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1) Problem Statement for Wastewater Treatment
Process Control

2) Comparison between PID and ANN
for a Nitrification Process

3) Comparison between PID9 Fuzzy and Neural
Control for an Anaerobic Digestion Process

4) Linear and Non Linear Model Based Control
of an Anaerobic Digestion Process

5) Conclusion



IK liequirememtH for the control nfniewii (1)

IInsensitivity to unmodified phenomena
* Neglected kinetics,
* Hydrodynamics in the reactor,
* Spatial distribution of the components.

;y to parameter variations
Kinetic constants for nitrifying bacteria

Organism

Nitrosomonas

Nitrobacter

Max. growth rate

0.46-1.86 (30 °C)

0.46-2.20

1.39 (32 °C)

0.284.44

Cellular yield
(Yobs gVSS/gN)

0.06

0.03-0.13

0.02

0.02-0.08

(g/m3)

10(30°C)
3.5 (25 °C)
1.2(2O°C)
0,06-5.6 (15-32 °C)

8 (32 °C)
5 (25 °C)

0.07-8.4 (15-32 °C)

KO2

(g/irf)

0.5 (30 °C)

0.3 (20 °C)
0,3 - 1.3

1.00 (30 °C)
0.50 (32 °C)
0.25 (18 °C)
0.25-1.3

Reference

(Painter 1977)

(Charley et al., 1980)

(Painter 1977)

(Sliarma 1977)



tl'Itl for the control system (2)

3 •• IMstwrbancc re

Short time scale events (e.g., cleaning of a tank),
Long time scale events (e.g., domestic wastewater in sea resorts, wine distillery
wastewater,...),

Load Load

Time Time

TREATMENT PROCESS

4 - System cim^tr

State constraints (e.g., oxygen tranfer),
Physical limitations of the actuators (e.g., pump capacity).



Ml <$w J/letmirememts for Process Control
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Sin and S,n

Software
Sensors

(eg., X, a)

Bias : AS, AP

Bias : AQ.

Actuators
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Pipe
It

ue to Hirmviie IIAo)iiimaiiw)B

Pure Struvite appears on the pump Original hole for the pipe

Pumps are very often used as main actuators



Control action Measurement to be regulated
(i.e., Input liquid flow rate) (i.e., Q in anaerobic digestion)
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Amony, PIT), adaptive control, optimal control,
? / »

% § %/&f M&rJ Ms&J y %~^

(according to our control objectives) ?
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Nitrification is the biological process in which ammonia (NH4
+) is

aerobically converted first to nitrite (NO2~) and then to nitrate (NO3~).

Two-step process with two genera of microorganisms involved

Nitrosomonas NH^ + 1.5O2 ^> NO2 + H2O + 2H

and Nitrobacter NO2 + 0.5O2 -^ NO3

+

Objective : Regulation of ammonia concentration in the output
Application : Piggery waste treatment



'Iwt vs hallan t.e, m.dHJin ifi

Organism

Nitrosomonas

Nitrobacter

r^max

(d-1)

0.46-1,86 (30 °C)

0.46-2.20

1.39 (32 °C)

0.28-1.44

^ o b s

(gVSS/gN)

0.06

0.03-0.13

0.02

0.02-0.08

Ks

(g/m3)

10(30°C)
3.5(25°C)
1.2 (20 °C)
0,06-5.6 (15-32 °C)

8 (32 °C)
5 (25 °C)

0.07-8.4 (15-32 °C)

K O2
(g/m3)

0.5 (30 °C)

0.3 (20 °C)
0.3-1.3

1.00 (30 °C)
0.50 (32 °C)
0.25 (18 °C)
0.25-1.3

Reference

[Painter 1977]

[Charley et al, 1980]

[Painter 1977]

[Sharma 1977]
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Input-Ouput Device Fluidized Bed Reator
(20 liters) On-Line

Ammonia
Sensor

Personal
Computer

Feeding Tank

12



u** twsH at the

Nil,:-
line measurementsi

• Recirculation flow rate
• Air flow rate
• Influent pH
• Reactor temperature
• Recirculation pH
• Recirculation DO
• Recirculation N114

