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Sewage water consists of domestic wastewater and in some cases also of industrial wastewa- 
ter. Domestic wastewater is water discharged form residences and from commercial, institu- 
tional and similar facilities. Industrial wastewater is water in which industrial wastes pre- 
dominate. Discharging untreated wastewater to surface water has mainly two effects on the 
environment : 

* Short term effect: anoxia or lack of oxygen 

* Long term effect: eutrophication or excessive growth of algae. 

Already in the 1970’s i7 The Netherlands there was a law on surface water pollution stating 
that wastewater had to be treated before discharging it to surface waters. This law addressed 
only the organic compounds present in the wastewater, amount of which is expressed as 
COD*. Recently, in most western countries, more stringent demands are being put on waste- 
water treatment, especially with respect to nitrogen and phosphorus. In The Netherlands, this 
has lead to the ‘Derde nota waterhuishouding’ (1989). The objective was to reduce, the total 
amount of nutrients discharged with 70%, in comparison with 1985. An intermediate goal 
was set at a 50% reduction in 1995. 

due to the biological oxidation of the organic components in the wastewater. 

because of high nutrient (nitrogen and phosphorus) levels in the wastewater. 

At first, only the short term effect was dealt with. This could be done biologically in activated 
sludge plants of the so-called conventional type. In these installations the oxidation process is 
accelerated by imparting oxygen. If nitrogen removal is the objective then these conventional 
installations have to be upgraded. In this report only plants for enhanced nitrogen removal 
will be dealt with, phosphorus removal is not included in this research project. For nitrogen 
removal several types of systems have been developed. In the Netherlands the pre- 
denitrification plant and the carrousel are the most widespread. Both will be explained further 
on in this report. 

COD: Chemical Oxygen Demand, The amount of oxygen, expressed in ppm or mg/L, consumed under 
specific conditions in the oxidation or organic and oxidizable inorganic matter contained in water. 
(Measure for the total amount of oxygen demanding organics present in the wastewater) 
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Introduction 

6.2 Prìncìples and bottlenecks of biological wastewater treat- 
ment 

1.2.1 Principle of biological wastewater treatment 

The biological part (Figure 1-1) of the Wastewater Treatment Plant (WWTP) is the most im- 
pûïtz~t  paït of the plaíït. In addition to the biûlogical p&% of the FrJwTP, ilìeïe aïe a h a y s  
some additional steps. Sand removal, garbage removal, skimming and primary sedimentation 
are some of the most commonly performed steps in the pre-treatment phase. Sometimes chlo- 
rine is used to disinfect the effluent (not in The Netherlands). Sludge drying, sludge stabili- 
sation and fermentation are some additional steps to treat the waste sludge. 

I Pre-denitrification plant (side view) I 
Influ 

I I Internal recirculation I 
Waste sludge Return sludge 

Figure 1-1: WWTP, biological part (Pre-denitrification plant). 

A pre-denitrification Installation will be used to explain the principles of enhanced biological 
nitrogen removal. A pre-denitrification plant consist of the following units: two reactors (one 
reactor aerated) and a clarifier. The wastewater to be treated, also called influent, flows into 
the plant and is mixed with the activated sludge. Activated sludge is a suspension of bacteria 
which purify the wastewater. The organic and nitrogen compounds will be removed in the 
plant. Next, the effluent (purified waste water) will be separated from the activated sludge in 
the final clarifier. The sludge is partially recycled to the first reactor (return sludge) and par- 
tially wasted for additional treatment (waste sludge). Nitrogen removal takes place in two 
consecutive reactions: 

1. Reaction I :  nitrification (aerobic environment, with O,) 

2. Reaction 2 : denitrification (anoxic environment, no 0 2  but with NO;) 
NI&+ + 0 2  + NO< 

COD + NO< + activated sludge + N2? 

COD + O2 + activated sludge 

(1-1 

(1-2 

(1-3) 
COD removal takes also place in the nitrification stage (aerobic environment) 

During the nitrification stage, ammonia is oxidised to nitrate under aerobic conditions. In the 
influent, only a limited amount of nitrate present. The internal recirculation flow is included 
to feed the denitrification process with the necessary nitrates. Nitrate is reduced to nitrogen 
gas, under anoxic conditions. 

If enhanced nitrogen removal is the objective, then it is necessary, that there is both an aero- 
bic and an anoxic environment in time or place. The different types of WWTP for enhanced 
nitrogen removal differ only in that respect. [ABE92], [MET79], [KO0791 and (OTT79] give 
a more in-depth discussion of the different types of installations, the pre-treatment phase and 
the after-tïeatment phase. 
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Introduction 

1.2.2 Bottlenecks in enhanced nitrogen removal 

Two important bottlenecks can be mentioned in enhanced nitrogen: 
1. COD/N ratio for denitrification 
2. tuning of the nitrification and the denitrification processes 

Bottleneck i: Enough organic compounds must be present to feed the denitrification 
process. Typically, CODN ratios of 3 and higher are required. This is the reason why the 
anoxic reactor comes first in the pre-denitrification plant (no CQD oxidised yet in the aerobic 
reactor). During the denitrification process, organic compounds are removed without any 
consumption of oxygen. This is of course a saving in the aeration costs. 

of the influent, the nitrification and denitrification process have to tuned to one another for 
optimal performance. This is demonstrated in Figure 1-2. 

Sottleileck 2: Eespite variations in tiim of flow, coritaiilination degïee ad ieaperature 

Nitrif. Denitr. Nitr. Denitrification Nitrification Dentr. 

A B C 

Lezend: - N-NH4 
___--- N-NO3 

Aerobic environment 
Anoxic environment 

Figure 1-2 : Importance of oxygen on nitrificationfdenitrification process. 

The nitrate and ammonia 
concentrations are shown 
for different ratios of anoxic 
to aerobic volume. In part A 
the desired situation is de- 
picted where both ammonia 
and nitrate are completely 
removed. Part B represents 
a situation with insufficient 
oxygen supply. The nitrifi- 
cation volume too small. 
There is not enough oxygen 
to oxidise all the ammonia 
to nitrate. Part C depicts a 

too high oxygen supply. The volume of the anoxic reactor (denitrification) is too small to re- 
duce the amount of nitrate completely. The required ratio of anoxic to aerobic volume de- 
pends upon load, temperature and is a important factor to control the nitrification/denitrifi- 
cation process. 

1.3 Control System Design scheme 
For describing the control problem, in accordance with [MOR941 a general framework is de- 
fined, within which it is possible to discuss such a problem. In this report, a distinction is 
made between several types of inputs and outputs to the plant. 

11 

Unmeasured 
disturbances 

Unmeasured 
disturbances 

Manipulated 
vaiables 

Measured 
outputs 

Unmeasured 
controlled 
outputs 

Measured 
disturbances 

I 

Figure 1-3: General (WWTP) system view. 

The block diagram in Figure 1-3 depicts a general set-up for a controller design problem as 
can be formulated for a WWTB. A discrimination is made between thee  types of inputs, 
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namely the manipulated variables (u), the measured disturbances (d) and the unmeasured 
disturbances (w). For the outputs, a discrimination is made between measured outputs ( y a  
and unmeasured controlled outputs (ym). The manipulated variables can be adjusted by the 
controller in contrast to the measured disturbances and the unmeasured disturbances. The 
vector ym includes all the measured outputs. Included in Ym are the measured outputs to be 
controlled, measured associated variables, measured disturbances and all secondary meas- 
urements. Associated variables are only required to stay within certain bounds, their exact 
value within these bounds is of little interest. Secondary measurements are not directly con- 
trolled variables; these measurements are used to infer the values of unmeasured variables to 
be controlled. 
AI1 mmeasurd contro!!ed vxiables a-e contained in the vector yum. 

In control system design several steps can be distinguished, which lead to the following con- 
trol system design scheme: 

1. Definition of the goal 
2. Modelling the plant 
3. Control structure design 

3.1. Input output selection 
3.2. Control configuration selection 

4. Control law selection 
5. Controller tuning and evaluation 
6. Implementation and testing 

Below, steps 1-6 in the control system design of WWTF”s are briefly discussed and a short 
review is given. Emphasis is put on control of continuous systems for nitrogen removal, more 
specifically the pre-denitrification plant and the carrousel, as these are the main type of sys- 
tems used in The Netherlands. 

1.3.1 Definition of the goal 

This first step is a very important one. In general, before putting effort into the subsequent 
steps, it has to be clear what the objectives are. Choosing the wrong objectives may put fun- 
damental limitations on the performance of the overall control system. Therefore, it is abso- 
lutely necessary that this step is executed before all other steps. Although at first sight the 
goal for a WWTP might be stated quite simply, for example ‘maximal treatment of the 
wastewater against minimal costs’ ~ translating this into controller goals is not that straight- 
forward. This is due to the fact that several constraints are imposed on the system. In the first 
place, constraints can be put upon safety and reliability, giving rise to a ranking in decreasing 
priority as follows: safety, reliability, quality, economic optimisation. Using a controller cri- 
terion function where only the aeration cost are included, will not always lead to a better per- 
formance because of the limited validity of the models used. Such a controller criterion func- 
tion may lead to economic optimisation as seen from the model in the controller, but may 
lead to impaired sludge sedimentation behaviour which is not included in the model. These 
kind of effects might be eliminated by imposing constraints on the system. This first step in 
the control system design scheme is discussed in two important articles. [STR93] analysed 
different goal settings for a conventional WWTP’ s, based on combinations of biomass, respi- 
ration rate and substrate control. [ROL961 is a state of the art article about cost functions for 
operation and design of WWTP’s, with the goal to find an objective formulation for of the 
cost function. Especially this last article is recommended to the reader interested in the sub- 
ject. 
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1.3.2 Modelling the plant 

This step is always present in control system design. Even for the design of knowledge based 
controllers one has to have some kind of mathematical model to test the closed loop behav- 
iour of the controller, before applying it to the actual plant. This because of safety considera- 
tions. The IAWQ-model nol [IAW87] is the most widespread model to simulate activated 
sludge plants and will be used in this report. Removal of organic compounds and nitrogen 
compound are included in this model. The IAWQ-model no2 [IAW95] , which includes also 
phosphorus removal, will not be used in this report. 

1.3.3 Control structure design 

The control structure design comprises of two steps, namely input output selection and con- 
trol configuration selection. Although in practice often overlooked, this step is a very impor- 
tant one, because a wrong choice of control structure can put fundamental limits on the per- 
formance of the total system. Recently, [WAL951 gave a survey on this topic. 

1.3.3.1 Input Output selection 
This includes choosing the manipulated variables u, the measured variables y, and the un- 
measured controlled variables ym. For WWTP’s the number of choices is huge; in Chapter 4, 
Table 4-1 an overview is given. In practice, often heuristic guidelines are used in the selec- 
tion. If models are available, it is better to use quantitative methods. A first impression of 
good combinations can be obtained by looking at steady state performance. [VEE951 used 
steady state calculations to select sensor locations for DO2 control and to show the influence 
of the oxygen input capacity. [OLS94] gave a systematical inventory of the cause-effect rela- 
tionships between the available manipulated and measurable variables for three types of acti- 
vated sludge systems (conventional, pre-denitrification and the UCT process). 

