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A Dissipative Approach to Control of Biological Wastewater Treatment Plants
Based on Entire Nonlinear Process Models

Hiroshi Ito
Abstract—This paper proposes an approach to control de- ) ) @ gCircuIat‘mn
sign of biological wastewater treatment(WWT) plants based on gg’;c::%lrg:rg' solfior

rigorous treatment of the complex mathematical models from
a nonlinear control theoretical viewpoint. Without resorting to
order reduction, localization and linearization of process models,
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this paper provides a promising avenue to model-based control =1  tank tank

w

design for necessary innovations of modern WWT. Fundamental
properties of the activated sludge WWT plant are investigated, (B)
and a dissipation property of the entire plant is derived from F Roturn =
precise integration of all components of the plant. For the purpose

of efficient removal of carbon and nitrogen, control laws are
proposed so that the dissipation of the entire plant is preserved
in the presence of control inputs. This paper demonstrates that
utilization of the natural principle, the dissipation, is very effective

in extracting compact global information of the large-scale plant,
and it enables us to accomplish a model-based control design
taking into account the whole behavior of the WWT plant.
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Fig. 1. Wastewater treatment plant in pre-denitrification layout.

and justify control strategies directly using the complex nonlinear
model depicting the whole behavior of the system.

The primary purposes of this paper are twofold. One is to
demonstrate feasibility of rigorous treatment of the entire biologi-
cal WWT plant from a control theoretical viewpoint. The other is
to demonstrate how we can design controllers directly using total
integration of detailed models. These novel standpoints enable us

Due to stricter effluent legislation set by various municipalities , 15 ayoid delicate issues of order reduction of complex models
and nations, essential innovations are becoming necessary for, iq avoid linear approximation for unnecessary technical sim-
control of wastewater treatment(WWT) plants. Activated sludge plification
WWT plants are the most common type of modern WWT. | {4 ayoid the use of linearizing control mechanisms which

The activated sludge process consist of numerous biochemical gre often wasteful and sensitive to parameter uncertainty and
reactions behaving nonlinearly. The reactions include mechanisms perturbation.

which are useful for reduction of carbonaceous materials and, 4 avoid unnecessary hierarchical structure of control consist-
other undesirable c_:ompounds in wa_stewater[l]. In_qrder to Qevelop ing of set point supervision and local controls.
_rellable_mathematlcal models having the capability of simulat- | design individual control laws taking into account the
ing activated §Iudge WWT plants, a task group was formed  penavior of the entire plant.
in the International Association on Water Quality(IAWQ) and
a simulation benchmark framework has been presented[9], [11yVe focuses on a property called dissipation, and a dissipation
Naturally, models of WWT plants become very complex ancgduation is calculated rigorously from the large complex model
involve huge numbers of variables, parameters, equations aHgscribing the entire plant. The dissipation equation is compact
nonlinearities. The development of automatic control based dfformation containing fundamental properties of the behavior of
the models have been very difficult although there are researchdf§ entire system. The dissipativity of thentire plant is a natural
who are aware of the necessity of model-based control design féPnsequence of combination of natural principles that govern all
essential improvement of WWT[10]. Automatic control has nevetdividual components of the plant. As one would expect, this
been installed in a satisfactory way that the full capacity of WwPaper obtains the dissipation in the form of mass balance held for
plants is utilized efficiently. the entire plant. This paper rediscovers the usefulness of the mass
It has been widely believed that the complex models gebalance for control design taking the plant globally into account. In
scribing biochemical reactions and sedimentation processes 4f¢ Pre-denitrification layout, control laws for carbon and nitrogen
very difficult to handle exactly for control purposes. Researchef§moval are selected so that the dissipation of the entire plant is
have been seeking reduced complexity models, and there ardrgserved even in the presence of all cont_rol inputs. Simulation
number of linear and nonlinear approximate models[5], [7], [Z]lresults are presc_anted to |II_ustr_ate the effectiveness of the control
[12]. Usually, models are eventually linearized when we computi@Ws designed via the dissipative control strategy.
control laws, otherwise control laws are constructed by focusing
only on individual local processes without paying attention to th |
behavior of other materials in other parts which may be affected

by the local controls. Recently, many control strategies have beenA task group of IAWQ and the European COST actions 682
reported in these directions. There are few studies which PrOPOZRY 624 conducted simulation studies of Biological WWT plants

H. Ito is with Department of Control Engineering and Science, Kyush&on_SiSting of bioreactors and settlers[9)], [11]. I.n their benc_hmark,
Institute of Technology, 680-4 Kawazu, lizuka, Fukuoka 820-8502, Japafictivated Sludge Model No.1 (ASM1)[3] describes each bioreac-
hiroshi@ces.kyutech.ac.jp tor, and Takcs model[4] simulates sedimentation of each settler.
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I. INTRODUCTION

M ODEL OF BIOLOGICAL WASTEWATER TREATMENT PLANT



TABLE |

STATE VARIABLES OF ASM1 settler, and leQQ, denote the rate of flow pumped at the bottom.

