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Introduction

L

®

- Objective of WWTP management
s Enhancing treated wastewater quality with min. cost

- Methodologies
s Attaching additional equipments
s Developing innovative processes
m Elevating the process performance = process control

- WWTP characteristics
m Liberal incomings and rigorous outgoings
= 100 many unknowns and unreliable/unrealizable sensors

m Bio—process
+ time-varying, nonlinear/stiff dynamics, multivariate,...
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Typical WWTP: Activated sludge process (ASP):

L

ASP: colloidal organic matters are degraded in an aerobic bioreactor

Inflwent Aerated tank Settler
walier - Etfluent water
= & g o
L BT 0
> a -3 -]
‘ o °a 1] -ﬁ 27 e
Reciroulated sludge Excess sludge

Advanced ASP: nutrients are removed by altering oxic and anoxic bioreactor condition
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Variables for ASP control

L

Meazsurement variables

Manipulated variables

VIVIVIVIVISERUR LY

flow rates in different plant units
BOD,COD, TOC

Phosphorus fractions

Nifrogen in ammonia, nitrite and nitrate
pH

suspended solids in different units
alkalinity

temperature

dissolved oxygen in different locations
air flow rates and air pressure

sludge levels

sludge flow rates

gas flow rates and temperatures

air flow rate and its spatial distribution
return sludge flow rate

waste sludge flow rate

additional carbon source for denitrification
chemical dosage pumping rate

feeding points for step feed control

Conventional controllable variables
DO, MLSS, SBH, pH, HRT, SRT

=
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WWTP control

=» Continuous process ID
= PID auto-tuning

= FB-FF control example
= Set point controller
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Continuous process |ID and PID auto—-tuning

N
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Inputs Outputs

T

Activated

Process Data

-

Identification

Why PID controller?
1. Simple
2. Robust
3. Familiar to operators

()= k020 =) +5 [ (0,0 =y +k,

Why process ID prior PID setting?
PID tuning parameters are depend on process dynamics

o
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Model or

Tuning Rule }—»T

Process
Information
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PID controlling procedure

N

L
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PID tuning steps
m Stepl. Process activation

£ 3

- What is the auto—tuning?
m automatic determination of step1-step3

®

Examples
= Step input > PRC = FOPTD - PID tuning rules

= Relay Feedback or P-controller input> G(jw) = PID tuning rules

m step?2. Process model generation (process dynamics)
m Step3. PID parameters calculation using tuning rules

= Any Activation Signal = high order model = model reduction = FOPTD or SOPTD >

PID tuning rules
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Conventional nonparametric ID: PRC

N

W
Good ID?
1. Accuracy
2. Simplicity
3. Amount of Information
4. Availability
5. Robustness
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0.0
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Auto—-tuning method #1: Relay

N

%

1. Astrom and Hagglund (1984)

2. Ultimate frequency data

3. Simple

4. No prior information on the process
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Auto—-tuning method #2: P—controller
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1. Yuwana and Seborg (1982)

2. FOPTD model

3. Prior determine the P gain

Process Output
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Experimental result of DO process ID
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Identification using integral transformation (Sung & Lee, 1998).
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Advanced control example #1: FB & FF

L

DO control by continuous time model predictive control and PID controller
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Advanced control example #2: FB & FF
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MLSS control by direct model reference adaptive control with PI controller

-

Xin(t) r(t) Gn(t) ‘ > Xa(t)
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Set—point controller(SPC)

N

" Objective
m Set—point decision for a feed—back controller
# Properties
s Controlled variables have ranges, e.g. 1<D0O<3; 1500<MLSS<3000
m Controlled process output has Gaussian distribution
m Disturbances are time—varying
m  Set—point of a controller exists in the process operation range

Constant set-point Violation rate

Max. operation limit> |

Min. operation limit > | . i VA iolation rate: 25%

\l
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SPC method
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Case study: SPC on DO process

N

Set—point YSp(k) ySp(t)
controller
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Monitoring and Data based DSS

=» Face chart monitoring
=» Data based DSS
=» Field application

/4
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WWTP monitoring

N

L

Motivation:

On-line data acquisition system makes data rich but information poor situation

pH, Temp, flowrate

| pH, DO, ORP, MLSS |

Inﬂuent 3: X X X X 4
Wastewater X - t iJ"l O —
T
#B|#C | #D|#E 7
Equalizati B 1Y
qualization |c——"—|£"'}1st Settling Flocculator
Basin Surface Tank = |

q1--—=-—fF—-=—=—=—======97

]

Biological Treatment
(Activated Sludge)

Thickening
Tank

S
Aerators
=

{ Chemical Treatment }

Environmental Systems Engineering Lab.
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j—"—-¢ Effluent
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Face chart : Data conceptualize

N

Objective:

Can huge data are to be mapped to familiar image?

Methodologies:

1. Direct measurements mapping to face chart

2. Scores of latent variables mapping to face chart (Multivariate statistics: T-squares)

@1
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Decision Supporting System

N
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Fuzzy rule based data search engine:

Adjust operating condition by fuzzy rule based knowledge base searching

Explanation
wiliny

@ <] Environmental Systems Engineering Lab.
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Fuzzy rule based search engine
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Face chart monitoring and DSS working

N

Monitoring
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Concluding remarks

L

b

- Essentials to control WWTP

Features of the process: Wastewater and WWTP characteristics
Process model for control: (non)parametric identification
Measurable, manipulatable, and controllable variables

Process model for prediction: activated sludge model no.1~3

Appropriate control methods: On-off, PID, State—feed back,

MPC, Adaptive, Optimal,..., etc.
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Part 2: Advanced topics

ASM and soft sensor
Multivariate model calibration
Wavelets

ICA

@ Environmental Systems Engineering Lab.
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ASM and soft sensor

=» Activated Sludge Model number 1

=» Model based soft sensor: respirometric
biosensor

@ Environmental Systems Engineering Lab.
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ASM and Respirometry

N

%
ASM1: Henz et.al., 1987

Particulate
biodegradable organic
nitrogen

aerobic anoxic
hydrolysis = hydrolysis

Soluble
biodegradable ®

organic nitrogen

. Readily .
Solub]e inert biodegradable Heterotrqp hi Autotrophi
organic matter bacteria utotropme
substrate aerobic aerobic bacteria
growth growth aerobic
growth

@ anoxic
growth

NH,;* + NH,
nitrogen

anoxic
growth

anoxic aerobic
hydrolysis hydrolysis

Nitrate +
nitrite nitrogen

D

Slowly .

Particulate biodegradable Pamcu.laZe products

inert organic substrate firom biomass decay
matter doath_
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Degradation pattern of C and N

L
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m XS = [Hydrolysis] 2 SS = XBH, XBA = [Decay] = XP, XS
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- Nitrogenous compounds

s XND = [Hydrolysis] = SND = [Ammonification] = SNH >
[Nitrification] = SNO = [Denitrification] = N2 gas

Environmental Systems Engineering Lab.
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Respirometric biosensor
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Simplified ASM1
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ASP model calibration results
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Multivariate model calibration

=» Latent variable regression
=» Number of factors selection
=»NIR spectroscopic data analysis
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Latent variable

N

L

@

- Measurements are the shadow of a few factors (latent
variables)

- Multivariate process monitoring/control focus on the LVs

®

Object

:> Measurel
£

3 . . . y!
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Measurements regression vs. Latent variables

regression
S
Ordinary least squares regression model Dimgv))= [[mrll(]]
Dim(X)=[m,
y=Xb+e x=UIZm" Dim(T,U)=[m,d]
_ Dim(V,P)=[k,d
= 0070+ = .p+e o=(/0.)'DD Dim(b)2tkcd]
ok A | Ll GO0 Dim(Sigma, Q)=[d,d]
b=NMv.lg b, =@i[§ﬂg brg = i — E: i =¥
; IEDI ’ i=1v o, ;V g, t+s = " Where, k>>d
Latent variable regression model

n d T g} n uT g) d
bpeg = Zvi : é v, @ bPCRﬁRR =)V : v, [P
i= O-l' = = . +S =

by :% A X =T’ o=(0" ) ' I

Number of latent variables selection

PRESS = i(y,. ~5.G)F  rRmsecy = |PRESS

5 0-5)