1.3.3.2 Control configuration selection 
In this stage, the structural interconnections between u and y are chosen. For reduced com- 
plexity, it is often better to use decentralised control when interaction is limited. This. Multi- 
ple Input, Multiple Output controllers are preferable when interaction is significant. Some 
types of MIMO control laws even require thought-out paring of u and y (e.g. dynamic decou- 
pling). Pairing is pointless by control laws that inherently compensate for interaction (e.g. 
MPC). [DES891 gives an overview for different methods of interaction analysis. 

1.3.4 Control law selection 

Many methods and approaches to control have been developed during the last few decades. 
Few of them are being applied on WWTIp’s, however. In the past, need for control of con- 
ventional WWTp’s was very limited. Most occurring situations could be dealt with due to the 
oversized design of the plant. 

This is not the case for enhanced nitrogen removal plants. In view of the more stringent efflu- 
ent standards for these plants, control of the nitrificationídenitrification process has become 
more important. Also well designed control may lead to a reduction of the aeration costs. Up 
till now, it is still not clear which control concept has to be chosen to guarantee optimal 
functioning of the nitrogen removal process, although many different control concepts have 
been suggested in the literature. A short review is given here. [JON941 gave an overview of 

DO: Dissolved oxygen [mgfl], amount of oxygen gas dissolved in a given quantity of water at a given 2 

temperature and atmospheric pressure. 
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different possible control strategies and control laws for both conventional and enhanced ni- 
trogen removal plants. [MEI951 compared 3 types of PID-control schemes for a carrousel, 
namely oxygen control, ammonia control and cascade control (ratio control of ammonia to 
total anorganic nitrogen in combination with DO-control). [SCH95] drew a comparison be- 
tween cascade control and a LQG-controller for the same carrousel. [MUL951 proposed a 
real-time Fuzzy process control scheme with only tree rules to control a multi-stage WWTP. 

1.3.5 Controller tuning and evaluation and Implementation and test- 
ing 

Tuning of the controller is most often based on linear or simple models. The evaluation of the 
controller can be done by the use of more elaborate (non-linear) models. If the evaluation is 
positive, one could implement the controller and test in practice. 

1.4 Aim of the research project 

A lot of research being is going on in the field of wastewater treatment. Topics include inte- 
gration of the sewer system, the wastewater treatment plant and the receiving waters (as mid- 
dle long term objective) and sustainability (as a long term objective). Although these topics 
are very impcrtmt at tbis moment, the basic cpestior, to be solved by contr~l engineers is: 
What can be gained when using automatic control in the wastewater treatment plant opera- 
tion. 

This is still a very general question. Therefore, this question was made more specific. Ques- 
tions formulated for this research project are: 

0 What can be gained, using model based control techniques for the operation con- 
trol of enhanced nitrogen removal plants in comparison with other control tech- 
niques? 
Which modifications have to be made on the standard model predictive control 
techniques for application to control of biological wastewater treatment plants? 
How should the general performance objective for a WWTP, meet the standard 
against a minimal cost, be translated into controller goals? 
What is a good control structure to control enhanced nitrogen removal plants? 
What is a good test case to judge objectively the performance of different control 
strategies? 

0 

e 

0 

0 

This research project was carried out in co-operation with DHVwater B.V. Amersfoort. 

1.5 Structure of the report 
This report is structured in accordance with the steps discussed in the control system design 
scheme: 

. 
0 Chapter 2: the objectives for WWï" operation are formulated. A motivation for 

MPC as a control law for WWTP's is given and test signals to judge controller 
peïfomance are presented. 
Chapter 3: the investigated carrousel is discussed and different models to de- 
scribe the process are briefly sketched. Some basic control loops for WWTP 
control are presented. 

0 
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Chapter 4: a basic analysis of the inputs available for the investigated carrousel 
is given. An analysis of the linearised model is performed and finally a control 
structure is presented for the investigated carrousel. 
Chapter 5: model predictive control in relation to WWTP control is discussed. 
Different controller criteria are presented. 
Chapter 6: a systematic way for tuning of MPC's is suggested. The performance 
of the overal control system is evaluated. 
Chapter 7 conclusions and recommendations are given. 

- I -  



2, Definition of the goal and limitations 

The first wastewater treatment facilities were developed in response to the concern of public 
health and the adverse conditions caused by the discharge of wastewater to the environment. The 
puqmse of trezt~~er,t w2s te zccelerate the ferces ef nzture u d e r  cer,tro!!ed con&itions in treat- 
ment facilities of comparatively small size. In general, early treatment objectives were concerned 
with (1) the removal of suspended and floatable material, (2) the treatment of biodegradable or- 
ganics, and (3) the elimination of pathogenic organisms. These early treatment objectives remain 
still valid today. However, the required degree of treatment has increased significantly and addi- 
tional treatment objectives and goals have been added. The removal of nitrogen, phosphorus, and 
toxic organic compounds are examples of recent treatment objectives that have been added. 
Other contaminants of concern include refractory organics, heavy metals and dissolved annor- 
ganic solids. In this report emphasis will be gut on the removal of nitrogen compounds and bio- 
degradable organic compounds because in this study only the biological part of the WWTP is 
considered. Phosphorus removal is not part of the research because of the type of models used 
(Chapter 3). 

2.1 Objectives and optimisation criteria 

The ultimate goaUobjective for controlling a complete W W "  can be stated quite simply: 'The 
effluent has to meet the standard at a minimal cost'. Mostly however, the specific goals of the 
plant operation are not clearly stated. One apparent goal is to satisfy the effluent requirements 
consistently. Furthermore the costs should be minimised while maintaining the water quality on 
an acceptable level. Quite often control criteria are mixed up with constraints. The goal of the 
operation e.g. for a conventional installation is not to keep the dissolved oxygen (DO) concentra- 
tion around 2 mg/l, maintaining TSS'-concentration at a fixed value or to ensure that the sludge 
age exceeds ten days. These values are chosen setpoints that contribute to keep the plant running 
properly. The objective of treatment plant operation may be categorised into the following 
groups [OLS94] and are to some extend specified here for enhanced nitrogen removal plants: 

0 product quality: nitrogen compounds concentrations, organic compounds concentra- 
tions and suspended solids concentrations in the effluent have to meet the standard. 
efSicient operation: minimisation of the operation costs such as aeration costs. 
disturbance rejection: since the settler unit is sensitive to hydraulic disturbance, 
damping of hydraulic disturbances is important. 
sludge inventories: sludge production has to be minimised because it represents an 
additional cost for disposal. 

0 

0 

A fairly reasonable approach to control the biological unit of an enhanced nitrogen removal 
plant, would be to consider ammonia and nitrate concentrations as associated variables and to 
include weighted input variables in the optimisation function. Possibilities and limitations of this 

TSS-concentrations: Total Suspended Solids concentrations, sum of the COD values of all the suspended 
solids present in the wastewater, expressed in  COD DI^^. 

-8- 



Definition of the goal and limitations 

approach will now be discussed, as it is believed to be interesting as it would not require setpoint 
definitions. When ammonia and nitrate are considered as associated variables one only has to 
determine certain bounds within which the concentrations are required to stay (e.g. ammonia 
between O and 4 mgN/1, no exact setpoint is given). Weighted input variables are then included in 
the objective function to control the aggressiveness of the controller. This approach might be 
translated into a quadratic objective function over the future horizon P and in which Q and R are 
positive definite matrices and in which manipulated variables moves are only allowed over a ho- 
rizon M. With this objective function an optimal control problem might be formulated (Equation 
2-1). However, some critical notes have to be made. (1) Problem is that some kind of an infeasi- 
bility strategy has to be set up. One could make some kind of ranking for the importance of the 
constraints impxed when a constraint violation occurs simnltmously . This requires well chosen 
constraints and ranking priorities. Another approach is the use of a solver for the optimisation 
problem that minimises the maximal constraint violation (if its occurs). Problem is that the opti- 
mum lies near the upper constraint due to the nature of the system, because less aeration among 
other things implies more ammonia. Less aeration implies more ammonia. Because of the large 
disturbances that enter the system frequent, constraint violations would occur. 

P 

(2) Another aspect that has to be considered, is that the biological unit is not a stand alone sys- 
tem. In the first place it interacts with the clarifier and an strategy has to be set up for the distri- 
bution of the sludge over the biological unit and the clarifier. Also interactions with the sewer 
system and the sludge treatment section (internal recirculations) exist. All these aspects have to 
be taken into account, which gives rise to a complicated optimisation problem. In this report only 
the biological part of the system is investigated. (3) Organics removal is also an important goal 
for WWTP. The COD-concentration can not be measured directly however. Reconstruction of 
this variable and include it in the optimisation criterion might be considered. In practice however, 
it is assumed that good ammonia removal implies good organics removal. 

2.2 Motivation for MPG as a control law 

Many methods and approaches to control have been developed during the last few decades. Few 
of them are being applied on WWTP's, however. For various reasons, listed below, it looks 
promising to apply the model predictive control approach to the operation of enhanced nitrogen 
removal plants: 

1.  MPC inherently deals with interaction, lag times and non-minimum phase systems. 
2. MPC has excellent constraint handling capabilities. 
3. MPC integrates feedback and feedforward. 
4. Models for enhanced nitrogen removal plants are available. 
5. MPC is a time domain control law. 
6. Availability of new sensors. 
7 .  Nitrogen removal is a relatively slow process. 

(1) MPC is a MMO-control law that compensates inherently for interaction. This is very useful 
because most of the control structures suitable for enhanced nitrogen removal plants are M M O  
and have considerable interaction present ['v'IT89J jJûN94j. MPC can deal also in a direct way 
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with non-minimum phase systems and lag times. In a pre-denitrification plant an inverse response 
is present for the internal recirculation flow to the effluent nitrate concentration [ENG951 (2) 
One of the biggest advantages of MPC is that it deals in a direct way with constraints. In contrast 
eo the ad-hoc way, which is followed in most other control laws, MPC can anticipate for future 
constraints violations on the inputs as well as for the outputs. Output constraints have to be 
avoided whenever possible because of instability problems and for the sake of infeasibilities 
[MOR93]. (3) Another large advantage is that it combines feedback and feedforward in a simple 
way. Especially feedforward for influent flow, ammonia and COD concentrations looks promis- 
ing. One could even consider to measure flows upstream in the sewage system, foreseeing this 
way one of the most important disturbances entering the WWTF', namely the influent flow. (4) 
Y!ab~ratr mvd& are civaildde (Chqter 3) to simdate enhanced nitrogen removal plants. (5) 
MPC is a timedomain control law. This makes it more comprehensible to wastewater engineers 
not familiar with advanced control theory and would facilitate implementation in an actual plant. 
(6) Recently new sensor types have come available, creating possibilities to measure nitrate and 
ammonia concentrations, making it possible to directly measure the outputs of concern in en- 
hanced nitrogen removal plants. These measurement devices are of the FIA-type (Flow Injection 
Analysis) and generate only at discreet time instants a measurement. (7) A frequently mentioned 
disadvantages of MPC, namely its computational requirements, can be considered as minor, be- 
cause of the sample frequency used to control WWTP, usually not less then 15 minutes. 

2.3 Test signals for wastewater treatment - plants 
Given the goals for a WWTP, the problem shifts towards the formulation of a testcase to judge 
the performance of the different controllers one could design. Bottlenecks for controlling WWTP 
for enhanced nitrogen removal are : 

0 

e 

e 

Strong fluctuations in the influent flow. 
Strong fluctuations in the contamination degree of the influent . 
Fluctuations in temperature of the wastewater. 
Slow variations in the composition of the sludge. 