The model of thek-th layer describing the concentration of the

Description State variable _Symbol Unit j_th soluble componert is written in the form of
Soluble inert organic matter z S gCOD/m3 '
Readily biodegradable substrate 2 S gCcoD/m? dz x _ Qin Z ki — QKOUtZi w k=12...n (6)
Particulate inert organic matter z X gCcop/m? dt vg My PR o
Slowly biodegradable substrate 2 X 9CoD/ mz We use (6) for both upward flow and downward flow from the
ﬁcgve he:etrotrc;]phlg_blomass % );(BH gggg/ms point the inflow is coming into. The paiz in, Qin} is for
ctive autolrophic biomass % sa  gCOD/m the flow coming into thek-th layer. For layers below(above) the
Particulate products arising from biomass decay . . :
Z Xp gCOD/m? inflow point, the flovv_{avk,m, Qkin} comes fron_1 a layer right
Oxygen Z S gcop/md above(below, respectively). The pdig k, Qxout} is for the flow
Nitrate and nitrite nitrogen Z o gN/m3 going out of thek-th layer. For layers below(above) the inflow
Ammonia Z10 S\H gN/m?3 point, the flow {7k, Qou} goes into layer right below(above,
Soluble biodegradable organic nitrogen respectively). The real flowQ, and Qe appear in (6) as follows:
211 Swp gN/md
Particulate biodegradable organic nitrogen Qmin =Qe+Qu, Q1out=Qe, Qnout=Qu )
712 XND gN/m® i o
Alkalinity 713 SaLk mol/m3 The inflow from outside is supposed to be located at rith
] - ] layer, andz min represents the concentration in the inflow from
The dynamics of a biological reactor is modeled as outside. In the case of insoluble/particulate componentsktfe
layer model is written in the form of
S M@ Qw2 e D) @ ST :
4k ki k,out
w(t) >0, vt € [0,e) @ Gt T v BkinT o Ak Osik(Ec1 A (6)
zeR®, M=[m m - mp mg ] eR¥P @) Osi k(% 1.7 Zr1) <O if 21 =0 ©)
p1(2) z(0)>0, i=12..,13 0sik(0,0,0) =0, do0=0, Gn=0 (10)
z
r(z) = Pz:( ) € RS, r(0)=0 (4) Osi k(Z1: 2 A1) = Oik-1(Z-1, %) — Gi k(2 Z1)  (11)
: - >
p8(2) p1(2),p2(2), ..., p8(2) > 0, VzeRL3 Oik(ZZ+1) =20, VZze1 € Ry 12)

Each element of the state vectorepresents concentration of afo_r K=12,...,n. The Talacs mpdel emplonivk(.zk’szfl) _deter-
: éﬂlned by the double-exponential settling velocity function[4].

components considered in ASM1 is shown in Table I. The tim Remark 2: Jeppsson[6] and the COST benchmark definition
y ?9] employ (8) for a single scalar variable representing the sum

is denoted byt € [0,0) = R;. The vectorw(t) € R}® denotes ¢ all insoluble/narticulat s in theh | " stead
the concentration of components contained in the inflow entering;f all Insoluble/particulate components in ayer instead
each individual componert; . They assume that the ratio

the reactor. Positive scala@ andV denote the flow rate and f ts in the inflow is instant | flected in th
the volume of the bioreactor, respectively. The constant matrig COMPONENts in the inflow 1S instantaneously refiected in the

M is a matrix representation of stoichiometric coefficients, an&.p'"'ng and pumped ﬂO.WS' The hypothe3|s s not ratlonqllzed
since it neglects dynamics depending on the past proportion of

the functionr(z) is a column vector representation of nonlinear s T id this inad thi | 8
process rate[3]. ASM1 contains eight very complex process& mponents. 10 avol is inadequacy, this paper employs (8)

which are elements af(z). The matrixM has full row rank since §ept)arztel¥ flor ea}ch |n|c|i|y|d;JaI T;olu.blte/partl.culflte co.mglozg_ﬂt]
each process is defined and distinguished in such a way. ms(;aal ' 0 dun:pg‘g allz i toge Ietr' into a single ;/aﬂa 9e. r?
Remark 1:The model of the bioreactor borrowed from [3], model is adopted by some simulation environments in [9] such as

