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1. Some reasons far diagnosis

2. Diagnosis using analytical models

3. Diagnosis using heuristic knowledge

4. Conclusions and perspectives



.Process Control is mot only Optimality Calculation

The prime objective of a control law is
to help the human operator and to relieve him from, the tedious tasks

(that are sometimes not of the most interest) ...

lit i •

Example of the consequenees of a pipe clogging : the adjustable spanner is then the only "solution"
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Debit d'altmentation (l/h)

1) Problem in the input
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Physical System

(sensors, actuators,
process, control law)

Normal
Behavior

Residual
Generation

_A Frw// Detection
and Isolation

First
Principles

Mathematical
Models

Human r-4 Fault trees,
Expertise *-j KBS, Fuzzy Logic ...

Diagnosis

Creating hypothesis,
Decision,.,,

Ustorical Knowledge

Data Base
Statistical
Analysis
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limit Models

I) An Off-titiA", Application
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The prmtass Mined in Narhonne

Ifetewir

Raw industrial
distillery vinasses

Circular column
Up-flow fixed bed reactor

-3.5 m height,
- 0.6 m diameter,
- 982 liters of total volume.

Cloisonyl
- Specific surf. : 180 m2/m3

- Volume : 33.7 liters

'otal effective volume : 948 liters
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Model

From
Mass

Balance

x2

S

£Aui

E{Sl
2

C

With

k7[kgPcq +Z-CTIS2)+k4ju[Xl +k5ju1X2

i.e., limitation by organic matter)

and jLt 'max 2

•V
i.e., limitation and inhibition by VFA)



Ill
Dynamic simulations PS, experimental data (1997)
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• 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,

k8

a

r^maxl

K,SI
K,S2
K12

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 X}

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 S<>

Min

6.60
7.80
268
12.4
273
315
19.8
16.0
0.30
1.20
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

g COD/g X,
mmol VFA/g Xl

mmol VFA/gJ^
mmol CO2f%X}

mmol COJ%X2

mmol CH/g X
day4

mmol CO/l-atm

day1

day4

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

11
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In Februaiy 2000, no parameter set was found to correctly match the proces data.
Thus, ndrifi the parameters net from 1999, we decided to add the initial biomass
concentrations in the optimization criterion ;

min
0

vnorm ctnorm
ns 2 "™ 2

/ - I

\

subject to

and

13



fill losi; simulation results obtained in February 2000
(using the same working volume than in 1997)

Input of the process

Constant input concentration
hut changing input flow rate

&
2 20

1 , 5

I 1 0

/ ' " f\

0 10

r ii

Time (h)

20 30 40 50 60 70

Output of the process

1.5
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.W\ / \
0.51- V \ « ' \KfJ

Time (h)
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Measurement and simulation
of the COD concentration (g/1)
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0
0 10 20 30 40 50 60 70

Measurement and simulation
of the VFA concentration (mmol/l)

V V / (H

Tinie (h)
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X2

0 10 20 30 40 50 60 70

Measurement and simulation
of the methane flow rate (1/h)

10 20 30 40 50
0.200

Simulation of the J^ andJT2

concentrations in the reactor (g/1)

J(0)=1.0463 with X,(0) = 3.38 kg/m3 and X2(0) = 0.22
14
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A clogging of the process is suspected.

Both the initial biomass concentrations AND the active volume are
then re-identified in minimizing the following criterion (still using
other parameters determined from 1999 data):

( n

/ = min —6 n E onorm _ a norm ,
• 1

subject to 0 < <94

a norm

• * 7

with ^ = X2(0)

15



i\\ After optimisation* of the Initial bhrnimn concentrations
and of the active vein mi;

Input of (lie process

Constant input concentration
but changing input flow rate
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Output of Hit? process
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of the COD concentration (g/1)

0 10 20 30 40 50 60 70

Measurement and simulation
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Measurement and simulation
of the VFA concentration (mmol/1)

4.5
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3.0
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0,301