Strong fluctuations in the influentflow: 

is not unusual that the flow changes with a factor fifty. 
Strong fluctuations in the contamination degree of the influent: 

tion and (2) Momentary peak concentrations due to a wash out effect of the sewage system. 
Fluctuations in temperature of the wastewater: 

The temperature of the wastewater changes strongly in winter and summer. This has a sig- 
nigicant influence on the nitrificationídenitrification process (specific growth rates, yield factors 
and half saturation constants of the nitrification process strongly depend on temperature). As a 
result of this, especially in cold climates nitrogen removal becomes difficult during the winter. 
Slow variations in the composition of the sludge: 

the composition of the sludge (time constants order of days). This may lead to a change in the 
dynamical behaviour of the plant. 

During the day variations occur with an order of magnitude of 5, but during a storm event it 

During a storm mainly two effects occur. (1) Diminishing of the concentration due to dilu- 

A different composition of the influent or another plant management can lead to changes in 
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Definition of the aoal and limitations 

All these issues should be considered when evaluating a controller for a WWTP. In analogy with 
[MEI951 and [SCH95I2 the following test cases are used to test the performance of a controller: 

4 5 6 7  
Time [days] 

Figure 2-1: Daily applied influentfiw. 

Dry Weather Supply (D WS): during six days 
apply a variable flow to the plant with constant 
concentrations for the influent components 
(Figure 2-1, first six days). 
Storm Weather Supply (SWS): over a period of 
nine days a DWS pattern is applied, but during 
the sixth day a storms occurs which lasts for 
eleven hours (Figure 2- 1). The flow changes 
1x nrLh .+ 
erage DWS flow. The influent component con- 
centrations are not taken constant, because of 
the reasons mentioned above. (for a more de- 
tailed description, see Appendix A) 
Temperature influence: because the tempera- 

â fâctor of seven in cûmpaïkûn iû the av- 

ture strongly influences the behaviour of the WWTP, three different test runs are advised for 
DWS : normal conditions (12"C), winter conditions (SOC) and summer conditions (1SOC). 
Sludge composition changes: this is accounted for by the durations of the test runs. Every 
controller applies a specific aeration pattern and this will lead to slow changes in the biomass 
composition. Also different influent patterns (composition, not flow) can be applied instead 
of the initial DWS pattern. This will lead to a slow change in the biomass composition. 

0 

In the remainder of this report, the different test cases will be referred to by a letterhumber com- 
bination. This to avoid frequently mentioning the full specifications of the test run. If further on 
in this report 'applied influent disturbance I( 1)' is mentioned, the table with code letter I is used 
and the number gives you the full specifications of the test case. At the end of this report an un- 
folding page is included, with a collection of all the code table used. 

number Description 
1 
2 

DWS, 6 days, flow variable, influent components constant, T=12"C 
DWS. 6 davs. flow variable. influent comDonents constant. T=8"C 

3 
4 

DWS, 6 days, flow variable, influent components constant, T=18"C 
SWS, 6 days, flow variable, influent components variable, T=12"C 

T d l e  2-1 : Influent Code Table. 

This same technique will also be used for other purposes in this report and is not explained again. 

The influent profile was kindly provided by DHV Water BV, Amersfoort, the industrial partner is this 
research project. 
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3. Processes, systems and models 

In this chapter a distinction will be made between processes, systems and models. Part of the 
terminology is chosen in accordance with [BOS94]. A process is the reality. A system is a col- 
kction of kerns that f ~ m  a ckc~mscribed sectûr ûf redity thzt is the fccus ef study. Tke system 
boundary determines which part of reality, the process, will be taken into account. A model is the 
way we want to describe the salient features of the subsystem under study. 

In this chapter, the investigated carrousel is described. The process is subdivided into two sub- 
systems and for each subsystem a few mathematical models are sketched to describe the phe- 
nomena of our interest. The fact that several closely related, yet different, models are used to de- 
scribe the biological process is mainly due to historical reasons. Different models for the clarifier 
are used because different levels of complexity are desired to describe these processes. 

3.1 The Process: description ofthe carrousel 
The process under investigation is a carrousel with four lanes (Figure 3-1). Vertically mounted 
(mechanical) surface aerators are used to impart oxygen and at the same time provide sufficient 
horizontal velocity to the liquid to prevent solids from settling in the lanes. Because of the latter, 
there has 

Figure 3-i: The process: aeraîwn basin and clarifier. 

In this configuration, two separate aerators are present, giving rise to two nitrification zones and 
two denitrification zones. The volumes of these zones depend on the power supplied to each sur- 
face aerator (Figure 3-2). In the aeration channels there is an oxygen profile, due to the con- 
sumption of oxygen by the activated sludge. Circulation times are in the of order magnitude of 
minutes, giving rise to quickly alternating nitrification zones and denitrification zones experi- 
enced by the circulating biomass. The influent enters the carrousel at the first aerator and the e f- 
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fluent leaves the carrousel (aeration basin) just before the first aerator. There is one secondary 
clarifier. Part of the sedimented sludge is returned to the carrousel and the surplus sludge is 
wasted. The carrousel is equipped with sensors for flow, TSS-concentrations, nitrate and ammo- 
nia. "he measurement points for nitrate and ammonia are located between the aeration basin and 
the clarifier, in order to reduce measurement lag times. Both nitrate and ammonia are soluble 
components and therefore these measurements are equal to the effluent concentrations leaving 
the clarifier, if no reactions are assumed to occur in the clarifier. 

PA1 PA2 
(70 kWh/d) (132 kWh/d) I 

t . - - - - - .  . . ., 
QRC : Internal recirculation 

. . . . . . . . . > Decreasing DO-concentration 

Figure 3-2: Side view of the unfolded carrousel 
In the remainder of this subsection, a number of basic control loops for WWTp's are discussed: 

0 Sludge control: because sludge is produced, action has to be taken in order to prevent 
the carrousel of silting rip. 
Aeration control: to control the oxygen input capacity. 
Storm weather control: to buffer sludge in the aeration basin and to prevent sludge 
from going over the top of the clarifier. 

0 

0 

How these controllers can be used to reach the objectives formulated for an activated sludge 
plant for enhanced nitrogen removal will be discussed in the chapter about control structure de- 
sign. 

3.1.1 Sludge control: two possible approaches 

In an activated sludge plant there is a net production of sludge. The bacteria grow in quantity and 
in size due to the consumption of nitrogen compounds and organic compounds [OTT72]. To pre- 
vent the carrousel of silting up, a certain part of the activated sludge has to be wasted [OTT791 
[K0079]. In this report, two ways to control sludge production are applied: 

0 Sludge Age control: control of the mean residence time of the sludge in the aeration 
basin. 
Sludge Concentration control: control of the sludge concentration in the aeration ba- 
sin. 

0 

Both methods use the waste sludge flow (oES) as a manipulated variable. In carrousels, the sus- 
pended components can be considered as ideally mixed, due to the high internal recirculation rate 
used. This justifies the use off only one measurement point for the sludge concentration in the 
carrousel. 



Sludge Concentration control: 
This is implemented below as a discontinuous controller. If the sludge concentration in the 

carrousel is above the desired concentration, sludge will be wasted according to a certain scheme. 
If the concentration is below the desired concentration, no sludge is wasted (QES=O m3/d). In the 
case of an excess of sludge, the waste sludge flow QES is calculated to reach the desired concen- 
tration within a specified time (TES). The value of QES is then processed trough a first order filter 
(zES)> resulting in the following ODE for the waste sludge flow: 

A 1 Flow to be wasted to achieve 
TSS,,, in a time period TEs 

L 
on the condition that : TSS, > TSS,,, 

e l see ,  =Om3 I d  

TSSC,SET Setpoint for TSS in the carrousel Wm3I 
TES : Time period to waste the surplus sludge [day SI 

ZES Time constant first order filter [day SI 

(3-1) 

Sludge Age control: 

fier. Given a setpoint for SA, and with measurements available for TSS, and TSSES, the waste 
sludge flow can be calculated. In all simulations below, this controller is implemented as working 
instantaneously (non-linear static controller). 

Equation (3-2) gives a definition for the sludge age SA, neglecting the sludge in the clari- 

V, . TSS, 
SA = 

QES . TssES (3-2) 

SA : Sludge age [day SI 

Waste sludge flow [m3/d] 
V C  

QES 
TSS : Concentration total suspended solids [g/m3] 

Total volume carrousel [m31 

Both controllers are applied in different simulations. In the remainder of this report, the different 
sludge controllers will be referred to by a letterhumber combination. All the specifications of the 
applied controllers are given in Table 3- 1. This table works according to the principle explained 
in section 2.3.. 

Code letter : S (Sludge wnrrol method) 
number Description 
1 
2 Sludge Concentration control 

Sludge Age control; SA=22 days. 

Setpoint TSSc = 4500 g/m3; 
Time period to waste the surplus sludge: TEs=0.2 days 
lST-order filter: Time constant: zES = 50 min ,Static gain: KEs=l 

Table 3-1: Sludge control method, code table. 
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3.1.2 Aeration control : DO-control versus Kp-control 

In activated sludge plants for enhanced nitrogen removal, nitrogen compounds and organic com- 
pounds are oxidised [OTT791 [K0079], necessitating a net input of oxygen. To control the 
amount of oxygen imparted into the wastewater two possible control methods can be used: 

0 Dissolved Oxygen Control or DO-control: the DO-concentration in the wastewater is 
measured (g 02/m3) and a controller is used to enforce a certain concentration. The 
DO-controller can be used in a cascade scheme, reducing this way the complexity of 
the design problem for the master controller. 
Oxygen transfer rate control or KLa-control: actually, it is the mass transfer rate of 
oxygen to the liquid phase which is acted upon by the controller, not the Dû con- 
centration. This mass transfer can be calculated according to equation (3-3). The 
overall transfer coefficient Kla is dependent on several parameters, such as air flow 
rate, immerse depth of the aerator, power input etc., and is also a function of the type 
of aerator used. With this type of control, one influences directly the Kla-value. Im- 
plementing Kla-control requires the specification of an aerator type (Appendix F) 

0 

Qo, ( t )  = KLa * (Sour - So(t)) * 86400 (3-3) 

Q02(t) : Oxygen input per time unit [g/m3 dl 
KLa : Overall transfer coefficient V I  
SOSAT : Saturation point of oxygen concentration Wm3I 
So@> Current oxygen concentration (negative COD) [g/m3] 

86400 : Factor to convert seconds to days 

Both methods are applied in different simulations. DO-control is considered to be instantaneous. 
In the remainder of this report, the different aeration control methods will be referred to by a le t- 
terhumber combination. All the specifications of the controllers applied are given in Table 3-2. 
This table works according to the principle explained in section 2.3. 

Code letter : A (Aeration control method) 
number Description 
1 
2 K@CQntrd (Surface aerator) 

DO-control ; assumed to work instantaneously 

a02~0.85 i 8 p = 2  kg02kWh 
Lower limit P=30 k W d  : Umer limit P=î32 k W d  

Table 3-2 : Code table for aeration control. 