1

Actuator
* Influent flow rate
adjustments:,
* Temperature
* Recirculation flow rate

Objective : To control the effluent ammonia concentration
at a certain setpoint, using the influent flow rate
as the manipulated variable 13
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ft Some, techmctd prohtems faced with the process

CHANGES IN INFLUENT N! I4' C

Influent at ambient temperature
1000 yr

^ 980 - -

1 960-

5 940 -I
G 920-

900 --

!K

Time (hour)

24 48 72

1000

^ 960

M' 9 2° •
-I-

840 "•

800'
0

aao

Influent at 7 °C

24

a a
a

48

Time (hour)

72

INI'LUHNT CAMUONATIi PRHCIIMTATION

Influent \yith only Influent with only
SO %/of bicarbonate 75 %pf bicarbonate

5,5
60 80 100 120 140 160

Time (hour)
100 120 140 160

Time (hour) 14
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100

o 80
•43

£, 40

o. 20

60

Slow clogging
PROBE CLOGGING

cleaning of the probe

80 100 120

Time (hour)

100

o 80
•-P

B 60

e 40

cl 20

Fast clogging

cleaning of

\
I

\

the probe

i—i
Time (hour)

| „ : , „___„„

140 15 19 23 27

BLHCTRICAL INTHRFBRBNCKS ROBliS

PL,

8.0
7.8
7.6
7.4
7,2
7,0
6.8
6.6
6,4
6.2
6.0

; ; j

' I" J J
! , /i*

Repositioning of electrical
solation of temperature probe

t t

I

^jnm^lhi
20 40 60 80 100 120 140

15
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iilll I m

A PID (i.e., Proportional Integral Derivative) controller is
an example of a feedback controller. It determines the
action (u) to be applied to the process in order to
minimize the deviation (e) of the output (y) from the
setpoint (ys), in the presence of disturbances (d).

disturbance

setpoint

(ys)
error

(e)
Controller

input

(u)
Process

K output (y)

u C Je(t)dt +
de(t)

0
dt

u0

17
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An artificial neuron is a mm \\h\mme fmnvihm which
transforms a set of input variables X| into an output variable z.

inputs

a

output

d

i 1

V a

r p
a

1

5(a)

1
g' it

r
a

a

18



The transformation of the x{ variables into the z variable is
governed by a set of parameters called weights (i.e., the

| parameters).

The process of determining the Wj parameters is often
called the training or learning procedure.

Learning can be a computationally intensive undertaking.
However, once the weights have been fixed, new data can
be processed by the network very rapidly.

19



Ill 'lidld qf mppllkmihmn fl'lidld qf mppllkmihmn for A

Broadly speaking, neural networks should be considered as possible
candidates to solve problems which have some, or all, of the
following characteristics :

There is ample data for network training.

It is difficult to provide; i\ first-principle model which is adequate.

New data must be processed at high speed.

The data processing methods need to be robust to modest levels of
noise on the input data.

20
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INPUTS HIDDEN LAYER OUTPUTS

x.

Xo

*• Y .

• Y,

o
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'he ueiiind iteiwmrk Ihamed

Two different artificial neural networks are used :
Q> one to model the process and to account for variations

(i.e., the ANN model)
\ one to decide about the best action to perform on the process

(i.e., the ANN controller)

Ys

ANN Mode

\%-'>
Y

M

u
ANN Conlrollor

Y

Process

Moving Window

TRAIN D A T A S E T _ 1

ANN .'Model

Y(t-n)'

Y(t)
U(t-m)

U(t)

Y(t+

Y( t - n)

Y(t)
U ( t - m)

Y s { t + 0 ) J

U(t)

22



of the predieiive controller
%muniri an mwMitwe neurm mowe.