0.25
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Simulation of the Xx and X2

concentrations in the reactor (g/1)

llcforc : J(0> =1.11463 with X,(0); ; ?uM kfjm:i X2(0) : : (U2 kji/m-1 and V0|lt= •• 948 liters
Now: .!(()> =0.76:46 with X,(0) - 4.11 kp;/i< X2((») - 0.28 kf*/m3

 HIUI V - WA lltiwn
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'hiiiiifiii'll#I!#i Kmrn^hmiimtM. dvtvmmmthm of filte I URT

In order to verify our hypothesis (i.e., a clogging of the process), the
experimental determination of the HRT is realized,

A hydrodynamic study is carried out by means of tracer pulse experiments
(using lithium chloride) in March 2000. Two experiments were done (before and
after the washing).

A classical mathematical treatment was applied to the results. The Residence
Time Distribution function E(t) was estimated from the Li1 concentration as :

pit

And finally, the mean residence time was computed as :

17



SIM

Hit
iM

Normalised HOT)) curves of the reactor before
and after washing of the interstitial hhnmmn

•H

w

CD

• lie lore washing

• Alter washing

Plug-flow with short-cuts

CSTR

1 2 3
0 — t/t
Xj — 1/ L

•.••/.?>•• ••.•''•••••:':-'«**i:if>

'.Mi

., ;• . *,

f;

Originally, volume of the reactor = 948 liters

y , ,fter washing : 830 liters

Computed analytically : 595 liters
18



1 i l l
Fiiui Detection* Isolation and 1

itiMme Applications

P1Blf using simple analytical

1*1)1 using heuristic

II'D I using data-based

19
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Actuators

Process

(Control Icr

Sensors

Fault
Detection

_ > Fault
Analysis

te i-
Automatic Learning
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i he different nub- 'tasks of a supervision system
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% Fault detection systems

Objectives

Binary
Threshold

Model-has

» High sensitivity (fast detection)
>Low false alarm rate
• Indication of the degree of urgency

%wwj^*fy^
lime

time

twite

100

{0,100%} Q

iooJ

o

B
[0,100%] Q

10ft

fW'

co

[0,100%]
I '

ttmc

lime

^I^LJL^

tune
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(Din-lime Diagnosis lining Simple Analytical Models

Using a 5th order Mack box linear (A UMAX) model smelt as

*(* +

1,8081 1

-0,8094 0

0 0

0 0

0 0

0

0

0,3679

0

0

0

0

0

1,2268

-0,2330

0

0

0

1

0

x(k)+

0,5356

-0,5241

0

0,005

0,0048

«(*) pH(k)
1 0 1 0 0

0 0 0 1 0 <*)

i

5j

_ r 1

'j '

i n\
";"*; "I
~i i

' ["

r I
i :«

i X i 1
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ilti Om-Line IIHiigiwuk mini* Simple Analytical Models
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; heuristic
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//»////! how the process works
some expertise is available !)

// //.
k". COMU he ae
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immosis based on Process Knowledge
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llhmristh: homed 'Bia^

% Necessity ofmfime (ue., structure, function, behavior)
and multi-disciplinary analysis of the process

li", el

! ( • - , . ' • !

Anaerobic Dijicslion
Process

.ocal control loops
(i.e., regulation)

Sensors
Actuators

lJrocess I'aults
(l'l-)

Sub-Proress
l;aulls(SIM;)

Sensors and
Actuators I-a tills

(SlvAl-)

Knowledge on
liioloj'.y

Knowledj'.e on the
Process and on

Automatic Control

Knowledge on
Instrumentation
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IIM The fault Beieeikwti and Isolation scheme

Sensor Fault (SF): Degree of confidence about the information given by the sensor

Sub Process Fault (SPF) : Shows the presence of problems in local loops

Process Fault (PF): Indication of the importance of the SF and SPF faults on the
overall anaerobic digestion process

M < iivvr;ilu>

Si ' l

IM-

SIM' c \ : ihu : l ion
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l l i Structural Analysis at Sub-Process and Process Levels

/''ormqlisation ofsuhprocess interactions,

31



internal structure of the fault detection module

¥1 :^

Human
Operator

Measurements
from the process

Interface

Graphical
Interface

Procedural
Interface

Static structure (classes)

