLC code

10.36 (13) be selecti
SEL Probe selection FBI_10_30 (1)
&« ) ACT_DIA
SCl_pH R _SEL—— G 10339 1 2{)( 10)
pH_R_010—— INC —pHR J LE_REAL ED ERR [—f=pH_low
pH_R_02>—1 IN1 SUB_REAL OTIME
pPH_R[——r
SCI_R_pH_R_01_SP[>——
pH_Dead_Zone[>—
FBI_10_34(1) FBI_10_35(6)
SAMPLETM SAMPLETM
w512y
t#10m=——| INTERVAL Q |—, t#5s=— INTERVAL Q AND_BOOL
—| DELSCANS —| DELsCANS
FBIL10_2(2) PH_lowl=— —PuP_R 02
PID1 R_pH_PIDT_Y[> EtR_R_pH_Locked PMP_R 02— BASE
L len  eno |- ERR_R_pH_R_01_High>—}
O MAN PH_R_PARA_PWM= PARAY_NEG [—FRR_R_oH_BL_R_01_Inactiver>— -
oL HALT o E— .
SCLR_pH_R_01_SP[: sp ¥ ~R_pH_PID1_Y PWM ERR_R_pH_R_01_Contact_Transmiite toevoegen!!! Split range
pHdz[>—— PV ERR [~—{>R_pH_R_D1_PID1_ERR 1048
BIAS D48y
EN_P QMAX |~ AND_BOOL
EN_J QMIN |—
EN_D CPMP_R_01
D_ON_X PH_high=>—— ACID
GAIN ERR_R_pH_Locked PMP_R_01[>—0 :
t#1200s>—— TI ERR_R_pH_R_01_Low—
— 1D ERR_R_pH_BL_R_D1_Inactive:
—| 014G ) LI
500> YMAX FBI_10_29(5) ERR_R_pH_R_01_Centact_Transmitie toevoegen
0 X ACT_DIA
0.0 YMAN 1022(4)
GE_REAL 1[>— ED ERR [—{=pH_high
t#2s[>—— DTIME
pH_RE>—| ACT
) REACT
10.32(3) SWITCH
ADD_REAL
SCI_R_pH_R_01_SP—| —
pH_Dead_Zone[>——
Figure 19: PLC blocks for pH control (1/2)
104014 ) SEL SEL
ADD_REAL pH_low = G pH_hight—— G
SCI_R_pH_R_01_SP[=—— IND IND ~pHdz
_R[= IN1 1M1
pH_Dead_Zone =—
A0.39(16)
SUB_REAL
pH_low: pH=5P-DeadZone --= pHdz=pH+DeadZone .
pH_high: pH=SP+DeadZong —= pHdz=pH-DeadZone pH_R™ Modified pH for
otherwise: pHdz=SP = dead-zone strate
P pH_Dead_Zone =—— gy
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3.3. Model
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3.3.1.Structure, equations and parameters

The pH model of the bioreactor and its environment and control is developed with

Simulink.
pH-R-01 : pH of the reactor
‘it R oH Dot R_pH PMP-R-01 : Acid pump (off/on) pH mOdel
it it PMP-R-02 : Base pump (off/on) f
of reactor
K
| . G | Tt T 1
@ MAN »|
I U Man J M | AND 5 1| PMP-R-02
7] . e P
Y_POS
1 = % N . f’-; . (s> 1
] H setpoint o % Y NEG o REACT 1 pHROT I »|[ 5151
1 I W W - ACT_DIAT |
Bias (%) >
! GAIN - F» AND cid gy p11p. 01 <pH_R_01]]
Kp
! oo e (o> !
I T REACT I
Max (%)
| [ o0 ] ortioh 1
1 0 ’—» YMAN L pHiow 1
1 ’—‘V sP 1
| |
| |

Figure 21: Simulator diagram dedicated to pH control

The simulator is made up of two parts:

[ ]
*
*

+ miscellaneous blocks to handle dead-zone

incoming influent product:

¢ The concentration c(t) of [H'] ions in reactor is expressed from an elementary

mass balance consideration:

de(t) 1
AtV

- c,:
Cy
Oa:
Os
C

in*

qin :

flow rate of the acid reagent (L/s)
flow rate of the base reagent (L/s)

flow rate of the influent product (L/s)

Oy - flow rate of the filtrate product (L/s)
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The first part replicates the control functions which are programmed in the PLC:
1 PID regulator
1 PWM which steers the acid pump or the base pump

The second part models the evolution of the reactor pH with added base, acid or

excess hydrogen ion concentration of the acid reagent (5 mol/L)
excess hydrogen ion concentration of the base reagent (-5 mol/L)

: excess hydrogen ion concentration of the influent product (mol/L)
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— V : volume of the reactor, considered constant (~ 100 L)

* A local experimental titration curve is used to convert the concentration c(t) to pH:

57 \ \ \ \ \ \ \ \ \
| | | | | | | | |

el - -No - - J L _________J___4t___L_______
) | | | | | | | |
| | | | | | | | |
| | | | | | ! |
55 | ) | | | | | | |
| | | | | | | | |

7Y N I
| | | | | | | | |
| | | | | | | | |

[ P PR I R N e A
| | | | | | | | |
| | | | | | | | |

Tool —— ol N A
| | | | I | | | |
| | | | | | | | |

AL — — - 1L N4 ob ]
| | | | | | | | |
| | | | | | | | |

] T R N S S N[ R S
| | | | | | ) | |
| | | | | | | | |

49 — — - L L o N e
| | | | | | | | |
| | | | | | | | |

7 i . N
| | | | | | | | |
| | | | | | | | |
47 I I I I I I I I |

-0.01 -0.008 -0.006  -0.004 -0.002 0 0.002 0.004 0.006 0.008 0.01

Concentration [A]-[B] (mol/L)

Figure 22: local experimental titration curve

The parameters are listed in appendix 8.2.
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3.3.2.Validation
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For a set point change of -0.1, both simulation results and process measurements give
similar responses (see figures below):

PH-R-01 Reactor pH

Time(0)=04-Oct-2006 09:00:2f
Time(end)=04-Oct-2006 18:05:0f

sampling=20

Reactor pH: measures PH-R-01 (blue), PH-R-02 (green) & setpoint SCI-R-PH-R-01-SP (red)
T T T T T T T T