[9] does not exactly posses non-negativeness of state variabR%WBA'

although the real reactor certainly have the non-negative propert _Remark.3:The settler model borrowed from [4], [9] lacks .the
The variablez;g (i.e.Sy) does not remain non-negative becaus on-negative property which real settlers certainly posses. It is due

of incompleteness op; and p, which appear indzo/dt. This to the gravity settlinggs;x of insoluble/particulate components.

defect can be removed by simply introducing a switch mechanisfi®” K= 1,2...-,n. this paper replaceg x by
which turns off whenz;g reaches zero. It is reasonable naturally _ if zx=0
since it does not change dynamics in the positive domain. This i k(Z Zer1) :{ Ok (Z: Zs 1) otherwise

paper employa(2) and p(z) defined as This modification is physically natural, and it does not change
L7 0<Knew<1l, j=1,2 (5 dynamics in the positive domain. Thanks to this modification, all
Knew+ S\H variablesz y(t), i = 1,2,...,13 are mathematically guaranteed to
instead ofp1 org(2) and P2 org(2) defined by ASM1. Due to this be non-negative for ali under the initial conditiong; (0) > 0.
modification, all state variables are guaranteed to be non-negativeThe WWT plant considered in this paper is comprised of
for all t € Ry mathematically. Negative concentration ASM1biological reactors and a settling tank, which is illustrated by
produces has been also pointed out by SIMBA[9]. Fig.1. The number of bioreactors are two. It is, however, purely
In the recent studies, high-order integration of one-dimension&br concise presentation, and results in this paper are applicable to

models called layer models is accepted internationally as a tool fptant models consisting of more than two bioreactors. All variables
simulating settlers. Consider a settler whose volumé.id et the Qu, Qe, Qr and Q¢ of flow rate are non-negative. The effluent
settler divided intan layers fictitiously, and all layers are supposedQe satisfiesQe = Qw — Qs, S0 that we have a physical constraint
to have the same volume. We number layers from the top to 0< Qs < Qu. Letz,j, z,; andw; denote the concentration of the
the bottom. LetQe denote the rate of flow which spills out of the i-th material component of water contained in the anoxic tank,
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the aerobic tank and the influent, respectively. Mgt V, and  w. The outpute is usually defined as a vector through which the
Vs denote the volume of the anoxic tank, the aerobic tank anenergy is extracted from the system, so that

the settler, respectively. The settler is divided imtdayers. Let ne
Zjk denote the concentration of theh component in thek-th q(0.e) <0, vecR (26)
layer. For examplezs; 1 andzsin denote the concentration in the holds, Natural choices of the storage function satisfy
effluent and the wastage, respectively. The dynamics ofi-the

components in wastewater over the plant is governed by S(x) — +o0 as x| — 4o (27)

dzj T 1 since the stored energy should be unbounded for infinitely large
il r(za)+\7a {QwWi + Qczpi + Qrzsin— magnitude of the system state. The dissipativity with (26) and

(Qw+Qc+Qr)zai} (14) (27) guarantees global boundednes éér nil input w= 0. The

dzj +Qc+ dissipativity provides a more useful property that the bounded set
ditl =mr(z)+ w (aj — Z;i) (15)
b Z(c)= {x eR :8(x) < c} (28)

dzik  Qxin Qkout

gt = v BikinT =~ Zsikt Wsik(Zske1, Zsks Zokit) . el imvariant f 0. In oth ds. all traiectori

s s ke12..n (16 S positively invariant for ang > 0. In other words, all trajectories

wi(t) >0, VteR, T (17)  starting from.Z'(c) remain in the same set forever.
Zi(0) Ry, z,j(0)€Ry, Zjk(0) Ry k=1,2,...,n (18) X(to) € .Z(c) = X(t) € Z(c), Vt € [to, ) (29)

Qmin = Qw+Qr, Quout=Qw—Qs Quouwr=Qr+Qs  (19) 5 dissipative system does not generate energy internally. The

ik f1<k<m dissipativity also provides invariance sets for nonzerdndeed,
Zsikin = Zy, if k=m (20)
Zik1 fmrl<k<n Z(c,w) ={xe Z(c) :q(we) < 0} (30)

{ Osik(Zsk—1,Zsk: Zskt1) if 1€{3,4,5,6,7,12} s positively invariant. If.Z(c,w) is empty, we can often modify
Wsi k()= _ (21) g(w,e)<0in (30) appropriately. Although dissipation by itself may
0 otherwise not guarantee the existence of invariant sets for violently large

dissipative systems do not amplify disturbamcimternally at least.
Control strategy utilizing this favorable property is dissipative

control. Suppose that the plant (23) is dissipative in the sense of

Thirteen sets of the above equatiansl,2,..., 13 form the model
of the entire plant. The state vector of the entire WWT plant is