Update of the
parameters of the

ANN model

ANN Mode)
Data collection:
Moving window

Process

ANN Controller

23



'mmuk&iimt) heiweejt a PI. mitii
(iukwtive ANN model

Setpoint (mg NH4 /1)

NH4
+ with PI (mg/1)

Qjn with PI (1/h)

NH4
+ with ANN (mg/1)

with ANN (1/h)

' •* ' •••{>" if •-,-; -

300 400 500 600

24
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! pir$M:emeH with time

Variation of the first order model parameters

J 0 - -

PI controller
60 -i

400 500

ANN based controller

50 •-

Input (ANN)
— Ouipul(ANH)

10

25
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No

TRAIN NETWORKS ON
PREVIOUS DATA

CAI.CUI ATI-:
CONTUOIJ ruotnvm

PUCDICTPI ANT
OUTPUT

| YM

E = |YM~YC|

PREDICTED
ERROR < TOLERATE!

ERROR ?

APPLY PI CONTROL

Yes

APPLY NEURAL
CONTROL ACTION

26
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Her

PI control Neural control

Command

; ;
•'I 1:

\./\ [
i, .- \

45
40
35
30
25
20
15
10
5
0,

1
0.9
0,8
0.7
0.6
0.5
0.4
0,3
0.2
0.1

0

Time(h) 10°

Output, Setpbint

o

50 Time(h) 10°

50 Time(h) 10°

150

V
150

150

Command

so Time(h) *»

Time (h)
1

0.9
0.8
0.7
0.6
0.5
0,4
0.3
0.2
0.1

0

:..T.YPe.

o 50 Time(h) 10°

150

150
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PI control ANN based control
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PI control

ANN based control
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Artificial Neural Networks
have been successfully applied to biological processes

both for Modetiwg9 Control and Diagnosis

%%J

\\t)()(\ o f n x p l i n i f mode

I AVA\'\\\X\)\ (adr ip ln l

M(;juiiuj*;I(;ss parameters
Stability not always jpian.uitocxl
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HHistory of II>\/ I///VV

1965 Seminal paper "Fuzzy Logic" by Prof. Lotfi Zadeh, Faculty in Electrical

Engineering, U.C. Berkeley, Sets the foundation of the "Fuzzy Set Theory"

1970 First application of Fuzzy Logic in Control Engineering (Europe)

1975 Introduction of Fuzzy Logic in Japan

1980 Empirical verification of Fuzzy Logic in Europe

1985 Broad application of Fuzzy Logic in Japan

1990 Broad application of Fuzzy Logic in Europe

1995 Broad application of Fuzzy Logic in the U.S.
2000 Fuzzy Logic becomes a standard technology. Main applications in data and

sensor signal analysis as well as multi-variable control.

33



Applications Study of the JiliilliPl in 1996

About 1100 successful Fuzzy Logic applications have been
published (an estimated 5% of those in existence)

Almost all applications have not involved the replacement of a
standard type controller (PIP,,.) but rather multi-variable
supervisory control

Applications range from embedded control (28%), industrial
automation (62%) to process control (10%)

Of 311 authors that answered a questionnaire, about 90%
state that Fuzzy Logic has slashed design time by more than
half

In this questionnaire, 97.5% of the designers stated that they
will use Fuzzy Logic again in future applications, if Fuzzy
Logic is applicable

^'wxy ll<<(P}*ic Will play n mm jap ft nde iff ((Uniind HB}*tM4WTin$* !

34



II Types of 'Uncertainty

Stochastic 1 Jiiccrtainty

S "The probability of hitting the target is 0.8"

lexical 1J M certainty

' "Tall men", "Hot days",...

We will probably have an overloading of the process.

The experience of Expert A shows that B Is likely to occur.
However, Expert C is convinced this is not true.

Most words aiiad evalliniatioHas we wise 5im our dbdily tirM

jaire mot clearly ?a mirdtmmmihn

ows Untilnffji??ninFJ to )re?asojin «MD f4Hoi a b s t r a c t lleveL
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l l ProhmMUtv and UmwHa&mtv

'• If •

"... a person suffering from hepatitis
shows in 60% of all cases a strong fever,
in 45% of all cases yellowish colored skin,
and in 30% of all cases suffers from
nausea

!%> • "• .••

mmwtememi emch other
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til* Set Theaty

38°C

(ISoolean) Set Theory Fuzzy Set Theory

38.7°C

40, rc

39,3°C

37.2°C

41.4°C

42°C

"Strong Fever

38°C

". s i

'Strong Soever"

37



Ill tl\
ti* Music HUementn of a f^uxiv Lome rlfi-riffi,

Mt¥w//://Mw

Measured Variables
(Linguistic Values)

Measured Variables
(Numerical Values)

Plant

Command Variables
(Linguistic Values)

JP £

Command Variables
(Numerical Values)

fines ie$if ant a tim^uiniUi leve*
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IKrowi muMimchmll tii lini^iilstlc values

1 J

ft/5

0

Example : if my temperature is 38 °C...

k.................... ,., . , .