Acid pump PMP-R-01
T T

(blue) & Base pump PMP-R-02 (red)
T T T

05 L e e B e I A M Bl Bl
: : : : | | | | | | | |
0 off t U U U t t t t
o 1 2 3 8 9 5
Added acid volume & added base volume H ! ! ! ! ! ! ! !
25 ‘ ‘ ‘ o — =k —— A== -~ — - ﬂ - — - -
e | | | | [ | |
S S N 5T 1w |
I el bl | | | | | | | |
Bl ot r_ 0 1 2 3 4 5 6 7 8 °
1 | |
B — — 4+ — — —— — —| Feeding valve position V-V-03
T T T T T T T T
% L ; ‘3 | | | | | | | |
L i B e e i i Bl Bl
1 i i i | | | | | | | |
H ‘ ‘ H g | | | | | | | |
05777\777\777\777\777\ | | | : ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
s, o . . . . . . . .
E T T T T T T T T | | | | | | | |
L | | | I | | I |
) | | [ [ [ [ [ [ [ 1 2 3 4 5 6 7 8 9
4 I | | I | | | | Time (hour)
o 1 2 3 4 5 6 7 8 9
Time (hour)
EWC_R_pH: sherpa061004_3.xls
EWC_R_pH . i
Figure 24: reactor measurements
Figure 23: simulation results

Reactor pH responses to set point changes
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3.3.3.Simulation results
Changes of set-point are simulated from an initial pH equal to 5.2. A discontinuous
addition of reagent during 4 hours is required to get an incremental variation of £0.07 for
the pH (total added reagent ~ 25 ml).
Note that every four hours, there is a disturbance due to the feeding product which is
more acid in this simulation (pH=5.0).

PH-R-01 Reactor pH

|

|

L
0 5 10 15 20 25 30 35 40 45 50
Time (hour)

EWC_R_pH

Figure 25: simulation of pH set-point changes and incoming product disturbances
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3.3.4.Conclusion
The performed simulations show that the requirements are satisfied:
e the reactor pH stays close to its set-point, for the main simulated disturbance due to
influent feeding;
e the rate of added reagents is small enough to have the pH move slowly to the desired
value after a set-point variation or when a disturbance occurs.
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4. System model for bioreactor liquid volume control
4.1. Pilot requirement

The liquid volume must be kept between certain limits for safety reason (in order not to
flood the gas and gas analysis loops, and not to run the filtration loop dry). The optimal
volume is near the maximum constraint (110 L).

4.2. Process description

( \ gaz pressure

PS-R-01
V-V-03 gaz
Recirculation T
PMP-V-01
liquid 4@_,_%13_“[, To effluent
. vessel
From influent PMP-F-02 V-F-08
tank
liquid pressure
._

\ ] LS-R-02

drain

Figure 26: simplified process & instrumentation diagram for liquid volume control

The volume is regulated by feeding at regular scheduled times (every 1 hour for
instance).

4.2.1.Sensors
The volume of liquid in the bioreactor (R-R-01-volume) is calculated from the pressure
measurements:
e (as pressure PS-R-01
e Liquid pressure LS-R-02
4.2.2.Actuators and manipulated variables
The volume is controlled by acting on the volumetric flow rate F_in from the influent
tank to the bioreactor:
e the flow rate through pump PMP-V-01 is 3.3 L/min;
e the 3 way valve V-V-03 is switched on (i.e. flow from influent to reactor) at regular
intervals of time.
4.2.3.Disturbances

The following disturbances decrease the liquid volume:
e Output flow F_out from the bioreactor to the filtration unit (continuous)
e Draining (discontinuous, happens rarely)
This document is confidential property of the MELiSSA partners and shall not be used, duplicated, modified or 2§

transmitted without their authorization
Memorandum of Understanding 19071/05/NL/CP



MELISSA MELISSA
<>

TECHNICAL NOTE

4.2.4.Control

4.2.4.1. Specification
e Nominal set point =100 L
e Max constraint =110 L
e Min constraint = defined by program

4.2.4.2. Control strategy
The volume is regulated discontinuously: at regular scheduled time (typically every 1
hour), the feeding valve V-V-03 is switched on until the calculated volume R-R-01-
volume is greater than its set point SCI-V-Feed-volume-SP.

Set point

Volume

\

Feed valve

I

Scheduled time

Figure 27: liquid volume control strategy

4.2.4.3. PLC code

36.11(1) 36.12(2) 36.13(3)
SUB_REAL MUL_REAL ADD_REAL
LS R 02— =R R 01 Volume
PS_R_01[=—— 12719 [ 16 236[=——

Figure 28: PLC blocks for calculation of liquid volume

Algorithm when feeding cantrol is in valume contral mode: Every time the

trigger activates the control, the bioreactor is filled to the setpoint Stop of feeding when
SCI_V_Feed_volume_SP. volume > set pOil’lt
The bioreactor is fed to a constant volume.
FBL4 42(7)
446(6) . . RS 451(12)
GE_REAL Feeding trigger AND_BOOL
V_Feed F_TRIG=>—— § Q1
R_R_01_Volume[=—— R1 — [—{=SCI_V_Feed
SCI_V_Feed_volume_SP[>——
SCI_V_Feed_mode_volume [==——]

Figure 29: PLC blocks for liquid volume control (1/2)
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424(5)
AND_BOOL :
- Feeding valve
SCI_V_Feed >—1 —=V_v_03
ERR_V_Valume_R_V_01_Low[>—

ERR_V_Pressure_Low[=—0}

ERR_R_Volume_Switch_under_liquid ==

SCIV_Feed_FEnable >——

ERR_R_Pressure_R_01_Pauze_feed[>>—-C
FBIL 4 54(3) FBI_4_56 (4)
F_TRIG TOF
V_V_03[>—— CLK Q IN Q
t#Es[>—+ PT ET (—
This triggers the semi-continuous feeding
429(1) 428(2) FBI4_57(13) . .
MUL_REAL REAL_TO_TIME SAMPLETM Feeding trigger
SCI_V_Feed_EnableC>—— EN ENO —
SCI_V_Feed_Interval_in_hours ->—— INTERVAL Q ——I=>V Feed F_TRIG
3600000.0[=>——| — DELSCANS
FBIL 4 63(14)
TOF
V_Feed_F_TRIG[=—— IN Q-
PT ET ——=V_Feed_Timer1

Figure 30: PLC blocks for liquid volume control (2/2)

4.3. Model

4.3.1.Structure, equations and parameters

The liquid volume model of the bioreactor and its environment and control is developed
with Simulink.