3.1.3 Storm weather control 

During a storm event the Rows to the WWTP can increase with factors up to fifty times the dry 
weather supply. From experience with real WWTP’s, one knows that under these conditions 
problems arise in the final clarifier. The severally increased flow can give cause to a deterior a- 
tion of the sedimentation behaviour in the clarifier. This leads to a greater discharge of SU s- 
pended components to the surface waters, giving a vast increase in the COD levels in the effluent 
(QEF). Therefore, when a storm is coming, it is beneficial to increase the sludge recycle (QRs) 
from the clarifier. Usually, operators foliow this approach manually. This way sludge is accu- 
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mulated in the carrousel, giving rise to a better sedimentation behaviour in the clarifier. The extra 
biomass concentration in the aeration tanks has also a beneficial influence on organic removal of 
compounds and nitrogen compounds. 

If the influent flow (Qm) exceeds a certain high limit, the return sludge flow (QRS) is increased. If 
afterwards the influent flow drops below a certain low limit, the return sludge flow is released 
back to the normal level. In table 3-3 the numerical values are given: 

Table 3-3 : Numerical values for storm weather switching relay. 

3.2 The models: describing dgferent unit operations of the car- 
rousel 
In this section of the report different models are presented which describe different subsystems of 
the process. First, the biological part of the process in considered. Then, the physical phenomena 
in the clarifier are of our concern. 

3.2.1 Models for the biological part of the process 

A few widely accepted models to simulate the biological part of the process are presented. Se- 
lecting subsystem 1 (Figure 3-l), results in four inputs and one output to the subsystem. The in- 
puts are the influent, the return sludge and aerator 1 and 2. The effluent flow from the carrousel 
is the output. Only the biological phenomena are subject of the modelling. 

3.2. I. I Non-linear models 
K this report three models will be discussed, where each model is an extension of the preceding: 

ZA WQ-model nol : International Association on Water Quality [IAW87]. 
AS1 I I -model: Aquasystem [AQU9 i]. 
SZMBA-modelno2. I : SIMulation der Biologischen Abwasserreinigung [INS95]. 

0 

0 

The IAWQ, AS1 11 and SIMBA models are biokinetic models [ROE83]. They only describe the 
reaction ratios (stoichiometry) and the reaction rates (kinetics). Substituting these biokinetic 
models in the mass balance equations of the carrousel results in a set of differential equations 
describing the dynamical behaviour of the aeration basin. All models are structured, i.e. the bio- 
mass and the substrate are subdivided into different fractions. A disticntion is made between 
readily biodegradable substrate and slowly biodegradable substrate and between heterotrophic 
and autotrophic biomass. 

All three models define the same 13 model components and the same 8 processes (now process = 
biochemical reaction). The difference lies in the stoichiometry and the kinetics. The 13 model 
Components, divided into 3 main groups are given in Table 3-4. 
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, ;: ~ & f e x ~ ~ t ~ p h i c  bie; I X,,, = Smpended component. 

Particulate products aris- 
in from biomass deca 

S,,, = Soluble component. 

ORGANICS 
[ ~ c o D / ~ ~ I  

I 

The processes describing the reactions between the different components can be divided into 3 
categories (stoichiometry is not included in list below! !!): 

Heterotrophic processes: 
1. Aerobic growth of heterotrophs': SS + SO + SNH + SALK + XBH + (SNO) + XBH 
2. Anoxic growth of heterotrophs: Ss + SNO + S" + SALK + XBH 4 XBH 
3. Decay heterotrophs: XBH + Xs + Xp + XN, 

4. Aerobic growth of autotrophs: Sm + SO + SALK + XBA 4 XBA 
5. Decay of autotrophs: XBA + Xs + Xp + XND 

6. Hydrolysis of entrapped organics: Xs Ss 
7. Hydrolysis of entrapped organic nitrogen: Ss + So + SNH + SALK + XBH 
8. Ammonification of soluble organic nitrogen: SND 4 SNH + SALK 

Autotrophic processes: 

e Hydrolysis: 

In Appendix B, the three models are depicted in matrix form, as suggested by the IAWQ task 
group. Some general remarks for the three models can be made: 

All the models mentioned above use Monod kinetics [OTT72,chapter 31 to describe 
the reactions rates. 
The SIMBA model also includes monod-terms in the stoichiometry, loosing the ad- 
vantages of a constant stoichiometric matrix. 
The SIMBA model also includes a simple hydraulic model [INT95, p47lj. The pur- 
pose of this is to prevent numerical difficulties in calculating the flows (algebraic 
loops). Therefore an extra component is introduced, the volume. 
None of the above models describes phosphorus removal. The IAWQ-model no2 
[IAW95] includes phosphorus removal. 
Temperature dependency is included via Arrhenius. 
The model parameters (e.g. 5 stoichiometric parameters and 14 kinetic parameters 
for IAWQ model nol) have to be determined in advance (model identification) 

0 

The carrousel, which is a distributed system, is modelled as a number of CSTR s (Continuously 
Stirred Tank Reactors) in series. I€ subsystem 1 (Figure 3-1) is modelled by using the AS1 11- 

~ 

Component between brackets only present in SIMBA model 
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model, reactions in the clarifier (subsystem 2) are neglected and sludge storage in the clarifier is 
also neglected, then the model equations become: 

(3-4) -- eb - K’ ‘ ( P ( t b )  - D . t b  + Dj,, . t in  
dt 

T T Sb’=[ei b... c n 1 = [ ~ 1 T  SIT x2T s2 ... Xmeacr Smeacr I; 
X 
S 
K’.<p : 
D 
D’in : influent dilution rate matrix 
nreacr : Number of CSTR’s in series 

Suspended components, XT=[XI XBH XBA Xp Xs X,] 
Solute components, sT=[ss sNH sNO sALK sI sND sol; S~ :DO 
Stoichiometric matrix times reaction rates according to [AQU9 i ]  
Dilution matrix, containing all internal flows [WEI95/1] 

It is recognised that non-linearities are only present in the reaction terms (K’ ’ 9). The other terms 
are all linear in terms of the model components. ‘ 

3.2.1.2 Linear models 
From the non-linear models, linear models can be derived by linearisation. The AS1 1 1-model 
and the SIMBA-model were linearised analytically using MAPLE. 

non reroelemenk=~3, totai iemenk=169 
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Figure 3-3: Sparsity sintcture of the Jacobean (AS111-model). 

The Jacobians of the three IAWQ based models have a certain sparsity structure. This is ex- 
plained on the basis of the AS 11 1-model. Linearising equations 3-4, leads to a sparsity structure 
for the Jacobian as depicted in Figure 3-3A (*=non zero element, 14 CSTR’s in series). Figure 3- 
3C depicts the contribution of the dilution matrix D to the Jacobian. The upper diagonal comes 
from the internal recirculation flow. The other two diagonals come from the return sludge flow 
and the internal flows from one CSTR to another CSTR. All these contributions are linear in the 
model model components. D’i, has no contribution to the Jacobian. Figure 3-3B depicts the spar- 
sity structure of the linearised AS 11 1 model for one CSTR. This sparsity structure will return as 
many times in the Jacobian, as there are CSTR’s used to model the carrousel. 

3.2.2 Models for the fìnal clarìfier 

The separation of the activated sludge and the wastewater, also called settling, is very important 
factor for the purification efficiency of the WWTP. The separation process is influenced both by 
the concentration of the suspended solids and the physical and chemical properties of the acti- 
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vated sludge. These properties change and the underlying phenomena are insufficiently well 
known. Recently, it has been proven that settling properties can change in time scales ranging 
from days (e.g. changing composition of the activated sludge due to other influent patterns and 
operation) to minutes (e.g. flocculation of the sludge is dependant on the ionic strength of the 
wastewater) [RUG96]. 

A few models that partially describe the phenomena occurring in the final clarifier will be briefly 
sketched. Isolating subsystem 2 (Figure 1-i), results in one input and two outputs. The flow from 
aeration basin to clarifier is the input. The outputs are the effluent and the return sludge. It is a s- 
sumed that only sedimentation occurs in the clarifier, which is a physical phenomena. Models 
that include bidogiczl prmesses (eg. decay of thc dudge) taken p!xe in the clmifier a e  ne- 
glected in this review. This survey is not claimed to be complete, nevertheless, it is believed that 
the most important options are included. 

Clarifier models are available ranging from very simple to quite complex. The simplest model 
assumes no volume for the clarifier and perfect separation of sludge and effluent. Another type of 
approach is to model the clarifier as a CSTR and assume either the volume constant and the 
sludge concentration variable or visa versa or assume as well the volume as the sludge concen- 
tration variable. A last approach discussed here is choosing several CSTR's on top of each other, 
leading to a sludge thickening profile. This results in the one-dimensional layer models, which 
are considered as state of the art in sedimentation modelling. Two and tree dimensional models, 
including fluid dynamics and reactions are also reported in the literature, but will not be di s- 
cussed in this report. 

QEC: Effluent from carousel 
QSs: Sedimentation sludge 
QEF: Effluent 
hsb: Sludge blanket height 

X: Suspended components 
S: Soluble components 
V: Volume 

I 
Figure 3-4 : Schematic scheme of u cluri$er. 

The five models discussed are: 
e Simplest model: (no dynamical equations', only thickening) 

1. Ideal separation, no sludge loss over the top (XErXTc=O 3 VTc=O). 
2. No volume, so residence time and sludge storage are neglected (V,c=O). 
3. Thickening factor: (X~c/Xs~)=(Qss/QEc) 
CSTR model with pe$ect sludge blanket control (VBc=cte, &=variable): 
1. Perfect sludge blanket control (hsB=cte 3 VBc=cte) 
2. Ideal separation, no sludge loss over the top (XEF=O 3 VTC=O). 
3.  Variable thickening factor (Xss/XEc=variable), 

dynamic equation : V~C*(dXBc/dt)=QEC*XEC+QSS*XSS (XBC=~SS). 

Lmplementatisn of this model together with a SA-controller leads to an algebraic loop which can be easily 
eliminated. 
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CSTR with variable volume (VBc=variable, XBc=cte): 
1. Ideal separation, no sludge loss over the top (XEF=O , VTc=O). 
2. Variable volume (VBc=variable). 
3. Variable sludge thickening factor (XSS&C=QEC/QSS). 
CSTR without profile for suspended solids (VBC and X B C  variable): 
1 .  Ideal separation, no sludge loss over the top (XEFO , VEFO). 
2. Variable sludge thickening factor (Xss=variable) 
3. Variable residence time (VSS=O) 
One-dimensional layer models: (e.g. Otterpohl model [OTT92]) 
P. Layer model, so profile for suspended solids 
2. laiekenmg and storage of sludge is included. 

0 

In the remainder of this report, the different clarifier models will be referred to by a letterhumber 
combination. All the specifications of the clarifiers are given in Table 3-5. This table works ac- 
cording to the principle explained in section 2.3. 

Code letter : C (Clarifier model) 
number Description 
1 Simplest model 
2 CSTR model with perfect sludge blanket control 

~ o l u m e = 2 ~ 0  m3 
3 CSTR with variably volume 

CSTR without profile for suspended solids 4 
5 10 layer Otterpohl model [OTT92], with 19 substance groups (microflocs and 

macroflocs) and modified according to [INS95,pp411-413] 
Surface=3400 m2 ; Depth=1.5 m ; SVI Sludge Volume index=150 mug 
Maximum fraction of micro-flocs=0.04 ; SolidsKOD ratio=1.2 

Table 3-5 : Code table clarifier model. 

3.2.3 Simulatkm models versus regulator models 

Using the IAWQ based models Beads very quickly to a large number of differential equations to 
be solved. For describing a carrousel with two aerators, at least four CSTR’s in series are re- 
quired. The two injection points for oxygen, leads to two nitrification and two denitrification 
zones (13*4 =56 ODE’S). If modelling of an oxygen profile throughout the carrousel is desired, 
considerable more CSTR’s are needed. 