Z (24) and (25). The idea of dissipative control is to put the control
x=| z, | eR?®1N 7z c R 7z eR® zc R (22) inputuin the original system (23) without changing the dissipation
Z inequality (25). This strategy can be illustrated by
Following the2 prles\éious argument, we can verify that all compo- %( = f(x,w)+ Z WUk (31)
nents ofxe R26+13" take non-negative values for all keW
as
[IIl. CONTROL DESIGN STRATEGY &{f(x,w) +k€Zw¢’k“k} <q(we) (32)
This section presents the m_ain t_heoretical idea of control desiggre, W’'s are column vectors, and’s are scalars representing
proposed for the WWT plant in this paper. control inputs. The formula (32) does not provide specific answers
S of uy in terms of improvement of water quality. The inequality (32)
A. Dissipativity is a guideline for coordinating all inputg each other so that the
Consider the following general nonlinear system. overall behavior of the system is not internally destructive.
d _ . . .
dx_ . (W), e=h(xw) 23) B. Attenuating targets via positive control
dt It is impossible to take components away selectively from a

This system is said to be dissipative with respect to a supply ratdoreactor directly. We are only allowed to add substances or
g(w,e) which is a continuous function witlg(0,0) = 0 if there manipulate flow rates. There is no way to apply negative control

exists a continuously differentiable functi®ix) such that input to the reactor. This subsection explains that we are still able
to modify dynamics of target components in wastewater favorably
0<8x) (24) by adding positive control inputs.
0S The equation for a component; in a bioreactor with control
—= < s
ox Fixw) < g(w.e) (25) actionuy; at an integeii € [1,13] is in the form of
are satisfied for alk andw. Without loss of generalityf (0,0) = dz, ui(t)>0

m' r(z.) + {in and out-flow$ + u;, (33)

0 and h(0,0) = 0 are assumed. The inequality (25) is called gt — vt € [0, )

the dissipation inequality. The functio&x) has the abstracted _ . . .

interpretation of stored energy in the system, and it is called thENS tyPe Of supplementary componentinput is represented by (31)
storage function. The vectors and e represent the input and With Y whose elements ai@ except for an element which &

the output, respectively. The functiayiw,€) has the abstracted PUtling @ control in the dynamics af,; increases, ;. However,
interpretation of net energy supply from outside. The dissipativi'® contracting behavior df. j, j # i can be enhanced by forcing
system dissipates the energy since the stored energy is not larger 1© ke a value yielding more negativg r(z.) in

than the amount of net energy supplied, which implies that the dz. T )

system is not destructive internally. The energy is supplied through gt o m r(z.)+{in and out-flow$ (34)

5491



at the expense of changing behavior Zf,i # j. In fact, it is IV. DISSIPATIVITY OF ENTIRE PLANT WITHOUT CONTROL

achievable ifm(r(z.) has the following property. This section investigates a dissipative property of the entire
WWT plant. The dissipation is inherited naturally by many
inartificial systems since it is a consequence of combination of
natural principles. Mass balance which plays an important role in
modeling individual bioreactors and settlers[3], [13] is one of such
This inequality implies that largen, ; > 0 makesz, j decrease principles. Thus, sections of the WWT plant individually exhibit

mir(z)| < mr(z)
z,j=C Z.j=C

vz, eR¥\{z :mfr(z)=0} ifc>c (35)

faster or makes the trajectory ; bent toward the origin. If the dissipation in the sense of mass balance[13]. This section
‘ ' clarifies that the dissipative property does hold for the entire plant
u'(z*)|L,j:E> U'(Z*)‘L,j:g as one would expect. The rigorous derivation enables us to make

vz e R\ {z.:uj(z.) =0} if c>c (36) the most of the dissipative property in control design.

holds additionally, the attenuation af j is more effective. A. Dissipation equation

Next, suppose that a control inpuj in (31) is flow-rate of This paper proposes the total mass of all components in the
return or circulation. Flow-rate inputs are again non-negative sinantire system in terms of of COD, nitrogen and electrical charges
pumps are unilateral. Increase of an outflow which removes sulbas the storage function of the entire plant.
stances implies increase of an inflow which supplies substances. Ve D
Due to this flow balance, the vectap, corresponding to the  S§(X) :V(-jd)za%—vb(bzm——S z dzs_ (37)
flow-rate input uy consists of negative elements and positive &
elements, and the amount of them are balanced. In other words%—k = [ Zik Zsak 0 Zsisk | (38)
we have[l 1---1]y = O for @ of each flow-rateu,. Pumping ®=[1111Iixg 1+ixg 1+ixp 1 1+ 1-4; 11 1](39)

out components at a place brings an equallamount of incrga§ﬁe row vector® sums up all components in terms of COD
of the components at a.nother place. The existence of reactio trogen and electrical charges. The element®afre considered
hovn\:ever,rrp])rmgdﬁts usTr\]N |tfi1nwrays to ?ecr?senthe tc;tial Tm;orunt 85 conversion coefficients between different units. Supply of-the
Some components. The Incréase ol compo s viel fo ._th component in wastewater from outsideligw;, and the mass is
somel caused by introduction of a flow is useful for reducing . - o q by the effluent and the wastage flow@g— Qs)zsi 1+