R-R-01-Volume : liquid volume in the reactor

V-V-03 : feeding valve Volume model

init_R_Volume plot_R_Volume

of reactor
1
1
1
, '
>= » 1
AND V-V-03  R-R-01-Volume > 98.34

Reactor
volume setpoint :
mef
1
1
1
1
———{noT | R —>E| !
1
1
1
1
1
T
1

Feed trigger
Reactor
SR
Flip-Flop

Volume control functions

Figure 31: Simulator diagram dedicated to liquid volume control

The simulator is made up of two parts:

e The first part replicates the control functions which are programmed in the PLC:
+ feed trigger at regular intervals
+ stop of feeding when the volume measure reaches the set point

This document is confidential property of the MELiSSA partners and shall not be used, duplicated, modified or 28
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e The second part models the evolution of the liquid volume with the input flow and
output flows (drain and filtrate production to the effluent vessel):

% = [qin (1) = Aarain (1) — Uitrae (t)] where:
— V : liquid volume (L)
q;, : input flow when valve V-V-03 is switched on (L/s)
Qurain - drained flow (L/s)
O firrate - filtrate flow (L/s)
The parameters are listed in appendix 8.3.
4.3.2.Validation

For a drain disturbance (~5 L), both simulation results and bioreactor measurements give
similar responses (see figures below):

Time(0)=03-Oct-2006 13:4
Time(end)=03-Oct-2006 15:4
sampling:
Liquid Volume in bioreactor Reactor volume R-01-VOLUME & setpoint SCI-V-FEED-VOLUME-SP (red curve)
101
100
L R e el e e B
- —F— -~ -~~~ =~ ——
- - === = =
= Measure
RN, I - E
95 — — —l—==l=-=
94— — — B . |
0 ! ! ! ! | I I I I
0 02 04 06 08 1 12 14 16 18 2
Feeding valve position V-V-03
T T T T T T T T T
| | | | | | | | |
Ll i el e e e e et e 1 D
- | | | | | | | | |
3 | | | | | | | | |
5
| | | | | | | | |
off , , , , , , , , ,
| | | | | | | | |
I ! ! ! | I | I I
o 0.2 04 0.6 08 1 12 14 16 18 2
Drained volume
K T T T T T T T T T
s — ; ; ; ; ; ; ;
L S B B
| | | | | | | | |
| e e e e i tetid Bl Bl Sl |
8 Y B B
| | | | | | | |
L2 il el et Bl et i Bl Bl Rt
o ! ! ! | I | I I
0 02 04 06 08 1 12 14 16 18 2
Effluent flow rate
& T T T T T T T T T
T D B B
| | | | | | | | |
65 — —hF — — - — == — == — == — == — == — —|— — —[— — |
3
L e e e e e e |
L N O PR B
I | | | | | | | |
5 I I I | | I I I I
o 0.2 04 0.6 08 1 12 14 16 18 2
Time (hour)
EWC_R_Volume EWC_R_Volume: sherpa061003_4.xls

Liquid volume responses to a drain disturbance
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4.3.3.Simulation results

A constant output flow rate of 10 L/day is simulated.

feeding is 2 hours. No noise is added to the measure.
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The interval of time between

Liquid Volume in bioreactor
104 T T T T T
| | | | |
! ! ! ! I| == Measure
102 —————— - - - - —— Setpoint
| | | | |
| | | | |
— 100 :
| | | | |
| | | | |
98— ——- - - - - - — . B —— 4+ - - - - = 4 - - - — - — 4
| | | | |
| | | | |
96 I I I I I
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Feeding valve position V-V-03
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| | | | |
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g | | | | |
S | | | | |
| | | | |
off . . . . .
| | | | |
| | | | |
I I I I I
0 2 4 6 8 10 12
Drained volume
6 T T T T T
| | | | |
5 —————— F---——- P o= e e
| | | | |
4 - === - o= - +-—-—-== - - ===
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EWC_R_Volume

Figure 34: simulation of liquid volume control with continuous yield

The decrease of liquid volume between two feedings is less than 1 L (which is obvious,
regarding the 10 L/day yield flow rate, and the intervals of 2 hours between feedings).

4.3.4.Conclusion

The performed simulation shows that the requirements are satisfied with the volume
control strategy based on feeding at regular scheduled times.
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5. System model for pressure control in the gas phase of
the bioreactor
5.1. Pilot requirement

A slight overpressure is required to avoid air input in the reactor.
The stability of the pressure is needed for the stability of the process.

5.2. Process description

PS_R 01 PS_G_04
V_G_07 V_G 08
. % —@—» out
Bioreactor PS G_01 R G 02
\Y 2
' G_29 . veos —b— G
AP=80mbar Buffer
Vessel N
N _@—’ Vgas=10L
2 — P=3 bars
PMP_G_01

I drain

Figure 35: simplified process & instrumentation diagram for gas pressure control

The gas pressure is regulated by active and passive loops in parallel:
e Passive control:
¢ flush of nitrogen N, into the reactor if the pressure is too low
+ release of gas outside the reactor if the pressure is too high
e Active control: an internal gas recirculation loop is used between the reactor and a
pressurized gas buffer vessel
5.2.1.Sensors

The following relative gas pressures are measured:

e pressure in the gas phase of the bioreactor: PS-R-01
e pressure in the gas buffer tank: PS-G-01

e pressure in the gas outside tank: PS-G-04

5.2.2.Actuators and manipulated variables

e Flush of N2 into the reactor with valve V-G-29

e Release of gas outside the reactor with valves V-G-07 and V-G-08

e QGas flow rate:
+ from the reactor to the gas buffer vessel by mean a compressor PMP-G-01
+ or from the gas buffer vessel to the reactor via regulating valve V-G-09
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5.2.3.Disturbances

e Draining which decreases the pressure

e Gas generated by the reaction

MELISSA
>

TECHNICAL NOTE

e Difference between influent and effluent flow rates (effluent is taken continuously

while influent is fed at regular intervals of time)

5.2.4.Control
5.2.4.1. Specification

e Relative pressure set point: ~ 80 mbar
e Constraints for relative pressure: min=0, max=500 mbar

5.2.4.2. Control strategy
Two parallel strategies are considered:
e The passive loop is always running. The relative pressure is regulated by flushing N2

or releasing gas, when the measure reaches specified thresholds. More precisely:

¢ A PID regulator is used to ensure the pressure to be higher than a set point (for
instance equal to 75 mbar). When the pressure is lower than the set point, N2 is
flushed into the reactor by opening V-G-29. When the pressure is higher than the

set point, the valve is closed.