Additionally usage of [OTT921 to describe the clarifier with 19 substance groups and 10 layers 
leads to another 190 differential equations. Recently, [JEP95] recommended the usage of at least 
30 layers for an accurate description of the sedimentation behaviour. 

Using such vast models for simulation purposes give rise to large calculation times. Using these 
models for controller design purposes leads to a large degree of complexity for the problem to be 
solved. Therefore, simple ways to reduce the number of equations were used. In this phase of the 
research we are only interested in controlling the biological part of the process and therefore for 
controller design purposes only simple clarifier models were used. For simulating the plant, the 
full models were used. 
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3.3 Investigated configurations 
During the course of the research project, the carrousel discussed in 3.1, was modelled in differ- 
ent ways and with different combinations of the basic control loops (3.1.1 through 3.1.3) were 
used. In this report, a particular combination of models and basic control loops is called a con- 
Jigurution. The different configurations represent different levels of complexity in the modelling 
of the plant and represent different combinations of the basic control loops. In the remainder of 
this report, the different configurations will be referred to by a letterhumber combination. If 
further on in this report ‘applied configuration CON( 1)’ is mentioned, then Table 3-6 gives the 
full specifications of the particular configuration. 

1 14 SIMBA CSTR’s 10 layer Otterpohl (C5) NO (386)3 
Sludge concentration control (S2) Storm weather control YES 
Kla-control (AZ) 

2 14 SIMBA CSTR’s, no hydraulics CSTR with perfect hss (C2) YES (195) 
Sludge concentration control (S2) Storm weather control NO 
K,a-control (AZ) 

3 14 SIMBA CSTR’s Simplest model (Cl) NO (196) 
Sludge Age control (S1) Storm weather control NO 
Kla-control (A21 

4 14 A S i i i  CSTR’s Simpiest model (@i> NO 
Sludge Age control (S1) Storm weather control NO ( 1 96/ 1 94) 
KLa- or DO-control (AVA2) 

5 14AS111 CSTR’s Simplest model (Cl> NO 
Sludge Age control (SU Storm weather control NO (196) 
KLa- control (A21 

Table 3-6 : Code table for the researched configurations. 

The digits between brackets depicts the number of ODE’S used in the model. 
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Control structure 

4. Control structure 

A very important and crucial step in the control system design scheme is the selection of the 
measured variables, the controlled variables and the manipulated variables. In Table 4-1 an over- 
view is gver, fc: the pcssibk cheices fer WWE" s [Wy195!!]. T5e number cf pcssibk rentol 
structures than can be chosen from these lists is huge, but heuristic guidelines can significantly 
reduce the number of candidate choices. However a large number of choices remain. It is practi- 
cally impossible to design and test all possible combinations, so methods to select good candidate 
choices are needed. 

. . .  

Together with the control configuration, the input output selection comprises control structure 
design. In control literature, more attention has been paid to control law design than to control 
structure design. Nevertheless, a wrong control structure may put fundamental limitations on per- 
formance, which cannot be overcome by advanced control design. As an example, [ENG951 
showed that a classical control structure for the pre-denitrification plant (Figure 1-1, u=[Internal 
recirculation, Air], y=[Effluent ammonia, Effluent nitrate]) resulted in a poor performance of the 
control system due to the severe interaction and non-linearities present. 

In this chapter an analysis of the inputs available for the investigated carrousel (Figure 3- 1) is 
given. The model equations were linearised along a trajectory and the dynamical behaviour of the 
linear models is analysed. An open-loop response to an influent disturbance is illustrated and fi- 
nally a control structure is selected and discussed. 

4.1 Basic analysis of the inputs available 

Oxygen transfer KLa or DO 
setpoint 
Return sludge QRS 
Waste sludge Qw 
Internal recirculation QRc 
Volume fraction aerobic 
Influent distribution 
Influent buffering 
Flow to clarifier QEc 
External carbon source 
Precipitants 

Measured variables 1 Controlled variables 
Dissolved Oxygen DO 
Ammonia Nl& 
Nitrate NO3 
Redox potential O W  
Actual respiration rate 
Maximal respiration rate 
Endogeneous resp. rate 
StBOD 
Turbidity in mixed liquor 
Sludge height in clarifier 

Any Y 
MLSS 
Sludge height 
Soluble COD, total COD, BOD 
Biomass concentration XB 
Specific oxygen uptake rate SCOUR 
Suspended solids MLSS 
Food to mass ratio F/M 
Sludge age SA 
Sludge settleability SVI 

Table 4-1: Possibilities for input output selection [WEI95/1]. 

In Table 4-1 an overview is given of possible manipulated variables. In this section the discus- 
sion is limited to the inputs available for the investigated carrousel (Figure 3-1). Main influences 
and the time scales are now discussed. 
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The inputs, manipulated variables and disturbance inputs for the carrousel are: 
0 

0 

e 

0 

e Influent concentrations: disturbance input. 

Aerators PAz and PA2: introduce air (oxygen) into the wastewater. 
Return sludge flow Q R s :  distributes the sludge between c l d i e r  and aeration basin. 
Waste sludgeflow QEs: controls the total sludge content in the carrousel. 
Recirculation flow QRC: internal recirculation flow. 
InfZuent flow QzN:  disturbance input andíor manipulated variable. 

(I) Aerators: changes in surface aerator power inputs do not immediately affect the oxygen 
concentrations in the aerator basin. Time scales are in order of minutes and are determined by the 
overall oxygen transfer coefficient KLa. Surface aerators have a fixed control range and need to 
maintain a minimum input to assure flows in the carrousel. Tnese inputs are primariiy used to 
tune the denitrificatiodnitrification process. The oxygen input is one of the most important fac- 
tors for control (influences both COD and nitrogen removal), but it is also a very important oper- 
ating cost. Minimisation of aeration costs is essential. The distribution of the oxygen in space and 
time are crucial factors, not only the total amount of imparted oxygen. 

(2) The return sludge flow QRS can be used to distribute the sludge between the clarifier and 
aeration basin. Changes in the return sludge affect the aeration basin TSS concentration - time 
scale in order of hours. 

(3) Waste sludge flow QES: can be used to control the total sludge content in the system. It 
may not be used as a mean to control the sludge blanket height. Changes in the waste sludge flow 
affect sludge contents in the system - time scale orders of days. 

pre-denitrification system this variable can not be used as a manipulated variable. In carrousels 
the recirculation rate is dependent upon the aeration rate. 

(5) Influent flow QI: is a disturbance input, but can to some extend be considered as a ma- 
nipulated variable by installing receiving reservoirs. This is not an economic feasible option, but 
sometimes present in industrial installations. 

(6) Influent injectioddistribution: The injection point of the influent is an important design 
factor. Injecting the influent near the aerators is not optimal. Influent can better be injected in a 
denitrification zone (higher CODN ratios) [VEE95]. Step feed', although not custom in the 
Netherlands, is an important input variable. This way COD-ratios in the carrousel can be con- 
trolled. 

which act like a low pass filter. This is especially advantages for small installations. 

(4) Recirculation flow QRC: In carrousels high recirculation rates are applied. In contrast to a 

(7) Influent concentrations: is a disturbance input. Sometimes primary clarifier are installed 

4.2 Analysis of the linearised system 
In this section a basic analysis is given of the dynamics of the carrousel. In Figure 4-1 a open 
loop response (constant power supplied to aerators) is depicted for configuration CQN(3). Ap- 
plied was an influent pattern 1(1) during one day (start state simulation, Appendix E). To make an 
analysis of the dynamical behaviour of the carrousel, the model was linearised along the trajec- 
tory (Figure 4- 1) 

The open loop response in Figure 4- 1 is typical for an enhanced nitrogen removal plant with in- 
sufficient oxygen supply. Due to the lack of oxygen not enough ammonia can be oxidised to ni- 

Step feed: when influent is introduced at several points in the aeration basin. 1 
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trate (nitrification volume is too small). The little amount of nitrate formed is completely reduced 
in the too large denitrification volume. 

For the derivation of the sludge controller (3.1.1 .) it was assumed that the suspended components 
were ideally mixed throughout the carrousel. To verify this assumption, the maximal variation of 
the concentration of the components at time t=O throughout the carrousel was computed. The re- 
sults are depicted in Table 4-2. 

1 3 %  WJ I X N D  1 
0.08 % 
0.08 % 

Table 4-2: maximal variations for each component throughout the carrousel. 

It was noticed that variations for the inert components 
(index I) are negligible or non-existent. The variation 
for the soluble inert component (SI) is non existent be- 
cause SI is not formed or reduced in the carrousel. The 
variations for XI throughout the carrousel is a result of 
the thickening of this component in the clarifier. The 
thickened sludge is returned to the carrousel via the re- 
turn sludge flow. The strongest variations are found in 
the readily biodegradable substrate SS. This is not sur- 
prising as SS is quickly biodegradable. Also observed 
from the table is that the concentrations of the sus- 
pended components (X ... ) are almost constant through- 
out the carrousel (at a fixed time). This justifies the as- 
sumption made in 3.1. i .. 

Pigure 4-1: open loop response for configuration 
COiV(3J 

Figure 4-2: Histogram of the time constants (with s i n  of eigenvalues) and eigenvalues plot. 

A more in depth analysis of this phenomena for more operating conditions can lead to physically 
reduced models to simulate carrousels with high internal recirculation rates. The number of 
ODE’S can be reduced by assuming the concentrations of certain components constant in all 
CSTR’s describing the carrousel. It is reminded that the carrousel was modelled as a number 
CSTR’s in series. If e.g. 14 CSTR’s are used to simulate the carrousel and all components in 
Table 4-2 with a variation less then i% are lumped in one CS’PR, then this leads to a reduction 
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-3.17 [days] 
~=2.25 [days] 
-2.23 [days] 
-2.23 [days] 

with 65 ODE’S (117 needed instead of 14*13=182). The model reduction step was not carried 
out however, to keep the balance between implementation work and analysis work in this M. Sc. 
Thesis. 

Ss, Xs, XBH, XBA, XP, SNO, SNH, XND, SALK (in each CSTR) 
Ss, Xs, XBH, XBA, XP, SNO, SNH, XND, SALK (in each CSTR) 
Xp (in each CSTR) 
XI (in each CSTR) 

The model equations were linearised along the trajectory depicted in Figure 4- 1. The continuous 
linear models at t=O [days] and t=O.5 [days] will now be discussed. Figure 4-2A depicts a plot of 
the eigenvalues (196) in the complex plane. According to [SE84,chpt 9.4.1 the real part of the 
poles gives information about the stability of the modes and about the time constants of the spe- 
cific mode. All the eigenvalues have a negative real part, so the linear system is stable. It is also 
noticed that most eigenvalues are relatively close to the imaginary axis. Figure 4-2B depicts a 
his togra~ of the inverse of the real pzt  of the eigenvalues. The abselite value of this nm~ber  
corresponds to the first order time constant of the specific mode. The mode with the slowest dy- 
namics has a time constant equal to 23.5 [days] and the fastest mode has a time constant equal to 
4.8 [sec]. Figure 4-2C depicts the inverse of the real part of the eigenvalues of the model line- 
arised at t=5 [days] (Figure 4-1). It is noticed that the linear model is unstable and that the slow 
dynamics in the model have disappeared. The slowest stable mode has a time constant of 2.3731 
[day SI. 