T T
36°C 37°C 38°C 39°C 40°C 41°C 42°C

nih variable defiuen a r,tntcept 0/001' everyday language



'Hli S™ 2) inference

Examples:

#1: \l¥ temperature Is medium AiMIJ) p i / i s low THEN feed Jlow is

#2: 111̂1 oxygen is medium A N I) p i / is normal TMICN feed flow is normal

#3: 1F oxygen Is ^/g/t C IHil />// Is /iig/z '111 1KN feed Jlow is Ai

Boolean logic only
defines operators for 0/1

4
0
0
1
1

B
0
1
0
1

AA

0
0
0
1

livers a r.

Hike rules ^filke l^u synictm are the ulawn
40



lIHHlHflllli #•? - -w^,0fieaimn

o «

MS

le

Finding a compromise using the "center of gravity

Example : Rule #i => feedjflow is high (0,6)
Rule #j => feedjflow is normal (0.4)

o
0

normal high

30
Feed Flow [I/hJ

45

veryjrigh

60
!• MMi/k

41



lit! Application #.//:: J/Mrect Controller

The outputs of the Phzxy Lofjic system
are the command variables of the plant

- o

\ Sli-lltill|i; lleW.

IJnii'iii(!iiitit>

Command
variables

Measured variables

w rules induce absolute
42



Application WA :: Supervisory Control

zzy Lojfic controller outputs
vsfor underlying Pit) controllers

-o-i

r—O

; i

i l l 1 . . .

!(? mn

Set Values

Measured Variables

•-• I

-C-
JMBi»)

IMiiO) r -i

Ullu&nim Operator 'type Control
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wters
of a conventional P/D controller

Set Point Variable

H>
Iliw.

i,:$ illUiii \

Jii"

P

HO-

v3li§Command
variable

!Mht s 'i y ii i

Measured Variable

The ll(imxy f,o}*ic system analyzes the performance
of the PIB controller and optimizes ii
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Ucmiwn i\4 :: P)mxy Jl'ntervention

uzzy I Amu: controller and PIB controller in parallel

Set Point Variable

H>

; '3tlgfi->. 'A

III- .

IKiiv,-.fhii;iii(iiii

Command
variable

V

iMhim1

Measured Variable

miei'vemtiiPB of the ltf1mxy Iho^ic ((Imtitmlier iiniiP kw^e disturbances
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t i i l l l l l l
i i i i it ifi liirf plication :; $Uof»as regulation in AB processes

c

I

1
I
•8
II"
I

Macro-molecules

Hydrolysis B.

Monomers
Acidogenesis B.

Organic acids,
alcohols

Acetogenesis B.

Acetate
Mono acetogenesis B.

Aceloclastic
methanogenesis B.

Hydrogenotrophic
methanogenesis B.

CH4 + CO CH
46
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f) Structure of the (jntiroUei\

Fuzziflcation

2) Comparison with a Pi controller.

Experimental Results

Fuzzy
Controller

Inference

Decision

Inference
Rules

•^jrf%

15 20 25 30 35 40
0 A

Au

Time (h)

Au' Defuzzification

Control Surface

Au
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Wtk Hierarchical P'uzzy JHrect Controller

I) It allows to account for additional variables.

eQgas

AeQ
gas

pH

ApK

X

AT

Fuzzy
Controller

15 625 rules

AeQ

Au

Hierachical Structure:
52 4. 52 =

T

2) In the case of an organic overloading (made on purpose).