— s)4si,

a component, j if it enhancesm}-'r(z*) in the sense of (35). i ) .
The argument in this subsection is justified only locally in theQSZS"’n' Thus, we define the supply rate of the entire plant as

sense that we only look &, ; andz, j in a tank, and we forget q(w,e) = CD(QWW— (QW—Qs)zﬁ_ﬂl—Qszs__yn) (40)
other variables in the same tank and other parts of the plant. We do T T T 41

. € [Zs’_717237 n} ( )
not take into account the effect of other reactors, settlers connected ) ) i ]
in a feedback way. Since local control has been common in contrEﬁSPeCt'\;(g'y- The function(w,e) defined by (40) fulfills (26) for
design of WWT plants. the idea described in this subsection @l €€ R The functionS(x) satisfies
not completely unique. The uniqueness of this paper is to employ S(0) =0, S(x) >0, Vxe R2+6+13n \ {0} (42)

dissipative strategy which renders the local control inputs effective.
and (27). It can be verified through calculation that our WWT

C. Dissipative control design plant is dissipative, and the dissipative inequality
This paper propose a control design combining the ideas de- d
scribed in Subsection 11I-A and Subsection 111-B. The objective of aS(x) <q(we) (43)

WWT is not reduction of all components in wastewater since we . . .
: A . . holds along the solutions of the entire system. More precisely, we
need to keep the bioreactors functioning. It is not asymptotic stabi-

lization toward zero either. The objective is to reduce undesirab%btamdthe following dissipative equation.

components, which we call the targets. The effort for the reduction Sy =d (VaMTr SviMTr +a(we 44
brings increase of other components as described in Subsection dtS< ) < a () +¥b (Zb)> alw.e) (“44)
IlI-B. Although a larger control effort aiming at reduction of The functionMTr(z*) is given by

a particular component seems to render that component smaller 1-Yi

seemingly, the complex interaction between processes and reactors cDMTr(z*) =-2 Y p1(z) —
may result in the increase of the targeted particular component 1 Hl—Y 457
that we try to (_jecr_ease. Therefore, controller des!gn only based 1+TSG) v H p2(z) — (\'(7_2) p3(z) (45)
on local dynamics is dangerous, and controller design should take : H A
the whole plant into account. From an economical point of view, p1(z.) = i ( S ) ( S ) ( SVH )XBH (46)
excess use of control efforts should be avoided. Excessive inputs Ks+Ss/) \Kon+So,/ \ Knewt+SvH
only raise the energy level of the system which is never used. The . S Kou S\o
energy should be supplied as much as it is consumed. To take P2(Z)=HH (Ks+ss> <KOH+SO) (KN0+S\10>
all problems into account, this paper propose a dissipative control S\H
design for the WWT control which is summarized as follows. <m)ngXBH (47)
« For each target component; which is required to be made SuH %
small, seleci so that (35) holds. p3(Z*)=ﬂA( ) ( )XBA (48)
« design non-negative control inputg(x) so that (36) holds Knr+Swh/ \ KoatSo
individually, and that (32) holds together. whereYy =0.67 and Yo =0.24 are stoichiometric parameterg,,

The subsequent sections show an appropriate choice of the stordlge” 0 @ndK. >0 are kinetic parameters. Note that we have

function S(x) and design individual control laws. oMTr(z) <0, Vz € Rf’ (49)
5492



Processes contributing to the negativity @me p, and p3 repre-  limit of wis inevitable since there is constraint on processing speed
senting aerobic growth of heterotrophic bacteria, anoxic growth aif bioreactors which has saturating characteristics. Fomanlyere
heterotrophic bacteria and aerobic growth of autotrophic bacterialways exists a constami(w) such thatz, _ 1(t) + 2z, n(t) < d
respectively. holds for allt e R.,.