Relative pressure
set point
75 mbar

—>

PID

regulator |

T

PS-R-01
measure

N2 valve
V-G-29

Figure 36: passive control acting on N2 flush

¢ A state graph is used to ensure the pressure to be lower than a threshold (for

instance equal to 90 mbar):

— Initial state: valve V-G-08 is close; valve V-G-07 is open; pressures PS-R-01

and PS-G-04 are equal.

— If pressure PS-G-04 exceeds threshold, V-G-07 is closed, then V-G-08 is being
opened during several seconds (for releasing gas); then valve V-G-08 is closed;

then valve V-G-07 is opened (to return to the initial state).

e The active loop is running when the compressor PMP-G-01 is switched on:

— As long as the pressure PS-G-01 in the buffer vessel is lower than 3 bars, a PID
regulator regulates the pressure in the reactor to a given value (for instance 80
mbar) through the valve V-G-09;

— When the pressure in the buffer vessel exceeds 3 bars, the valve V-G-09 is
manipulated (by another PID) to get the pressure in the buffer vessel back to 2.9
bars (hysteresis). In that case excessive pressure in the reactor will be reduced
by releasing gas (see passive control).
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Reactor pressure PID 1
set point ».. PS-G-01 <3000 mb
80 mbar regulator ., PS-G- mbar
PS-R-01 *._Recirculation _
measure A valve V-G-09 ~
Dufler vesse. PID 2 " PS-G-01 >2900 mbar
pressure set point —p) >
3000 mbar regulator
PS-G-01
measure

Figure 37: active loop control

e Remarks:
¢ Drawback of passive control: consumption of nitrogen
¢ Drawback of active control: condensation of water in the buffer and the
compressor, which raises problems at start-up, noises and vibrations

5.2.4.3. PLC code

FBI 280 3(2)
SAMPLETM
#50ms = INTERVAL  Q
— DELSCANS
2802 (1) FBI 280 1(3)
OR_BOOL PID1
EN ENO —
No_Tension_24YDC [ =>—— MAN
ERR_R_Pressure_R_01_Broken[>—— — HALT
75.00>—— SP Y ——{>=V_G_29_SETPOINT
PS R 01>—— PV ERR —
QMAX —
QMIN | —

Figure 38: PLC blocks for passive gas loop: action on N2 flush valve
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Procedure for release of gas production.

start_uulpl'at_gastop
]

Qutput GasLoop is activated by the variable 'SCI_Start_output_gasloop'setto 1.
start_passive_gasloop
—

Close Valve V_G_08

close_valve_G_08

If pressure, measured by PS_G_04 equals 110mbar, go to the next step

r_

G_Pressura_Control or 90 mbar

Close Valve V_G_07, wait 5 seconds
close_valve_G_07

Check if Valve V_G_07 is really closed, if Yes then go to the next step

T

-y

Open Valve V_G_08 en set a Puls to Variable ' Writer', wait 10 seconds

Open_V_G_08

Check if Valve V_G_08 is really opened, if Yes go to the next step

L

V_G_08_FB

) close V_G_08 and wait for ancther 10s
Close_V_G_08
J

Check if Valve V_G_08 is really closed

—
~V_G_08_FB
Start Writing of the Volume after it Valve V_G_08 has closed again

Go to the next step

Write Volume_GasEscaps_Total' to the "Volume_GasEscape_Total_Temp' variable

Open_V_G_07
J

I

~V_G_07_FB
Start Writing of the Volume in Buffer R_G_02 when both valves V_G_07 & V_G_08 are closed
Write1
Go to the next step
—

Count the Volume gasEscape of this cyclus to the " Veolume_GasEscape_Total' variable

Figure 39: PLC graph for passive gas loop: action on release valves V-G-07 and V-G-08
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To start up the gasioop, there are 2 PID reguiabions required. As long as the pressure measured by PS_G_01 1s lower than 3bar
the PLC regulates the pressure, (hrowgh the valve V_G_08, in the beoreactor 1o 100mbar relatve pressure (or 80mbar) 18515(8)

NOT_BOOL
. {=G_PS_G_01_%

When the pressure in the BufferVessel R_G_01exceeds 3bar the PLC focuses itself to keep the pressure in the BufferVessel constantly 3bar

AB5T (1) FBI_185 6(3) 18514 (5)
GE_REAL SR AND_BOOL FBI_185 2 (6 )
PID1
P5_G_01>—— 51 o & S Y1 ENO |—
3000.0[=—— £ — R PMP_G_01[=—1 MAN
1 1859(2) | ] == HALT
LE_REAL 80.0[>—— 5P Y —{=V_G_08
PS_R_01—F PV ERR |—
PS_G_01—ro 400> BIAS
2500.00=—— 1> EN_P  OMAX
1C——1 EN_I  QMIN (—
— EN_D
— D_ON_X
[RT= GAIN
i ¢ wsis[—— T
FBI_185_11(4) ™
SAMPLETM 110 186
100.00=—— YMAX
WEms = INTERVAL  Q ] 0.0 FMIN
DELSCANS 00— YMAN
18516 (7) )
AND_BOOL FBI_185_3(68)
- PIDI
——EN ENO —
PMP_G_01 == MAN
— HALT
3000.0—— SP ¥ == G_09
PS_G_01>—— FV ERR |—
BIAS
10— EN_P  OMAX [—
1I—— EN_l  QMN —
EN_D
— D_ON_X
10.00—— GAIN
E200s[=—— T
— T
— TO_LAG
100 0= YMAX
00— YMIN
00— YMAN

Figure 40 PLC blocks for active gas loop

5.3. Model

5.3.1.Structure, equations and parameters

The model of the gas phase in the bioreactor and its environment and control is
developed with Simulink.