AT
Fuzzy

Controller
iv°5

AU5

7,4-

6
,2

Time (h)

— QmwithHC

4 S 12 16

Time (h)

2S
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IS j i f JIHred Neuronal Controller

Objective : Tip replace a classical controlle
P0i

'), phases : s \ A)Wi\\\\\\\ Itom ihe classical controlhi
^ .Switching on offlic! lu^iiral conirolh^r

Setpoint

gas Neuronal
Controller

Classical
Controller
(PID,...)

0 fNN

Qgas

Process

49



.Hill
iifi IWf Internal Model Nemronal Controller

Objective : To build a meural network based cmttmdler

Temperature(t)_

pH(t) -

q-i

q

Neuronal
Controller

Internal
Model
(ANN)

Setpoint(t+1)

Qeas'(t+i)-gas

50
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Dilution by 40 % of the
influent concentration

190 210 230 250
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I l# i BiMujrhGMwe Accomodatimi* Controller

Identification of the model

- ARMAX model
A(q)y(t) = B(q)u(t) + C(q)e(t)

- ARMAX to state space form

- Introduction of the dynamic of the disturbance considered
(actuator bias = constant)

Synthesis of an O VC Controller

- Principle min£iiT(k)Ru(k)
P.G k«0

under the constrainsts s^y^k) < cp.

Implementation on the Anaerobic Digestion Processt
55



Estimated Bias (I/h) Input Liquid
Flow Rate (l/h)

Output Gas
Flow Rate (l/h)

ON
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i> It Ilill lOiiiR ProUu-tllT

From
Mass

Balance

With

\Jd1

c -He -e )+k(kP +Z-C

' max 1
K c + S,

and \x2 — \xmax 2 /

V

i.e., limitation by organic matter)

limitation and inhibition by VFA)

2
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JiWi l!)\fi!iMi/iiUeMll IV1l0dr.ll, of the Ainnerruhik' ll))ii?»esiioini

The "AMOCO" Model (El) I<'AIR Project CT1198)

10 -
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o.. . . .

Chemical Oxygen Demand (gc

...... ^({

A
o |

XP
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o * - -/-Q - -

f . !) . - - O2 r - - - - -

10 20 30 40 50 60 70 80
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20 •

15 •

io •
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0 --

0
" 1 "*•

10

Volatile FattyAcids (minol/1)
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Time (days)
60 70 80

7.5 -

7.0 •

6.5 -

6.0 -

5.5 -•

5.0

pH (UpH)

U - _ _ _ to ^

l _ 1

\

I','

,

\

1 1

f
f

j

f

)

1

0 10 20 30 40 50
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70 ..r—
Total Inorganic Carbon (mmol/1)
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Time (days)
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/Dynamical Modal

From the initial model developped in 1997, 6 distinct sets of parameters have
been identified. Their range of variation is represented in the following table :

Name

k,
k,
k3

k4

ks

K
k7

ks

a
ft max 1
ftmax2
K,SI

K,S2
K.12

Meaning

Yield coefficient for COD degradation
Yield coefficient for fatty acid production
Yield coefficient for fatty acid consumption
Yield coefficient for CO2 production due to Xt

Yield coefficient for CO2 production due to X2

Yield coefficient for CH4 production
liquid/gas transfer rate
Henry's constant
Proportion of dilution rate for bacteria
Maximum acidogenic biomass growth rate
Maximum methanogenic biomass growth rate
Saturation parameter associated with S}

Saturation parameter associated with S2

Inhibition constant associated with S2

Min

7.80
268
12.4
273
315
19.8
16.0
0.30

0.50
3.72
5.28
16.0

Max

86.11
181.2
1814
230
1924
2696
500
26.7
0.50
1.40
0.85
10.7
18.0
25.0

Unit

gCOD/gX;
mmol VFA/g Xt

mmol VF A/g X2

mmol COj% Xj
mmol CO2/g X2

mmol CHJ% X
day"1

mmol C02/l-atm

day"1

day4

g COD/1
mmol VFA/1
mmol VFA/1

60



/ / i((p reguegulate a measured state in presence qf

pefimrhuiwrns in the t process "ipiU'fy

({> mmwrtawMes in the process kinetics

ami minr; parikd ktjbrmath^ ^n the
man- meminted state variables
(provided hf mt intermd Observer)
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ft f /(*•<Hani Uie neimnmrn In

"m. WWT1% t ie time-varying inputs of the process mm unknown

system is not observable
and classical approaches cannot be applied

Known inputs

Known boundary
input region

* V.