The dissipation is a natural consequence of conservation of mass
and balance of flows. This section has reconfirmed its usefulness
Due toS(x) satisfying (27) and (42), the situation where waterfor obtaining compact information of a very complicated system.
becomes completely clean, and biomass and oxygen become

absent is represented I8(x) — 0. The other extrem&(x) — o
describes the situation where water becomes foul helplessly, and
biomass and oxygen become excessive. The inequtlily< S(2) Following the strategy proposed in Section lll, this section
means that the wateris cleaner than the water derives particular solutions of individual control laws. The control

From (44) and (49) it follows that the differential equation ofobjective is carbon and nitrogen removal. We want to reduce the
the state vectox € R2"13 has auniqueequilibrium atx=0for ~ concentration ofs;, Syn and Syo. Note that (32) is identical to

B. Behavior viewed from dissipativity

V. DESIGN OF DISSIPATIVE CONTROL LAWS

pure water influent, i.e., whem(t) = 0 andQy > Qs > 0 hold. The Vad Vi ® ®
origin x = 0 clearly satisfiesix/dt = 0. The converse is verified [Va bP WE e ]kezw Yk
by noting thatdx/dt = 0 implies dS(x) /dt = 0, dSyp(za, 2) /dt = <-0 (VaMTr(Za) +vbMTr(Zb)) (52)

d(Va®za +Va®z,)/dt =0 andd S(za) /dt = d(VaPzy) /dt = 0. An ) ) ) )
equilibrium at the origin is natural since all materials are washed '€ consumption ofyy and S by biomass is described as
away gradually. The uniqueness is favorable since it excludes the
existence of traps at undesirably large For non-zerow, the miof = _|XBpl_'XBp2_('XB+ )p3+kaSNDXBH (53)
deviation of the equilibrium from the origin is guaranteed to be mQr _ —*Pl— ip2+p7 (54)
continuous with respect tov. For smallw, the equilibria where
is trapped are not very far from the origin in the continuous sens@ccording to p3(z), the larger the dissolved oxyge® is, the
According to the dissipation equation (44), evolution of the totataster the ammoni&yy is consumed by the autotrophic biomass
mass depends on neither the return flQu nor the circulation Xg,. The process is called the nitrification. Accordingagqz) and
flow Qc. The flowsQr and Q. are recycle inside the plant. Every ps(2), the largerS, is, the fasterSs is consumed byXga and the
particulate/insoluble component usually satigfy; < Zsin Since  heterotrophic biomaskgh. If the oxygen is supplied, the anoxic
the gravity makes the component descend to the bottom of thgowth o, of Xgy is very small compared witpy (z) andps(2). In
settler. The magnitude of the negativity (49) consisting of Monodddition, in the aerobic circumstance where the oxygen increases
functions does not always surpass the inflQ@w. According to  the biomassXgy, the hydrolysis of entrapped organips(z) is
(44), particulate/insoluble components accumulate in the settigery small compared witlp1(2). Thus, in the aerobic tank, we
if Qs is zero. Disposal of wastage in the settler, (& >0, is  have (35) for each Ofy 10 = SyH and z, > = S with respect to

necessary for preventing excess accumulation. the oxygen inputi, g. The oxygen supply is modeled by
Under the condition ofv(t) =0 andQy > Qs > 0, dS/dt =0 d
holds if and only ifx belongs to the following set. ﬂ — mgr( )+ w (2&8_%38) +Upg (55)
Z%-1=%-2 " =Z%-n=0. ubs = KLa(Sosat — Z.8) (56)
2 ={ xeR25HI: 7, andz, satisfies (50) ’ s
. T .
{(So+Sv0)SsXaH +SoXaa) Sun =0. According to (55) andngr(z,) <0, the oxygenz, g=So is never

larger than the saturated dlssolved oxygen concentr@tg; > 0.
Although x=0 is not asymptotic stable, it is globally stable. In |nstead ofuy g, we manipulate the non-negative coefficiéq(t)

the case ofv(t)=0 and Qy>Qs>0, the setZ(c) is positively  for geration. Using (52), we choose a control law of aeration as
invariant for anyc > 0. If x(tg) € Z(c)\ 2 holds at soméy e R,

there existd < c and T > tp such thatx(t) € 2 (d) holds for all Uo(Zp) = k0121—YH
t € [T, ). We can useZ’(c) to characterize invariant sets even for Y
non-zerow by definingl as the infimum ofa such that

p1<zb>+koz(4‘Y—i7 72) ps(z) (57)

. Uo(Zy)
KLa(z,) mln{ Sy Kosat} (58)
where0 < ky; <1 and0< kgpp <1 are parameters which can be
holds. It is verified that such> 0 exists if there exist constants tuned by operators. The numbe€g sa > 0 represents the inevitable
e>0and0<g<| such that limitation of the oxygen transfer rate due to a compressor. The

control input (56)-(58) satisfies (36) in the sense that lafgy
Ie{256810}{2611( ):20i()} = € Spart = @ (Vaza+Wozo) <9 (51)  angs;imply largerup g. It is stressed that the dissipation inequality

(43) holds in the presence of the aeration. The aeration coefficient
are satisfied for all € R and ifw is sufficiently small. The vector K_a and the oxygen supplyi, g are non-negative all times.