The simulator is made up of two parts (see Figure 41):

e The first part replicates the control functions which are programmed in the PLC:

¢ 1 PID regulator and 1 graph for the passive strategy

¢ 2 parallel PID regulators for the active strategy (details on Figure 42)

e The second part models the gas exchanges between the reactor, the buffer vessel, the

nitrogen bottle and the exhaust compartment (see Figure 43):

+ Five gas volumes are considered (the bioreactor, the buffer vessel, the nitrogen
bottle, the exhaust compartment, and a volume for the gas generated by the
reaction)

¢ The valves are simulated by means of pressure drops (for simplification sake, on
the exhaust side, only valve V_G 08 is considered; valve V_G 07 and vessel
R_G_02 are not simulated)

¢ The compressor is simulated by mean of a flow source

¢ The considered disturbances are:

— Qas generated by the reaction which increases the pressure
— Leak which decreases the pressure
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PS-R-01 : Relative pressure in the gas phase of the reactor (mbar)
PS-G-01: Relative pressure in the buffer vessel (mbar)

V-G-29 : Regulated valve for N2 flushing

V-G-08 : On/off valve for gas releasing

PMP-G-01: On/off compressor

V-G-09: Regulated valve for recirculation from buffer vessel to reactor

init_R_pressure plot_R_pressure

S g

threshold for N2 flush

% [PSRO1
(0/100)

v

Y
- (mbar) = %
[PSRO1 [PV , PS-R-01 (mbar)
0/1
> (on/off) Reactor relative P (mbar)
BIAS
Bias %) PMP_G_01x [ Oy IpMP_G 01 (0/1)

AN compressor Sate % () () >

Xp > (0/100) Buffer vessel relative P (mbar)
T\ Reactor Gas Phase PSGo1]

Ti(s) PMP_G_01

ERR |—p>|
Max (%)
YMIN PS_RO1 V_G_09
Min (%)
Y MAN

Yman (%) PS_G_01

Passive N2 flush PID

Gas phase model
of reactor

Active control

PV

l A4

s e

threshold for release gas (mbar)

01
On Duration

%

Open duration ()
10 Off Duration

vatdaien ) pasvemieamoasomen - Pregsure control functions

B o e e e e R e S e —
\4

Figure 41: Simulator diagram dedicated to gas pressure control

setpoint
Y1
ERR »E]
Ma: 23
W v haan
Yman (%). active mode PID
>
3000 ;}
Pmax (mbar)  Relational ’—> c‘q"d >
Operator ol “H
— V_G_09
A4 .
witch
1] < A <threshold=0.5>
Relational sp
Operatort y R
: »[pv % > U

PS_G_01 Y2

BiAS

GAIN

YMAX  cpn _»E]

v MIN

Y MAN

Yman (%) active mode PID
when PS_G_01>3bar

Figure 42: simulated active control
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PS-R-01
Reactor (mbar)
GasPhase
= Pressure ref (mbar)
P 080
MF(kg/s) P reactor (mbar)
[— g —.
L - MF (kg/s_
o
Intemal P =
ntema Reactiog—y" +< o e
T o — <
: -
(1> :
)
(kg/s) Leak (0/1) Toak compartment
- o
[ 1 R g (R e G (el
MF (kg/s)__
r P N2 (mbar) § MF (kg/s) S | P out (mbar)
N =< vaie
N2Source s  — s %7/%&6-03
-
V-G-29 (0/100) V-G-08 (on/off)
PMI ﬁ,O‘
P‘ Vajve
V-g09
o S
PMP_G_01 (0/1) MF (kg/s) _ S s
Compressor flow +
[[TO056005] 4&-am in
e
MF (kg/s) __ Dh 4-{D V-G-09 (0/100)
V-G-09
P buffer vessel (mbar)
PS-G-01
ey [ |
©, g
-
Buffer Vessel
Pressure ref (mbar

Figure 43: gas phase modelling

The disturbances are merely simulated by constant values, tuned to give reasonable

pressure variations:
e the simulated generated gas mass flow is 10mg/s
o the leakage is simulated by an open valve with an equivalent diameter of 0.2 mm

The parameters of the simulator are listed in appendix 8.4.
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5.3.2.Validation

For a set point change of 5 mbar, both simulation results and process measurements give
similar responses.

Time(0)=04-Oct-2006 14:00: 1
Time(end)=04-Oct-2006 18:05:0(
sampling=10s|
PS-R-01 Reactor Relative Pressure Gas pressure in reactor PS-R-01

PS-G-01 Buffer Vessel Relative Pressure Gas pressure in buifer vessel PS-G-01

g Missing values: pressure ~ 2500 mbar

V-G-29 N2 flush valve Pump from reactor to buffer vessel PMP-G-01

onfoff

off

! T T T T
08— — — — — — -——1f-—-4-==--- e == ===
sl — — _ _ _ I 1 Lo __ ]
“rooooo I VA ’ | | | | | | |
oo m == - = R 72 L i B I At Rt B M
0 0‘5 1‘ 1‘.5 ; 25 1 L L L L L L L
Time (min) 237 2375 238 2385 Tm'sﬁ(r?"n) 2395 240 2405 241
EWC_R_Pressure (active mode) EWC_R_Pressure: sherpa061004_4.xls
Figure 44: simulation results Figure 45: reactor measurements

Gas pressure responses to set point changes (active mode)

Remark:

— Changes of £5 mbar is obtained within 10 seconds;

— The period of the Supervisory Data Acquisition is 10 seconds, which is too
slow to get all the rapid transitions in the variables. The actual measurement
period for the PLC is equal to the passive and active control period (50 ms), so
the control gets the rapid transitions.
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5.3.3.Simulation results
5.3.3.1. Performances with passive strategy

PS-R-01 Reactor Relative Pressure

2501

2500.5

2500

mbar

2499.5

2499

on

off

0.5

-0.5

leak

no leak

EWC_R_Pressure (passive mode)

Figure 46: simulation of a leak disturbance in the context of passive strategy

Nitrogen is flushed into the reactor whenever the pressure is lower than 75 mbar.
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PS-R-01 Reactor Relative Pressure
<]
Qo
€
PS.
2501 T T T T T
| | | | |
25005 - — — — — — — L S - - - - — - Lo - - - - L4
| | | | |
5] | | | | |
€ 2500 T T T T T
| | | | |
24995 — - — — - — — o= == - === |- === === [ Tt ===
| | | | |
2499 I I I I I
V-G-29 N2 flush valve
1 T T T T T
| | | | |
05— —————— Lo [ - [ 1
| | | | |
| | | | |
® 0 T T T T T
| | | | |
05F------- Lt - - ----- [ttt [ttt T
| | | | |
R I I I I I
V-G-08 gas release valve
T T T T T
| | | | |
onpb - —— - ——— I T J— [ JE
| | | | |
| | | | |
| | | | |
| | | | |
off —- - - = - - - = - - - —— - T
| | | | |
I I I I I
V-G-09 recirculation valve (from buffer vessel to reactor)
1 T T T T T
| | | | |
05— -————-—— Lo N - - b - R
| | | | |
| | | | |
® 0 T T T T T
| | | | |
05 ------- Lt - - ----- [ttt [ttt T
| | | | |
R I I I I I
Genereted gas
15 T T T T T
| | | | |
| | | | |
10 - - ——t === - ——— === e +- - === = —
@ | | | | |
g2 | | | | |
5L - f - - - IR T [JN IR Lo
| | | | |
| | | | |
0 i L L L L
0 20 40 60 80 100 120
Time (s)
EWC_R_Pressure (passive mode)