RMSEP =/~

n
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Case study:

N

Non-infrared spectroscopic data calibration

Calibration data set
23x800=18400

Fan e i e i arEmp

Factor number selection Validation results
23x4=92 Negligible difference
ﬂ. i
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Wavelets and |ICA

=»Wavelets
= |CA

Environmental Systems Engineering Lab.
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Wavelets

N
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i

- Wavelets means small waves

S :
/| f\

fo

| "

N
i A /I\ -
| \'r 'ILI,'* I"|J l/ '

Daubenchies1

Daubenchies2

Daubenchies3

@

Daubenchies4
Popular applications

m Denoising

+ Contaminated data with noise = robust problem occurrences

+ Filters(exponential, polynomial, median,etc)? Phase shifting problem, Spikes
|

handling problem,...etc. = wavelet denoising!

Multi-resolution analysis (MRA):See both tree and forest

o[ <
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Continuous and discrete wavelet transform

N

o
Fourier transform: projection of any signal onto sinusoidal function

F(w) = }x(t)@_iw’dt

Short time Fourier transform:projection of any signal onto windowed sinusoidal function

STFT (s, w)= }x(t)@(t —s)@ ™ dt

Wavelet transform: projection of any signal onto wavelet basis function
cwr(a, b} 1 () =_}¢:;b H)ar=(w,, 1 L)) w. wa—B wbOR, a#0

DWT: dyadic dilations and translations

=a/, b=k, W!; k,jOZ N []

Freaueency

Applications:
Denoising, Debasing, Zero crossing, e
Signal compression, Wavelet regression %

A

Ture Tire:
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Case study

N

%
Denoising example: hard thresholding, Daubenchies4 wavelet

a0 4 —l-IT—rl—---—-\. L :rl__._.. q | I| i | li o0

L | S T 0k

[= ]
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:-
l |
%] (41
—
|
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1 *“[J’*”MWM 1
, I : .
o 00 400 800 B0Q 19000 a 0 200 300 400 &S00 a 0 M 30 40 500 " 200 400 6&00 S00 1000
Measurements Wavelet coefficients Dominant coefficient Denoised signal
MRA example: altering scales from 1 to 4
B! ) I. -'\i.
i | i | i, | i i
f ] | | 1 ..-'-- | | 1 . | 'I 1
¥ ] e | ¥
scale4 scale3 scale2 scalel
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Independent Component Analysis

N

L

&

Principal Component Analysis (PCA) finds
directions of maximal variance in Gaussian

data (second-order statistics).

Independent Component Analysis (ICA)

finds directions of maximal independence @
in non—Gaussian data (higher—order : o @oo@
statistics).

Qo
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Case study: audio decomposition
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IC1

IC3

AT

ESP.

<

5

5
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Summary

N

L

b

- To set proper WWTP control strategy, we introduced...

m [Features of the process =2 introduction

m Control methods = WWTP control

s Plant wide process management = monitoring and DSS

®

- In addition to these,
= WWTP system characteristics = ASM and soft sensor
= Latent variable analysis = multivariate model calibration
m Signal processing - Wavelet

s Hidden factor analysis = |ICA

; \
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On-line
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Face chart monitoring method
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DSS
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Wavelets: Artificial signal
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Wavelets: Flow rate data
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AMUSE: Algorithm for Multiple Unknown Signals Extraction
1. Whitening of X: Z(t)=QX(t)=QIA[S(t)=B[S(t), where Q=D0-5[WT, [U,D]=eig{cov(X)}
2. Find the cross-covariance matrix:

- Rs(1) = E[S(t)S(t-1)T] where off-diag(Rs(1))=0, because S(t) and S(t) are independent.

- Rz(1) = E[Z(t)[Z(t-T1)"] = BRs(1)BT, where Rz(t) is symmetric

- Let Mz = 0.5FRz(1) + Rz(1)"}

3. Unitary transformation of Mz: Mz = VIdIN'", where [V,d]=eig{Mz}
4. Demixing: S™ = VIZ=VTQX
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