Table 4-3: Selection of properties of the linearised models. 

Investigation of the linear models along the trajectory at other time instants showed that the lin- 
ear model became stable again. It has to be emphasised that the non-linear model is not unstable. 
Unstable local linear models are a sufficient reason to prove instability of the local non-linear 
model if it is in a linearised steady state [JAG93], but not a sufficient reason to prove instability 
along the trajectory of the non-linear model. 

Analysis of the eigenvectors corresponding with the unstable modes gave a physical explanation 
for this phenomena. Table 4-4 shows the four unstable modes together with the model compo- 
nents (states of the model) who have a contribution to the eigenvector. 

Unstable modes of the model fineariseù at t=ü.5 [days] (Figure 4- 1) 
Time constant unstable mode I Components who have a contribution to the eigenvector 

Table 4-4: Unstable modes of the model. 

It is noticed that two unstable modes have an eigenvector where only one (!) model component 
contributes to. The two other unstable modes had contributions for almost all the states (the 
strongest were related to suspended components). It is possible to derive the necessary physical 
conditions that have tc Se satisfied in order to get ar, msti?bble pole for XI. These conditions are 
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related to the flows in the carrousel, the desired SA (Sludge Age) and the TSS-concentration 
leaving the carrousel. 

4.3 Configuration CON(1) 
In the remainder of this report configuration CON( i) will be used to test the different controllers 
designed. All the simulations performed with configuration CON( 1) depart from the same initial 
state (Appendix E). In Figure 4-3 the open loop response (constant power supplied to the aera- 
tors) is depicted. Influent pattern 1(4) was applied. 

Figure 4-3: Open loop response eon$guratwn CON(l), influent I(4). 

Figure 4-3A depicts the ammonia and nitrate concentrations leaving the aeration basin. The loca- 
tion of the measurement points are depicted in Figure 3- l. Nanors stands for total anorganic nitro- 
gen and is the sum of the ammonia and nitrate concentrations. The controller developed will be 
evaluated (Chapter 6 )  by investigation of two specific time intervals of the response to the ap- 
plied influent pattern. Figure 4-3B represents the first selected time interval (t=5..6 [days])and is 
referred to as the DWS case (Dry Weather Supply). Figure 4-3C represents the second selected 
time interval (t=5..9 [days]) and is referred to as the SWS case (Storm Weather Supply). 

4.4 Selection of the control structure 
The control structure has to be chosen in order to attain the objectives for the WWTP which were 
mentioned in 2.1. In this report a carrousel for enhanced nitrogen removal is under investigation. 
The objectives for this type of plant can be formulated as: 

1) Efluent quality: the effluent has to meet the standard. Nitrogen (ammonia and ni- 
trate) and organic compounds each have a maximal value. 

2) Efficient operation: the standard must be met at a minimal cost. In this report only 
aeration costs are considered. 

3) Disturbance rejection: disturbances entering the plant have to be minimised. In this 
report only influent disturbances are considered. 

4) Sludge inventories: the amount of sludge in the system has to be controlled in order 
to prevent silting up of the process. Also it is desirable to minimise the amount of 
sludge produced in the process because additional costs are related to the wasting of 
sludge. 

The selected control structure was suggested by [VEE951 [MEI951 and is schematically depicted 
in (4-1). The manipulated variables are the power input to the aerators (PAI,  PA^), the waste 
sludge flow (QEs), and the return sludge flow (QRs). The measured variables are the ammonia and 
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nitrate concentrations leaving the aeration basin (SNH, SN0), the total suspended solids concentra- 
tion leaving the carousel (TSSC), the total suspended solids concentration in the waste sludge 
flow (TSSEs) and the influent flow (QIN). All these manipulated and measured variables are also 
depicted in Figure 3- 1. 

x x o o  x = connection 
O = no connection 

(4-1) 

L+ -- 
Y contra! structure j 

This control structure leads to 3 separate control loops. The advantage of decentralised control is 
that you reduce the complexity of the problem, by splitting it in to sub-problems. For each sub- 
problem you can the design a separate controller. The three control loops will now be discussed 
one after another. 
Loop 1: addresses objective 1,2,3 

Objective i concerns the removal of nitrogen compounds and organic compounds. For ammo- 
nia and nitrate measurement devices are available and therefore is obvious to use them. Or- 
ganic compounds are not measured, but it is assumed that good ammonia removal also in- 
cludes good organic compounds removal. To assure good organic compounds removal the 
setpoint for ammonia is chosen sufficiently small. In the introduction (1.2.2.) it was shown 
that the oxygen supply was a key factor for tuning the nitrificatioddenitrification process. 
Therefore the aerators are used as manipulated variables. A I\/IIiUiO controller is chosen be- 
cause of interaction in loop l .  This is intuitively clear from the discussion in section 1.2.2. 
and has also been demonstrated by calculating the RGA in different operating points. The 
relative gain was always close to 0.5, e.g. in the start state relative gain=0.531. In this report 
emphasis is put onto this control loop and in the subsequent chapters the model predictive 
control theory will be applied for this control loop. 

To control the sludge in the carrousel a sludge concentration controller S(2) is used. Loop 1 
and loop 2 can be split because they work on a complete different time scale. Although QES 
influences both S" and SNO, the dynamics are very slow. Because S" and SNO change rapidly 
it is meaningless to control these with the waste sludge. This loops reckons with objective 4 to 
that extent that controls the amount of sludge in the process. The control laws used for this 
loop were discussed in section 3.1.1. of this report. 

A storm weather controller as discussed in 3.1.3. is used. The objective of this loop is to pre- 
vent suspended components from going over the top of the clarifier and to buffer biomass in 
the aeration basin so that the amount of micro-organisms is increased. In that way it addresses 
indirectly objective 1 and 3. The control law used in this loop was discussed in section 3.1.3. 
of this report. 

Loop 2: addresses objective 4 

Loop 3: addresses objective 1,3 

At a later phase two problems were recognised with this control structure: 
Problem 1: 

It is not a good approach to control the sludge Concentration in the aeration basin through 
withdrawing sludge from the clarifier. Increasing/diminishing the waste sludge flow has only 
an indirect effect on the sludge concentration in the carrousel and a direct effect on the sludge 
concentration in the clarifier. 
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Problem 2: 
Loops 2 and 3 interact. During a storm loop 3 increases the sludge flow to the aeration basin, 
leading to higher TSSc concentrations. Loop 2 tries to keep the concentration in the aeration 
basin constant and lowers QES. 

Solution problem 2: 
Adjusting loop 2, so that it controls the total amount of sludge in the system, solves the prob- 
lem. It is not possible to update the sludge concentration controller such that the interaction 
disappears. The keynote is that loop 3 has to be used to control the total amount of sludge 
(clarifier + aeration basin) in the system and loop 2 to distribute the sludge between the clari- 
fier and aeration basin. This way interaction is eliminated at the core. A simpk d'tem&ive ap- 
proach might be (4-2) which is a modification of the sludge age controller presented before 
(3.1.3 .) . 

V, * TSS, + M(TSS,, TSS, , hsB) 
SA = 

QES * TssES 

44-2) 

M( ...) is a steady state relation that gives a measure for the total amount of sludge present in 
the clarifier. In fact this method can be reduced to assuming some kind of thickening function 
over the sludge blanket height. On-line estimation of the sludge present in the clarifier, using 
the models above, is also a possible approach. 
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5. Control law 

As demands for nitrogen removal are becoming more stringent, process control is becoming more 
important. In conventional plants, dissolved oxygen measurements were used as the basis to con- 
troi tne aeration of the 'WWR. Unforhmately, this is not suffïcient to meet the stringent noms 
for nitrogen removal. In the past considerable efforts have been put into designing measurement 
apparatuses which give the possibility to control the nutrient removal process efficiently. Nowa- 
days, it is possible to measure ammonia and nitrate concentrations reliably online. At this time, 
not one 'ready made' control concept exists that guarantees optimal functioning op the nutrient 
removal process. The model based approach presented here is an attempt in that direction. 

In this chapter model predictive control according to Morari [MOR931 is discussed. Some re- 
marks about MPC according to [MOR931 are formulated that are important when applying this 
theory to control WWTP's . Appropriate controller criteria are presented, that might lead to the 
achievement of the objectives formulated for enhanced nitrogen removal plant. 

5.1 Model Predictive Control according to MORARI 
Linear Model Predictive Control (MPC) refers to that class of control algorithms that compute a 

1 I I  
k k+l k+m k+D 

F ' Control horizon ' I Prediction horizon 
> 

Figure 5-1: Receding horizon principle of MPC. 

formance criteria are used: 

manipulated variable trajectory by utilising a linear 
process model to optimise a linear or quadratic 
open-loop performance criterion subject to linear 
constraints (on inputs and/or outputs) over a future 
time horizon. Only the first move of this open loop 
optimal manipulated variable profile is then imple- 
mented. This procedure is repeated at each sample 
instant (Figure 5-1: Receding horizon principle of 
MPC.) with the process measurements used to up- 
date the optimisation problem [MUS93]. 

In this report MPC according to MORARI 
[MOR93], [MOR94].will be used. Unless stated 
otherwise we will refer to MPC according to 
[MOR931 simply as MPC. In MPC quadratic per- 

s t .  constraints on u, Au, ym and y,, 
The quadratic criterion penalises the large deviations proportionally heavier than smaller ones so 
that on the average the output remains close to its reference trajectory and large excursions are 
avcided. With the weights iiwt aEd ywt one c m  niake a trzide-off betweefi trajectory following 
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and control action (only relative magnitude is important). In contrast to EQG input moves are 
included in the criterion function. This is to assure off-set free trajectory following when there is 
no model mismatch. It is noticed that MPC, in this formulation, is an input-output controller. 
Only a model describing relations between inputs and outputs is needed. The complexity of the 
optimisation problem depends upon the number of independent variables, i.e. the number of ma- 
nipulated variable moves. A technique called blocking is sometimes used to reduce the number of 
independent variables. The idea of this technique is to allow the manipulated variables not to 
vary at every future time step but assume them constant over several time intervals. 

In this report, MPC using state space models is discussed. To implement criterion function (5-1) 
an ~'bsemer (if not a11 states are measured) and a prediction scheme is necessary (5-2). 

xk+l = Axk + B u k  + wk 
y k  = cxk + v k  

Model: 

With the appropriate statistical assumptions on wk and v k  made, an Kalman filter can be con- 
structed [KOK901 [KWA72]. This approach will lead to an off-set on the controlled outputs 
when model mismatch is present. This can be explained by assuming a constant disturbance on 
the output. The Kalman filter is designed for the zero mean white noise assumption. A constant 
disturbance at the output will lead to an off-set in the estimation of the states when a Kalman fil- 
ter is used. Because the current state is the starting point to compute the prediction of the outputs 
over the future horizon, this prediction shall exhibit an off-set. Ultimately, this will lead to an 
off-set of the controlled outputs, because the criterion function (5-1) is designed for perfect pre- 
diction over the horizon. 