CMeasure

I
4>

CMethods

CFaults

>> LTZZJ > LZZZJ"
1 £3 |—

m ^

•••D-D-Dl
-•D-D-DS

•D-D

Other Softwares
(eg., MATLAB,...)
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module for S.I'1 detection
(i i it ft >/ f 0 'g M , O

AFr residual generaumt

ir>2 Mux

_3_

DtLS

Sip

d
Mean

±
Pi

J

FtS obs
SF

FIS obs
SF state

Mux

Ext,

Ext. Memofy2

!n3

[£LJ
Enable

>em«x

Oemux 1_
Saturationi

3F

FIS obs
SF filter

-KD
Saturation2

SPF res

Out2
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(ihmphieid (User Interface of the At<1Det Object

Temperature sensor | Heater Gas How meter I P H sensor I Liquid flow meter ] C02 meter I < \ \ I F a u l l s t o b e detected:

[• Save detection to lite
100

71.66

LJ
0.00

~1
80.00

R? Temperature sensor
P7 Heater
17 Gas flow meter
P pH sensor
(y Liquid flow meter
P C02 meter
P CH4 meter
I? Temperature sub system (1)
P Temperature Sub system (2)
P pH Sub system
P Feeding sub system
K? Temperature sensor

Recycled liquid temperature | Heater temperature Gas flow rate P H I Liquid flow rate j J L j j J " S P F t e m p

f7 PFgas

120

92.36

0.00
ime: 32.72

80.00

Simulation file:

E M T S T R S S H ^ Browse...

Pause Stop Close
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Comparison
¥amli Beieciwt,

Foam forming
at the output of the reactor

Output Gas Flow Rate (l/h)
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MM zzy Sf'\ SP/I/ and PI*'for the temperature loop

Recycled Liquid I W I I - . M . I I . . 1 ! ' i ••.'•)

Heater Sensor Fault (SF)

1820

Recycled Liquid Temperature Sonsor t-ault <8F)

("emperature Sub R-ocess Fault (8Pf:) Ternperatura FVocess Fault (Pf-')
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¥l\i SPf and Pffor the feeding

Input Lkjuki Flow Rate (l/h)
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'• 2

I) Problem with pHin
regulation in the feeding

Debit d'alimcntation (l/h)
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2) Antomniic n
ikv fvvjl flow (safety nile)

4530 4540 4550 4560 4570 45S0 4590 4600 4610

SPF d» circii,if...d<al.ilB100

4530 45>10 4550 4560 4570 4580 4590 4600 4610

temps (h)

!: 24 nr^ ! (wu* 39



SI'', S'PF and PV on the pill

pH{UpH)
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HHil iir A Ganeralisatwn of the approach

Foam
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| 0.6
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3
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Jin our llHoimli Jlhttectiom System

Each variable is connected to a specific Artificial Neural Network

The training phase is performed based on the results obtained during the fuzzy
fault detection previously achieved off-line.

Output Gas Flow Rate (%)

I I • • O
q « » <f « q
..* o o o o o

Change of 0RL(%)

Tuning of the Artificial Neural Networks Parameters
42



In our Fault Betevtion System

Once the training parameters have been determined, the Artificial Neural Network
is used on-line as a non linear black box model between the measurements and the
defaults.

In other words, from measurements such as :

13
goe
en

i.O

0.8

0.6

0.4

and that were not used during the training phase, the Artificial Neural Network
indicates at each sampling time a new fault indicator.

Main avantage: Comparison to thresholds has disappeared !
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Mid Neural Fault Detection
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Evaluation of the different ¥B'I approaches

1) The Fiizzv Logic :

- Is "robust" for fault detection (i.e., the number of
false alarm is minimized),

- Is very simple to use.

2) The Artificial Nettrom Networks :

- Are very well suited for on-line use,
- Allow an automatic learning (through recursivity).
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V

THAT fS ALL FOLKS ...

THANK YOU VERY MUCH
FOR YOUR ATTENTION !I!
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