Figure 47: simulation of a gas generation disturbance in the context of passive strategy

Gas is discontinuously released outside the reactor to get the pressure lower than 90

mbar.
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5.3.3.2. Performances with active strategy

PS-R-01 Reactor Relative Pressure
90

T
: — Measure
| — Setpoint

mbar
0
o
T
|
|
|
|
|
|
T
|
|
|
|
|
|
|
|
|
|
|
|
_
|
|
|
|
|
|
I

80

75

2505

2500

8 2495
£

2490

2485

05— —-—--~- [ ToT T ToT T ToT T T TTT T

%
o

05 ------b----- L ____

onF=-=--- [ TTT T T T T T T T T

off

I I I I I
08F-----~- F--—---R------ Fom— - - - R

I I I I I

[ ! I I I
08— ==~~~ o N~—

& ! ! !

L e e e B YA

I I I I I
02F------ [t o= t-—-=-==-- t--—--—-—1F/---- 4 - - === =

I I I I I

0 ! ! ! ! !
0 20 40 60 80 100 120 140

Time (s)

EWC_R_Pressure (active mode)

Figure 48: simulation of set point changes

The V-G-09 valve is manipulated to set the pressure to its set point. The settling time is
around 10 seconds.
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PS-R-01 Reactor Relative Pressure

84
82
80
78
76
74

mbar

2500

2495

2490

mbar

2485

2480

0.5

-0.5

on

off

0.56

0.54
® 052

0.5

0.48

leak

no leak

EWC_R_Pressure (active mode)

Figure 49: simulation of a leak disturbance in the context of active strategy

With the active strategy (and a pressurized buffer vessel), no nitrogen flushing is needed
(compare with Figure 46).
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PS-R-01 Reactor Relative Pressure
90

T
=
85l _ — _ _ _ __ e L ____ o __ Setpoint | |

80

mbar

75

mbar

EWC_R_Pressure (active mode)

Figure 50: simulation of a gas generation disturbance in the context of active strategy

With the active strategy, no gas is released (compare with Figure 47), as long as the
pressure in the buffer vessel does not exceed 3 bars.
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PS-R-01 Reactor Relative Pressure

mbar

mbar

EWC_R_Pressure (active mode)

Figure 51: simulation of a gas generation disturbance with buffer vessel pressure reaching 3 bars

When the pressure in the buffer vessel exceeds 3 bars, this pressure is regulated to 3 bars,
the overpressure in the reactor is then controlled by means of gas releasing.

44

This document is confidential property of the MELiSSA partners and shall not be used, duplicated, modified or
transmitted without their authorization
Memorandum of Understanding 19071/05/NL/CP



MELiSSA mclissa
Ce?
TECHNICAL NOTE

5.3.4.Conclusion

The performed simulations show that the requirements are satisfied:

e For all the simulated disturbances, the relative pressure remains within its constraints
(0-500 mbar), in both active and passive mode.

e The active mode prevents nitrogen consumption, as long as the buffer vessel is
sufficiently pressurized.

Remark: The passive loop is always running; so even in active mode, N2 will be flushed
into the reactor if necessary (when relative pressure lower than 75 mbar).
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6. System model for temperature control in the influent
tank
6.1. Pilot requirement

The temperature in the influent tank has to be controlled in order to avoid:
e chemical reaction/limit biodegradation in the tank;
e frozen products in the tank.

6.2. Process description

<
Influent

tank

60L —

— &——— TS V.01
double
jacket

9

—— To bioreactor

HX_V_001

I
I
Cold fluid | =2 |
I

= ==| OCNETALO |m=m wm wm

Figure 52: simplified process & instrumentation diagram for the influent tank temperature control

The temperature in the influent tank is regulated by heat transfer between the tank content
and cooling fluid (glycol).

6.2.1.Sensors
Temperature in the influent tank: TS-V-01
6.2.2.Actuators and manipulated variables

The PMP-V-02 pump runs constantly (cannot be steered by the PLC). Only the cooler
can be steered on/off.

6.2.3.Disturbances
The temperature of the incoming products
6.2.4.Control
6.2.4.1. Specification
e Set point = 4°C
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e Min constraint = 0.5 °C

6.2.4.2. Control strategy
A PID regulator is used to regulate the temperature.
The control period is 1 minute.
The output of the regulator is sent to a PWM which steers on/off the cooler.

6.2.4.3. PLC code
FBI_30_11(3)

FBI_30_10(1) SAMPLETM
SAMPLETM

FBL30.6(2) 1#55_'_':.-:—_ INTERVAL  Q

#im=—— INTERVAL Q DELSCANS
— DELSCANS FID1 FBL30.9.(4)
—— EN ENO — = ]
1=—— MAN PWM
0C— HALT EN ENO |—
SCILV_T_V_01_SP[=——1 5P Y X
TS_V_01_AvI=——" PV ERR |— — R Y_POS |——==HX_V_001
50.0=——1 BIAS TS_V_01_PARA_PWMI>—— PARA Y_NEG [—
1—— EN_P QOMAX —
1=—— EN_I QMIN | —
0=—— EN_D
po>——] D_ON_X
-200=—— GAIN
#3I0mE=——mr Tl
— TD
— TD_LAG
10000=—— YMAX
00C=—— YMIN
1000=—— YMAN

Figure 53: PLC block for influent tank temperature control

6.3. Model

No model was developed because of the non availability of data and efficient cooling
fluid generator.