0<® (VaMTr+VbMTr> +q(we), Vxe {xe RZHNgix) < or}

®=[101100%ixp 00011 1isselection 0§, X, Xs, Xp, The variation of the nitrat&yo is described by

Sup, Xnp and Sy which do not contribute to the dissipativity. v

The set.#(c) is positively invariant for anyc satisfying c > mir=— p2+ p3 (59)
I(w,e,g). The thicker the influentw is, the largerl is. The 2.86Vh

requiremente > 0 implies the necessity of minimum amounts of In order to enhance the denltrlflcatlon process(decreas® oY,
Xeas XBH, S0, S andSyy to keep bacteria acting. The requirementthe increase of readily biodegradable substfatis effective in an
g > 0 implies the necessity of wastage disposal for preventingnoxic circumstance since it rendeggg(z) large. Note thaips is
accumulation. For the existence of positively invariant sets, theero in the absence &. Thus, in the anoxic tank, we have (35)
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for zy 9 = Syo Wwith respect to carbof) input us»>. We utilize underSo = S = 0. As described in Section 1V, the presence of
(52) again, and a control law of external carbon is obtained as non-zeroSy, Ss, Xy and Xga is necessary not only for keeping
1 ) 1-Yy bioreactor acting, but also for the existence of invariance sets. In

Ucar(Za) = Kear (1+ 586/ V. 02(za) (60) order to keepSo and S; from being extraordinarily small in the
. H

Ua,2(Za) = min{ucar(za), Ucarsat} (61)

where0 < kegr < 1 is a tunable parameter. The saturating function
(61) takes into account the limitation of flowrate and the available .
amount of external carbon. The control inpyt(za) satisfies (36) Ucar(Za) = { Eq.(60)+ acar(€car—S5)  if ecar_.SS>O(66)
in the sense that largefyo implies largeru, ». The dissipation Eq.(60) otherwise
inequality (43) is retained for the entire plant in the presence akspectively. The positive parametears and acyr are selected to
the carbon dosage. The inpuy is non-negative all times. be so large that the small positive scalagsand e:ar become

For better nitrification we need largéa, which is characterized lower bounds 05y andsS;, respectively. It is verified form ASM1
by p3(z). For better denitrification, we need largg, which is  that the emergent supply & and S yield Xgy and Xga. The
characterized byy(z). Since particulate components flow toward modifications (65) and (66) make the dissipation inequality (43)
the settler, we need to returkgy and Xga in the settler to violated only in a small neighborhood of the origin= 0.
bioreactors where they are spent. The accumulated sludge at th&Remark 4:For a non-zero constant inflow, components in
bottom of the settler is a rich source ks and XgH. A large  the bioreactors and the settler have non-zero steady-state values
return flow rendersnlor, mlr andm{r more negative, so that we depending on the parametefscar, ko1 , koo . Ocar, Qo, €car, €0,
have (35). The return is ineffective if the sludge at the bottom of; |, c; , cs , eys, Qrsat Qcsat, Qssat, Kosatr Ucarsar }- Although

emergent situations, we replace (57) and (60) with

_ | Eq.(57H+ao(en—S) if &—S>0
Hol) = { Eq.(57) otherwise (65)

the settler is thin. Hence, a choice of the return flow 1@feis the inflow w never be ideal constant in practical operation, there
B min{Cr(XB,s—XB,a), Qr.sat} if Xgs—Xg.a>0 ) may be representative values o_f'the average |nf_Iow depending on
Q= 0 otherwise (62)  the weather and seasonal condition, and other circumstance of the
regional community. A useful way to pick design parameters is to
XBs=Zs5n+Zsen, XBa=Za517%Z6 (63) g y yop gnp

select the parameters so that the concentration of components takes
where ¢ > 0 is a design parameter. The constddtsy > 0  desirable steady-state values in such representative circumstances.
takes into account limited capability of the pump. The dissipation
equation (44) is independent @f. Thus, (52) holds automatically.
The anoxic tank fundamentally lack&o to be denitrificated This section presents simulation results carried out in a MAT-
unlessSyo is fed back from the aerobic tank. Since nitrogenLAB/Simulink environment. The following values are used.
can be removed from the wastewater by only denitrification, the 3 3 3
componentSyo in the aerobic tank should be put in the anoxic V1 = 200G, V2 = 4000m, VS:3600qm ]
tank. The increase ofyo by the circulation actually accelerates n=10, m=5 Ssa=80[gCOD/mM’]
m};r for nitrogen removal, which implies (35). L&yoa = Za9
andSyop = Zy 9. We choose the following law for the circulation.