Classical observers
(eg. exponential observers) Estimated state

Interval observer
(the system's cooperativity

property is required)

\
Guaranteed
state interval

if the observer is coofwraiivc, iht1 csihncied sia.tr arc guaranteed to five within ihe estimated bounds
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Si = COD
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The regulated variable Sj(t) = COD(t) having the dynamics :

dSx _

dt

the following regulation law :

with

*

v

\

^

\

V ^1/^1 J

*

(i\ ^
1 v / ° 1

a, ̂ l (0
\ 1 \ / "~

\
X 1

V

1

if Sl(t)>Sl
SP

J

V x\ln J

fK S[n {t) if Sx{f)<S[SP

J

exponentially stabilizes S^t) around *S*!SPfor any X> 0 sufficiently small.
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Moreover, the following X and S:

Y
5

Jt=

ensure that D(0 > S > 0 V*

s1

s
SP

SP

sSP

SP

l)ynuile.(d sftihitH i

D *1 n
Is

s 1 , n*2
"T" JLJ 2s

if 51, {t) > S{
SP + s

It

<s

S

ie regulated variable in driven into a
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0.054 <

3.6

< 0.058

Ksl <3.8

7

Q 2
O S3

35

25

15

Uncertainty in
the process inputs

55

45

Uncertainty
on the kinetics X

/—̂

2
g.2

Q

th
e

.9
O

35

25

0.10

0.08

0.06

0.04

0.02

0.00

2.0

^ 1.6

2 0.8
G$ n A

Uncertainty
on the biomass

Start of the
control law

8 §
0,0

Set-point
changes rime (h)

Uncertainty in
the process inputs

Uncertainty
on the biomass

150

Set-point
change

170 190

Time (h)

210
66



! ih

fWk iAPiuiimwinm mm llniejvat Ilkmm

> A robust set-valued SI SO regulation law has been
proposed for a biological wastewater treatment process
whose behavior is described by a highly nonlinear
dynamic model

> This regulation law presented an excellent performance
keeping the regulated variable to its setpoint even under a
highly uncertain environment.

> This regulation law allows us to consider strong
disturbances (i.e., unknown inputs) for which the system
might be not observable together with uncertainties on the

1 " 4 * "I j i 1 *

vllit/1.1 via dilCJ CIO IJUv ijliMllahh

> Logical extensions of this approach (i.e., to the SI MO and
MI MO cases) are now under study based upon the same
philosophy.
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IWi Con elusions

It is very difficult to compare control approaches with only one criteria since
there is NO one best solution / It is mainly a question of the nature of the
perturbations that are to be accounted for and of the efforts (in terms of model,
control energy, money,...) that are needed to solve the control problem.

However, from our experience in "real life" processes, we would like to point out that:

- If the IMID Controller is satisfactory, it is the best solution,

- The Fuz#y T,of*ic allows one to obtain very good results without specific efforts
for the model,

- The Artificial Neural Networks are promising tools but it is important to have an
efficient training,

- The Disturbance Accommodating Controller is particularly attractive since it
makes the link between control and diagnosis,

- The JMon linear Interval Based Controller is very well adapted to
since it uses minimal information and since it is very robust.

•; It is iM.ifinin.iii in tteen in mind thai the sensors are ah
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Feedback control in
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Actuator

vtma

effect

1) Adaptive Controller 2) Open-Loop 3) Fuzzy Controller

3
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Setpoint = 0,2
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Time (h)

90 100
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ill! Ill and/or Advanced Instrumentation ?

[Q. jn
[CHJ

[pHin]

JTA]

[CODin pffjinc

(VFAin off line

[ATin off line

IA/TA

input #1

input #2

input #3

input #4

Qjn
Adaptive Qin

('*)

Fuzzy Qin

f fc'rfkluti

eed of a model
nowlod^c) ofiho input

(") calculations

(**) Advanced soiifior
(") No need ol'a model
("*) No knowledi'/; of'ihe inpn
(") Simple ealeulalion.s
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