Model: 

A O Axk 

[[ = [CA I ]  [ zk I+[ :BI Auk + [I] wk 

From model equation (5-2), the augmented model equation (5-3) can be derived. This is done by 
differencing the state equatisr, md aEgmenthg the stztes with the mtputs. IE the litermre, this 
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tion (5-2) and (5-3) can be different and are 
only used to design an appropriate filter. The 

(prediction) and the observer. This way inte- 
gral action is obtained in the regulator through 

over the prediction horizon. 
This approach is analogous to assuming that 
the difference between the predicted output 

w(k) 
w augmented model is used in both the regulator 

1 0  

o 1-2-' performing a steady state off-set correction 

C F  
1 

z(k) 

Process 
z d  the rr,vasixreme?lt is cacsed by m kde- 

5.1.1 MPC: strictly proper models 

As explained in section 3.2.3., using the IAWQ based models foor controller design purposes 
Beads to a large degree of complexity for the problem to be solved. One way to reduce the number 
of ODE'S describing a carrousel is applying the singular perturbation theory to the linear models. 
In this way, lower order models can be obtained by assuming the fast dynamics as instantaneous 
resulting in a non strictly proper causal model or in a D-matrix for the linear state space model. 
In this section it will be explained why non strictly proper causal models can not be used in com- 
bination with MPC according to [MOR93]. 

(5-4) 
with Y@) 

n : truncation order of the step response model 

Av(k) : [Au(k), Ad(k), Aw(k)lT 

D free response ~f the sytem at time k or state of the system 

MPC (according to [MOR93]) has been developed originally to work with step response models 
(black box). Measurements were only used to remove steady-state off-set from the prediction. 
The free response at time k was considered as the state of the system at time k. The whole for- 
mulation was then rewritten to a QP-problem. Later, the algorithm was adjusted to work with 
state space models. The advantage of state space models is that unstable processes can be repre- 
sented and more possibilities exist to design a filter [MUS89]. [MOR931 solved the state space 
formulation of MPC by mapping the state of the state-space model onto the state of the step re- 
sponse model, or more correct, the state of the state space model was transferred to a new system 
realisation with the free response as the state of the system. The Model Predictive Control Tool- 
box of MA?"LABTM [MOR94] works according to this principle. [MOR931 and [MOR941 as- 
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sumes that the state of the system at time k is equal to the future outputs of the system when 
varying all inputs to the process is stopped at time k (Equation 5-4). This representation allows 
only strictly proper models (Appendix C) to be represented. Therefore, the state space variant of 
MPC can not be used jointly with non strictly proper causal state space models. Because most 
physical systems are strictly proper, this property of MPC (according ln/lOR93]) is not a real 
limitation in many cases. However, in the case of model reduction via the singular perturbation 
theory it may become important. In the remainder of this section a solution is suggested to over- 
come this restriction of MPC. However, this was not implemented in MATLABTM. 

MPC is a moving horizon strategy and is implemented as a digital controller (Figure 5- 1). 
A prerecpisite ~f ushg U i g W  coritro! is the necessity of the presence ~f a delayy, either in the 
process or in the controller. The limitation imposed by the MPC implementation [MOR931 is a 
result of the decision to put a delay in the process model (Equation 5-5a). In a sampled system, a 
delay of one sampling instant has to be introduced. This can also be put into the controller. This 
in shown in equation (5-5b). 

Delay present in process Delay present in controller 
x(k + 1) = A * X( k) + B * U( k) 
y(k) = C * X(k) 

u(k) = f(q(k) ,...I 

x(k + 1) = A * x(k) + B * ü(k) { y( k) = C * X( k) + D * U(k) 
u(k+l) =f(Y(k), ...) 

{ (5-5) 

From equation (5-i) and (5-2.) it appears that in the MATLABTM toolbox implementation 
[MQR94] has chosen not to put the delay in_ the controller, u(k>=f(y(k) g. . .> .  Therefore that im- 
plementation can not design a controller that handles non strictly proper causal systems, because 
an algebraic loop would then be generated. A time shift is introduced when this algorithm is ap- 
plied on-line. If the a delay is allowed in the controller (5-5b) then it is possible to design a MPC 
technique that allows using non strictly proper causal models. 

5.1.2 MBC: secondary measurements and off-set removal 

Secondary measurements are measurements which are not controlled directly, but are used to 
infer the values of unmeasured variables which are to be controlled. As mentioned above it is 
meaningless to use secondary measurements in combination with the velocity form and the stan- 
dard DMC-filter. 
Other methods to obtain integral action in the model predictive controller and which allow sensi- 
ble use of secondary measurements have been reported in the literature. These methods do not 
difference model equation (5-2) but augment it with additional states representing step distur- 
bances on the inputs [MUS891 or representing non-measured inputs on the system [MEU95]. In 
these methods the secondary measurements give information about the augmented states and 
therefore improve the prediction of the controlled outputs. 

By using another filter than the standard DMC-filter it is possible to include secondary measure- 
ments by the [MOR931 approach of MPC. By assuming also white noise on the differenced states 
in equation (5-2) and designing a filter for this situation (5-6) secondary measurements can be 
used to infer the values of the unmeasured variables. 
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In observer (4-6) the secondary measurements influence the estimation of the differenced states, 
which at the next time step influence the estimation of the controlled outputs. A time shift is 
however introduced in the filter for these secondary measurements. 

Dissolved oxygen sensors are installed on almost every WWTP. As will be shown in the simula- 
tion section of this report DO profiles throughout the carrousel are a key factor in the perfom- 
ance of enhanced nitrogen removal plants. Therefore, it might be a good option to improve esti- 
mations of the current state by using DO measurements. 

5.1.3 MPC: stability and performance 

These issues are only briefly discussed here. For a more detailed discussion we refer to the lit- 
erature. 
Stability: 
Even when the process is stable, MPC cannot assure nominal stability for all choices of tuning 
parameters. Formulations of MPC that assure nominal stability for all choices of tuning parame- 
ters can be found in the literature [MUS93]. If MPC according to [MOR931 is used one has to be 
cautious when tuning the controller. 
Peg5ormance: 
[GAR891 showed that any linear unconstrained model predictive controller has an equivalent 
classical controller that results in an equal performance. Therefore expecting enormous perform- 
ance improvements by using MPC is not justifiable. However, MPC always leads to a good solu- 
tion obtainable by linear control, if tuned properly. Also dead times and inverse responses do not 
lead to controller design problems. The major advantage of MPC however, is its ability to work 
with constraints in a non ad-hoc way. Most other linear controller design techniques design a 
controller for the unconstrained case and account for constraints afterwards in an ad-hoc way. 

5.2 Different controller criteria under investigation 

For all the reasons mentioned in section 4.4. and in section 2.2, MPC is selected to control loop 
i (aeration control for NHdNO3 concentrations). In section 4.4. it was suggested that this control 
loop should also be used to address objective 2: efficient operation, minimisation of the aeration 
costs. In the controller criterion function used in MPC (Equation 5-1) input moves and not the 
absolute value of the inputs is included. Therefore minimisation of the aeration costs is not dealt 
with directly (power to aerators is an input). In section 2.1 ., the importance of a good choice for 
the controller criterion function was recognised. In this section, 3 different controller objective 
functions are presented. The first controller criterion function gives the controller the least free- 
dom, the last controller criterion function gives the controller the most freedom. The 3 controller 
objective functions are: 

o Combined ammonidnitrogen controller: both for nitrate and ammonia a fixed set- 
point is selected. 
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0 Ammonia controller: a fixed setpoint for ammonia is selected, while simultaneously 
anorganic nitrogen is minimised (the anorganic nitrogen concentration is the sum of 
the ammonia and the nitrate concentration, S N ~ ~ ~ ~ = S ~ + S ~ ~ ) .  
Anorganic nitrogen controller: only a setpoint for organic nitrogen is given. 0 

Combined ammonidnitrogen controller: 
A fixed setpoint for both nitrate and ammonia is given. The model internally used in MPC is 

linearísed around these setpoints. The idea is that by enforcing these setpoints, the state of the 
non-linear plant stays close to the linearisation point. As will be shown in the simulation section 
of this report, selection of these setpoints is crucial for the overall performance of the system. 
Tine performance is determined by the combhcttiooi of to?% chosen setpoir,ts mld the yuvt’s. 

Ammonia controller: 
The idea for choosing this controller criterion function is that it is easier to tune than the pre- 

vious. In the previous criterion the combination of the setpoints and the ywt’s will determine the 
performance of the controller. With the ammonia controller a setpoint for ammonia is chosen and 
afterwards an output weight for ammonia is chosen so that the setpoint is achieved. The coiltrol- 
ler will then minimise the deviation of nitrate. 

Y urn 

[o o o 
1 0 0  

KF =I 0 1 0  
11 1 O 

Anorganic nitrogen controller: 

I = [measurements y states 

Enforcing only a setpoint for anorganic nitrogen gives the controller the freedom to select 
the optimal ammonia and nitrate concentrations belonging to this setpoint for Sa,,,,. 

y, u and K, as previous 

In all simulations performed in chapter 6 of this report the same internally linear model is used in 
the model predictive controller. This model was obtained by linearisation around the initial state, 
where the average DWS flow was used as the value for the influent flow. Also the standard 
DMC-filter is used in all simulations. 
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When al previous steps and the tuning are completed successfully, the design has to be evaluated. 
In this chapter the controllers will be judged on performance and cost reduction. Although ro- 
bustness and reliability are also important, the designs will not be jidged oil these aspects. Xow- 
ever, it is specified how to address these criteria. 

In this chapter, firstly a tuning approach for model predictive controllers will be suggested. The 
different criteria presented in section 5.2. will be evaluated under DWS and SWS conditions. For 
each criterion several cases with different tuning parameters will be discussed. Finally, a general 
discussion will be given regarding to the performance of the different designs. 

6.1 A tuning approach for MPC 
A €requer.t!y mentimed zdvimtage of MPC is it ease ~f tcning. However, a straightforward tun- 
ing procedure is not yet available. Some tuning guidelines are given in [MOR93], for both SISO 
and M M O  systems it was observed that: 

tlíe control action is more aggressive 
the system response is faster 
the closed loop system is less robust to model-plant mismatch 

the horizon P is decreased 
the number of input moves M is increased 
the input weight (uwt) is decreased. 

e 

0 

e 

e 

when 

[MOR931 stated also that the effect of M and P are only clear-cut when the input weight is small. 

For the tuning of the linear constrained MPC controllers, acting on the mentioned non-linear 
process the following tuning strategy is usedsuggested and is partially based on the above men- 
tioned statements: 

1. Select a sampling time Ts 
2. Select a prediction horizon P 
3. SetM=P 
4. Calculate input weights uwt 
5. Select constraints u,,, u-, Dum 
6. Determine ywt iteratively, via simulations with linear model 
7. If calculation times are too large reduce M 
8. Adjust for control action by changing uwt 
9. Apply tuning garameters to non-linear plant 

Below, steps 1-9 in the tuning procedure are explained. 
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Controller tuning and evaluation 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

Select a sample time Ts: T+Q. 
The sampling time has to chosen in relation to the dynamics of the system and has to be 
larger then the smallest time interval that a measurement device can generate two consecu- 
tive outputs (e.g. some COD-measurements devices are of the batch-reactor type, generating 
normally a measurement every 15 min) 
Select a prediction horizon P [number of samples] : 1IP<Inf 
No fixed procedure can be given for this choice, only a few guidelines: 

0 

o 

0 

P has to be larger then the inverse response (to ensure stability) and the largest dead 
time in the system. 
There is a direct relation between memory requirements and P. 
The time constants of the linearised system can give good indications for the choice 
of the prediction horizon (rule of thumb by [MOR91]: chose P*Ts equal to largest 
time constant is the system, if it is justifiable in terms of calculation times). 
Selection of P and Ts is correlated (P*Ts=prediction horizon expressed in time 
units). 