Nevertheless, the controller described hereinbefore (PLC code) is a standard and well
known structure which will be easily tuneable with the definitive hardware.
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7. Conclusion

The current study has demonstrated with the development of models that the control
strategies, with their tunings, satisfied to the requirements for the process.
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8. Appendix

8.1. Parameters of the bioreactor temperature control
simulator

%ACTUATORS PARAMETERS
% Heater HX-R-001
HX_R_001.max = 2; % kW % Max power

% Pump PMP-R-03
PMP_R_03.Qv = 20; % I/mn % Flow rate (for 1.5 m head)

%PROCESS PARAMETERS

% Reactor -----
Reactor.Diam = 0.4; % m % Diameter (internal reactor diameter)
Reactor.LiquidH = 0.8; % m % Height of liquid
Reactor.Volume = 1000 * pi * Reactor.Diam™2/4 ...
* Reactor.LiquidH; % litre % Volume of liquid (~100 litres)
Reactor .Pressure0 = 1; % bar % Fixed pressure
Reactor.TempO0 = 55 ; % °C % Initial temperature
Reactor.losses = -0.15; % kW % Thermal losses

% Heating Vessel -----
HotVessel .Volume = 8; % litre % Volume of liquid in hot water vessel
HotVessel .PipeDiam 9e-3;% m % Internal pipe diameter

% (From heating vessel to reactor)

11 0o

=

HotVessel .Pressure0 = 1; % bar % Fixed pressure
HotVessel .Temp0 = 61; % °C % Initial temperature

=

HotVessel .losses = -0.25; % kW

X

Thermal losses

% Double Jacket -----

Jacket.Thickness = 0.01; % m % Thickness (of water)
Jacket.Seq = pi * ((Reactor.Diam+2*Jacket.Thickness)”™2 ...

- Reactor.Diam"™2)/4; % m2 % Equivalent section of liquid
Jacket.LiquidH = 0.5; % m % Height of liquid
Jacket.Volume = 1000 * Jacket.Seq ...

* Jacket.LiquidH; % litre % Volume of the double jacket
Jacket._.Pressure0 = 1; % bar % Initial pressure

Jacket.TempO = HotVessel .TempO; % Initial temperature

% Forced Convection Jacket - Wall -----
FconvJdW.vel = (PMP_R_03.Qv*1le-3 /60) ...

/ Jacket.Seq; % m/s % Fluid velocity
FconvJW.DH = Jacket.Thickness; % m % Hydraulic diameter
FconvJdW.area = pi * Reactor.Diam * ...

Jacket.LiquidH; % m2 % Exchange area

% Wall (inox) -----

Wall.Thickness = 5e-3; % m % Thickness
Wall.Seq = pi * ((Reactor.Diam+2*Wall_Thickness)”2 ...
- Reactor.Diam™2)/4; % m2 % Equivalent section
Wall.Cp = 460; % J/(kg-K) % Heat Capacity
Wall .Density = 8400; % kg/m3 % Volumic mass
Wall .Mass = Wall.Density * Wall.Seq ...
* Jacket.LiquidH; % kg % Mass
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Wall.TempO = Reactor.TempO; % Wall initial temperature
% Free Convection Wall - Reactor -----
FconvWR.DH = Reactor.Diam;% m % Hydraulic diameter
FconvWR.area = pi * Reactor.Diam * ...

Jacket.LiquidH; % m2 % Exchange area

%SENSORS PARAMETERS

%ENVIRONMENT PARAMETERS

% Influent product (semi-continously feeding) -----
Influent.Pressure0 = 1; % bar % Fixed pressure

Influent.TempO = 10; % °C % Fixed temperature
Influent.Qv = 3.3/60; % 1/s % V-V-03 flow rate

% (from influent tank to reactor)
Influent. Interval = 4; % h % Interval between 2 feedings
Influent.Amount = 6.25; % 1 % Amount by day

Influent.tp = Influent.Amount ...
/ (24/Influent.Interval) ...
/ Influent.Qv; % s % Feeding duration

% Recirculation from filtation -----
Filtration.losses = -0.8; % kW % Thermal losses

%CONTROL PARAMETERS

Reg.dt = 60; % s % control period

Reg.up_pos = 100; % % % max value for positive PWM input
Reg.tmin = 2; % s % minimum actuating pulse time for PWM
Reg.tmax = 60; % s % maximum actuating pulse time for PWM

This document is confidential property of the MELiSSA partners and shall not be used, duplicated, modified or

transmitted without their authorization
Memorandum of Understanding 19071/05/NL/CP

MELISSA
>

TECHNICAL NOTE

50



MELISSA

8.2. Parameters of the bioreactor pH control simulator

%ACTUATORS PARAMETERS
% PUMPS ——-—-

PMP_R 01.Qv = 1.6e-3/60;
PMP_R_02.Qv = 1.6e-3/60;
% REAGENT -----

Acid.Cu = 5;

Base.Cu

1
[}
a1

% 1/s %
% 1/s %

% mol/1 %
%
% mol/1 %
%

Flow rate of acid PMP-R-01 pump
Flow rate of base PMP-R-02 pump

excess hydrogen ion concentration
of the acid reagent
excess hydrogen ion concentration
of the base reagent

%PROCESS PARAMETERS
% Reactor -----

Reactor.Diam = 0.4;
Reactor.LiquidH = 0.8;

% m %
% m %

Diameter (internal reactor diameter)
Height of liquid

Reactor.Volume = 1000 * pi * Reactor.Diam™2/4 ...

* Reactor.LiquidH;
Reactor.pHinit = 5.2;

% Titration curve -----
delta_ pH = 5.15 - 5.2;
delta_volA = 20/1000;

Titration.X

% litre %
%

Volume of liquid (~100 litres)
initial pH

% experimental pH variation
= % experimental added reagent (L)
delta_cA = delta_volA * Acid.Cu;

[-fliplr(logspace(-7,-2)) O logspace(-7,-2)]1"; % [A]-[B] (mol/L)
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Titration.pH = Reactor.pHinit + Titration.X * delta_pH / delta_cA * Reactor.Volume; % pH

Acid.eff
Base.eff

1;
1;

% dilution effectiveness for added acid
% dilution effectiveness for added base

% initial excess hydrogen ion concentration in reactor (mol/I)
Reactor.Cinit = interpl(Titration.pH,Titration.X,Reactor.pHinit);

%SENSORS PARAMETERS

% Sensor dynamic -----
pHprobe.tau = 20;

%ENVIRONMENT PARAMETERS

% s %

time constant

% Influent product (semi-continously feeding) -----

Influent.Qv = 3.3/60;

Influent.Interval = 4;
Influent.Amount = 6.25;

% 1/s %

%
% h %
% 1 %

Influent.tp = Influent.Amount ...
/ (24/Influent.Interval) ...