VI. SIMULATION

The influent data, values of stoichiometric and kinetic parameters
and settler parameters given in [9] are used. Response of the

min{cc(Svob—SNoa): Qecsat} if Svob—SNoa>0 proposed dissipative control system to the dry weather influent
Qc:{ ' T X ' (64)  is shown in Fig.2 for the following parameters of control laws.

0 otherwise
The constant; >0 is a design parameter. The dissipation equation Kosat=360{1/dayl, Ucarsat = 100000gCOD/m>day]
(44) is independent o, so that (52) holds. Qrsat = 40000m3/dayl, Qc.sat = 100000m°/day]
Due to sedimentation, particulate and insoluble components Qssat = 200qm3/da34, Kear = 0.4, ko — 0.76

accumulate in the settler and they become redundant for WWT.
The dissipation equation (44) implies that the disposal of the Kog=0.76, €car=01, acar=5000 € =06
sludge directly decreases the mass. Thickness of the sludge at the ~ 0o =9000Q ¢ =6.4, ¢c =680Q cs=0.043 eys=200

b]?t(;pm of tlht_sr;ettler IS an |mt;))|o rant |nf|o|rmat|?nhfor the nec?lssn#or an illustrative comparison, response of the proportional flow
of disposal. Thus, a reasonable control law of the wastage flow i§,t16 js shown in Fig.3. The proportional flow control is set as

Qs:{ g"i“{%<><—eqs>> Qesat, Quj  if X—egs>0 g Qc=3Qu[m*/day, Qr = Qu[m°/day

otherwise
Qs = 0.021Q,[m?/day, K a=3001/day, Ucar=0

X = Xs+XgH + Xga+Xp + Xnp + X & th%h%oggme?f _ _ L _
The airflow is kept constant. The proposed dissipative control is

wherecs>0 is a design parameter. If the wastage flow is so largbetter than the proportional flow control in various points. The
that the sludge becomes very thin, the bioreactors lack bacteigancentration of5yo achieved by the proposed dissipative control
to process the influent. The proportional l@y(X—egs) with the is considerably lower. The effectiveness of the dissipative design is
parameteregs > 0 prevents such a situation. that the level ofSs in the effluent is almost the same as the control
We finally modify some of the above control laws to preventwithout the external carbon dosage. Generally, the concentration
washout in extraordinary circumstances. The oxygen supply (58f other components are also at almost the same level. According
tends to zero a§ goes to zero. Oxygen remains zero regardles® Fig.4, the proposed dissipative control achieves them in an
of the amount ofS; and Syy if So = 0 happens to hold. The efficient manner. The magnitude . of the proposed control
carbon dosage (60) tends to zeroSQ3goes to zero. The carbon is significantly smaller than that of the proportional flow control.
remains zero regardless &fo if Ss=0 happens to hold. It is seen Peaks of other flow rate®; and Qs are lowered very much by
from ASM1 thatXgy andXga monotonously decrease toward zerothe proposed control. The aeration is operated efficiently by the
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Response to dry weather influent: proposed dissipative
: anoxic tank, dashed: aerobic tank, solid: effluent)
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Response to dry weather influent: proportional flow control. 2]
: anoxic tank, dashed: aerobic tank, solid: effluent)
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dissipative control in the way that we do not need to aerate th

reacto

r constantly at a very high level. Responses to rainy Weathz”?’]

influent and stormy weather influent are omitted. The advantages

of the

dissipative control pointed out for the dry weather are[4]

evidently observed in the rainy and stormy weather.

VIl. CONCLUDING REMARKS 5]

In this paper, an approach to control design of biological WWT

plants

has been presented through rigorous treatment of compléﬁl

process models from a nonlinear control theoretical viewpoint. 7]
This paper resorts to neither order reduction nor linearization of the
models. Fundamental properties of the WWT plant are investigated
through a dissipation property held with respect to the total mas$s]

of the

entire plant. In contrast to the literature in which it has been

too difficult to apply formulas of control theory to the entire plant
model of huge and complicated equations, this paper demonstratégs]
that the utilization of the dissipativity enables us to successfully
perform model-based control design taking account of the behavigio)
of the entire plant. Control laws of aeration, external carbon
dosage, sludge recycle, internal recycle and wastage extraction &rél
proposed based on the idea of preserving dissipation. Simulation
results have demonstrated their effectiveness. This paper has

taken
ment.

is a topic of another upcoming article.

into account sensors available for reliable on-line measure-
The study of estimation of on-line unmeasurable variables
[13]
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