/ Influent.Qv;

Influent.pH = 5;

% s %

%

% excess hydrogen ion concentration
Influent.Cd = interpl(Titration.pH,Titration.X,Influent.pH);

V-V-03 flow rate

(from influent tank to reactor)
Interval between 2 feedings
Amount by day

Feeding duration

pH of influent

in feeding vessel (mol/I)

%CONTROL PARAMETERS

Reg.dt = 600;

Reg.up_neg = 100;
Reg.tmin = 2;
Reg.tmax = 300;

Reg.dtime = 2;
Reg.Dead_Zone = 0.03;
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% % %
% % %
s %
% s %
S %
- %

control period

max value for positive PWM input

max value for negative PWM input
minimum actuating pulse time for PWM
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tolerance time for dead-zone

pH dead-zone
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8.3. Parameters of the bioreactor liquid volume control
simulator
%ACTUATORS PARAMETERS

% PUMPS -—--—-

PMP_V_01.Qv = 3.3/60; % 1/s % Flow rate of influent PMP-V-01 pump
%PROCESS PARAMETERS

% Reactor -----

Reactor.Vinit = 100; % 1 % Initial volume of liquid

%ENVIRONMENT PARAMETERS
% Effluent product -----
Effluent.Qv = 6.25/3600/24; % 1/s %

PMP-F-02 flow rate

S

% Drain product -----

Drain.Qv = 5/60; % 1/s % drain flow rate
Drain.time = [12 13]*60; % s % time intervals for drain
% Sensor -----

Sensor.var = 0.15; % 1 % variance of noise

%CONTROL PARAMETERS
SCI_V_Feed_volume_SP = 100; % % volume set point
Reg. Interval = 2*3600; % s % Interval between 2 feedings

S

8.4. Parameters of the gas pressure control simulator
%ACTUATORS PARAMETERS

PMP_G_01.x = O; % 0/1 % compressor state

PMP_G_01.mf = 10e-6; % kg/s % compressor mass flow

V_G 29.dh = 1.0; % mm % Equivalent diameter for V-G-29
V_G_08.dh = 0.2; % mm % Equivalent diameter for V-G-08
V_G 09.dh = 20.; % mm % Equivalent diameter for V-G-09
N2.P = 5000; % mbar % Nitrogen pressure

%PROCESS PARAMETERS

% Reactor ----—-

Reactor.GVolume = 20; % litre % Volume of gas

Reactor.Pressure0 = 1080; % mbar % Initial pressure (absolute)
Reactor.Temperature = 55; % °C % Fixed temperature

Reactor.gasflow = 1.e-5; % kg/s % Generated gas mass flow

% Buffer vessel -----
Buffer.GVolume = 10; % litre % Volume of gas

Buffer_Pressure0 = 3500; % mbar % Initial pressure (absolute)

Buffer.Temperature 55; % °C % Fixed temperature
%CONTROL PARAMETERS

Reg.dtpas = 0.050; % s % passive control period
Reg.dtact = 0.050; % s % active control period
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8.5. Document evolutions

8.5.1.Issue 1/ Revision 1

Page/Section

p 11, Section
2.3.2. Static
validation

p13

p19, section
3.2.4.2, 3rd bullet

p 24, figure 25

p 26, section 4.1

p 27, section
4241

This document is confidential property of the MELiSSA partners and shall not be used, duplicated, modified or

Comment

According to figure 8, the re-
circulation is the sludge return
flow from the filtration unit. Could
you please confirm and adapt the
doc?

Could you please add concluding
remarks addressing the validity of
the model to predict the
behaviour of the hardware to set
point changes or disturbances?

Could you please clarify the
reason of the limitation of PI
action? Is it because of the
limited active time of the PWM?

For the sake of clarity, could you
please add the "+-0.03 dead
zone" on the different graphs of
the figure?

The liquid volume of the reactor
must be kept with certain limits in
order not to flood the gas and gas
analysis loops, and not to run the
filtration loop dry. Could you
please precise these limits (110L
to avoid flooding of gas loops -
OK, but the low limit?)?

Could you please give the value
of the low volume defined by the
program? Is it representative of
the "real" low volume limit
(intended to prevent the filtration
loop from running dry)?

MELISSA
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Answer

Yes, the recirculation is the sludge

return flow form the filtration unit.
The doc is adapted.

A conclusion is added addressing
the capabilities of the model to
predict the reactor behaviour.

Right: the control period is 10 min,
and the active time of the PWM is
limited to 5 min. To avoid the
integral windup of the PI, the PI
output has to be limited to 50%

The dead zone is now plotted with
the set point signal.

No information about the low limit
value has been given to Sherpa.

The low volume defined by the
program has not been written
down by Sherpa.
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p 29, section
4.3.1

p35, section 5.3.1

p38, section
5.3.2, remarks

p43, caption
figure 50

p45, section 5.3.4

p47, section 6.6

This document is confidential property of the MELiSSA partners and shall not be used, duplicated, modified or

All the flow rates mentioned are
not measured, especially the
drain flow rate. Could you please
clarify how these flow rates are
used by the control system? In
addition, Pressure measurements
are used to determine the liquid
volume. It would be good to
include the hydrostatic pressure
equation (Dp = rho.g.h) for this in
the dV/(t)/dt equation.

Could you please clarify the
equations used to model the
disturbances (i.e. gas generation
by bacteria and leakages)?

The measurement frequency is
apparently too low to get all the
rapid transitions in the varaibles.
Is this acceptable with respect to
control of the pressure in the
reactor? What can be done to
improve this
(hardware/Software/Code
modification)?

Typo: passive strategy should be
changed to active strategy.

What happens if there is for
instance no pressure in the buffer
(due to leak) and the active gas
loop? Is the passive gas loop
automatically switched on?

Could you please precise here
the amount of work to be
performed in order to validate the
temperature control in influent
and effluent tanks?
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1) The flow rates mentioned are
only simulated flows, and are not
used by the volume control.

2) The calculation of the volume
from the pressure measurements
is not included in the simulation,
because not necessary for control
performance evaluations.

Actually those disturbances are
merely simulated by constant
values, tuned to give reasonable
pressure variations:

1) for gas generation, the
simulated generated gas mass
flow is 10mg/s

2) for leakage, the loss is
simulated by an open valve with
an equivalent diameter of 0.2 mm

The period of the Supervisory
Data Acquisition is 10 seconds,
which is too slow to get all the
rapid transitions in the variables.
Actually the measurement period
for the PLC is equal to the passive
and active control period (50 ms),
so the control gets the rapid
transitions.

Right: the caption should be
"active strategy"

The passive loop is always
running, so N2 will be flushed into
the reactor if necessary (relative
pressure lower than 75 mbar).

The evaluated amount of work is:
2 days for tests & data acquisition
+ 2 days for analysis & reporting.

54

transmitted without their authorization
Memorandum of Understanding 19071/05/NL/CP