Choose control horizon M equal to P :  
It is not advisable to see M as a tuning parameter for control actions when uwt is not rela- 
tively small (uwt has a much stronger and clearer effect on the control actions then M be- 
cause uwt acts direct on the input moves). 
Calculate the input weights: 
uwt can be calculated to account for the different sensitivity of the process outputs to the dif- 
ferent maipulated variables. Here two approaches are described IS ccrlcdate the uwt: 

0 Based on desired control increments: 
If an indication of the order of magnitude of the desired input moves can be given, 
then the required uwt can be calculated (Appendix D). This procedure is set up by 
looking at the performance criterion function (5-1). 
Based on steady state gains: 
The steady state gain for a unit step response is a good indication for the sensitivity 
of a certain output to a certain manipulated variable. These values can then also be 
used to calculate the uwt. 

In appendix D a quantitative example is given. These procedures look only to the sensitivity 
of the output to manipulated input moves. Control range is accounted for by applying con- 
straints on the input variables. When control range and sensitivity are not in equilibrium then 
other procedures have to be used. Normally a small sensitivity corresponds to a large control 
range so this procedure will give no problems. 
Determine the physical constraints for the inputs : 
Select u,, u,, and Au- 
Determine ywt iteratively (by simulation on the linear process and use constrained MPC) : 
Start with ywt=[l ... i]. Determine through simulation on the linear process the ywt factors. 
Adjust them until a desired response is achieved. If a certain controlled output reacts slow 
the corresponding ywti has too be adjusted. The direction of adjustment can be determined by 
looking at the controller criterion function (5-1). The rate of adjustment is more an educated 
guess, although comparing the performance and the controller criterion function can give in- 
dications. If the controller is tuned for one criterion function, these tuning parameters can be 
used to select a better starting point then ywt=[l .... i]. 
Hfoptimisation times are too large, reduce M :  
Blocking can be used to reduce the number of optimisation parameters (=input moves) and 
therefore also the optimisatiodcalculation times. Preserve the whole freedom in the begin- 
ning of the controi horizon and reduce (via blocking) the freedom to the end of it. 
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8. Adjust control action by changing uwt: 
Lowering M can lead to a decrease in the aggressiveness of the control action. This can be 
compensated for by lowering uwt. Lowering uwt has a much stronger effect on the control 
action then M and therefore M is only used to limit the calculation times. 

9. Apply these tuning parameters on non-linear process. 

The suggested tuning strategy does not reckon directly with robustness issues. Although, detun- 
ing could be applied as a simple mean for achieving robustness. Adjustments to account directly 
€or robustness is recommended however. [LEE941 gives guidelines for tuning an unconstrained 
MPC by applying the H--theory for robustness and performance. He showed that KF is the right 
parameter to achieve robustness. 

6.2 Evaluation of the developed controllers 
The controllers have all been tested on configuration CON( 1). The linear model internally used 
in the controller corresponds to configuration CON(2) (see section 3.3. Table (3-6)). Internally 
the linearised SJMBA equations are used and the clarifier is modelled as a simple CSTR with 
perfect sludge blanket control. Pn all tests the same initial state was used. The open loog behav- 
iour of the plant is shown in section 4.3. (the selected initial state is shown Appendix E). 

The controller is evdxited for hfluent disturbz~~nces I( 1) m-d I(4). I( i) is a DWS situation and 
only the last day is used for evaluation. 1(4) is a SWS situation and the last four days are used for 
evaluation. For each type of test, a general performance measures table is listed, containing the 
flow proportional mean of the nitrogen compounds discharged to the surface water and the mean 
power supply to the aerators. The flow proportional mean is used because it is a better measure 
then just taking the mean of the concentrations, because it represents the actual load to the env i- 
ronment. 

Constraints (dim) are set only on the minimum and maximum value of the power applied to the 
aerators and are chosen equal for both aerators. Constraints on the manipulated variable rate 
changes and on the outputs are not used. In al simulations, the same sample time o€ i 5  minutes 
was used. 

The following criteria will now be investigated: 
1. Criterion 1 : combined ammoniahitrogen controller 
2. Criterion 2: ammonia controller 
3 .  Criterion 3 : anorganic nitrogen controller 
4. Combined ammoniahitrogen controller with feedforward on influent flow. 

6.2.1 Criterion 1: combined ammonia/nitrogen controller 

For this criterion 4 cases will be discussed both for DWS and SWS conditions. 
1. CASE 1: setpoint=[3.5 ,7 ]  P=M=35 (=8h45min) with constraints. 
2. CASE 2: setpoint=[3.5 , 71 P=M=35 no constraints. 
3. CASE 3: setpoint=[3 , 141 P=M=35 with constraints, 
4. CASE 4: setpoint=[3 , 141 P=96 (=lday), M blocking with constraints. 

The weighting matrices are chosen equal in all simulation and are ywt=[10 , 51, uwt=[O.2458 , 
0.71971. If constraints are used they are set equal to eilim=[30 1321. 
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621.1 Dry weather supply 
The controller was tuned according to the procedure described above. Different cases were 
tested. 
In Table 6- 1 the general performance measures are given. The case number in the table corre- 
sponds to the cases referred to in the subsections below. PA(t) is the total power supplied to the 
aerators and is the sum of PAl(t) and PA2(t). 

Table 6-1: General performance measures for the setpoint controller, under DWS conditions. 

Case I represents the values for the influent to the installation. Case O is the open loop behaviour 
of the carrousel (Figure 4-3). As can be seen from this table, more nitrate is discharged then 
originally was present in the influent to the WWTP. Ammonia discharges are much lower then 
originally present in the influent. This is not surprising, because oxidising ammonia produces 
nitrate. The total amount of anorganic nitrogen compounds discharged to the surface waters de- 
termines the damage on the environment. The rise in nitrate concentrations is no problem, as long 
it is compensated by a stronger decrease in ammonia. The nutrient removal efficiency achieved 
for anorganic nitrogen is 63 % for the open loop case. 

CASE I :  

".-".<..:.:.: ................................ 

Figure 6-1: Combined ammonia/nitrogen controller case 1, under DWS conditions. 

In Figure 6- 1 the effluent nitrogen concentrations, the setpoints (dotted straight line) and the ap- 
plied control actions are depicted. As can be seen during 60 % of the time at least one input con- 
straint is active. During the time interval where no constraints are active nitrate and ammonia are 
close to there setpoints. When a constraint is active, the controller loses a degree of freedom and 
not all setpoints can be achieved. This is clearly visible. The largest offsets are present when an 
input constraint is active. 
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From Table 6-1 we can conclude that there is an average off-set of 0.6 mg/l for ammonia and 1 
mg/l for nitrate. As will be shown in case 2 this is not due to a poor controller design, but is a 
limitation of the installation. This can be explained as follows. For the applied setpoints there is 
as a deficit of nitrification volume as well as a deficit of denitrification volume. The controller 
has to make a compromise and minimises offsets for both outputs. There is no instant in time that 
the total installed oxygen input capacity is used, PA(t)<2* 132 kWh/d. A nutrient removal effi- 
ciency of 77 % is achieved for the anorganic nitrogen. 

CASE 2: 

Setting no upper limit on the power supply to the aerator corresponds to iaplenienting very pow- 
erfui surface aerators in the installation. The responses are depicted in Figure G-2 (Appendix G). 
We can see that the setpoints are now better achieved. 

From Table 6-1 we see that the averages are almost equal to the setpoints. Comparing the mean 
values of the supplied power to the aerators gives the following result. In case 2 PAl is lower than 
in case 1. The opposite is true for BA2. The reason that the controlller selects this setting can be 
explained by the locating of influent injection point. By lowering PAl a greater denitrification 
zone is created in the neighbourhood of the influent injection point. Near the influent injection 
point the readily biodegradable substrate SS concentrations are high and this has a positive effect 
on the denitrification capacity of the denitrification zone located before aerator P AZ. PAl can not 
be chosen equal to zero all the time because first the nitrates have to be formed in the preceding 
nitrification zone by oxidising ammonia. P A 2  is increased to compensate for the less nitrification 
capacity by lowering PAI. 

Comparing the total power supply to the aerators, shows that in case 2 more energy is required to 
get a better nutrient removal. It is however remarkable that the maximum total power supply in 
time for case i and 2 are almost the same: max(PA(t))CASEl=241 kWh/d, max(P~(t))c~s~~=245 
kWh/d. The maximum oxygen input capacity installed in case 1 was 264 kWh/d. Therefore the 
total oxygen input capacity installed was sufficient. The bottleneck for the nutrient removal in 
case 1 was the limited capacity to distribute this total capacity over the two aerators. This leads 
us to conclude that not only the total oxygen input capacity installed in an installation is impor- 
tant, but that it is equally important how this capacity is distributed over the different aerators. 
Therefore, with limited aeration capacity, the distribution of the capacities is important. The 
achieved nutrient removal efficiency is 80 %. 

Another conclusion is that the injection point of the influent is poorly chosen for this installation. 
Injecting the influent in the beginning of a denitrification zone always results in a higher nutrient 
removal capacity of the installation than injecting it in the nitrification zone. 

CASE 3: 

An almost off-set free response can also be generated by softening the demands in comparison 
with case 1. This softening is done by increasing the setpoint for nitrate. Increasing the setpoint 
for nitrate results in a smaller required denitrification volume and therefore the nitrification vo 1- 
ume can be increased. Raising the setpoint for nitrate thus allows aggravating the demands on 
ammonia. In theory increasing the setpoint for ammonia also weakens the demands in compari- 
son with case 1. However, this is not advisable because the organic compounds have to be re- 
moved also. As explained before, choosing a low setpoint for ammonia results in a larger nitrifi- 
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cation zone where the organic compounds can be oxidised, whilst increasing the setpoint for ni- 
trate results in a smaller required denitrification capacity. 

These considerations explain the results obtained in case 3. The response is shown in Figure G-3. 
In Table 6-1, this can be seen in the mean values of the power supply to the aerators (Table 6-1, 
compare case B and 3). PAI is increased, reducing the volume of the first denitrification zone. PA2 
is reduced, increasing the volume of the second denitrification zone. These effect are results of 
the smaller denitrification capacity required. Because the injection point of the influent is closest 
to the first denitrification zone, the best working denitrification zone is reduced. The total denitr i- 
fication capacity is lowered, resulting in a higher nitrate effluent concentration. The achieved 
mtïieiit ïemova! efficiency 55 %. 

Remarkable however is that with the more stringent demands in case 1 the total energy needed is 
less then in case 3. Choosing more stringent, not achievable effluent demands, leads to a reduc- 
tion of the operation cost and at the same time result in a better purification of the waste water. 
This can be explained as follows: increasing the setpoint for nitrate results in a smaller required 
denitrification volume. A result of the smaller required denitrification volume is that the nitrif i- 
cation volume can be larger. The nitrification volume is chosen larger to reduce the offset for 
ammonia. A larger nitrification volume means that more oxygen has to be imparted in the carrou- 
sel. Oxygen demands are not determined by the overall purification of the wastewater, but by the 
removal of ammonia. This is also clearly visible in the table. In case 3 the ammonia concentra- 
tion is smaller then in case 1, so more oxygen input is required in case 3. 

CASE 4: 

Setting M equal to 96 lead to excessively high calculation times. To reduce calculation times, 
blocking was applied in such a way that the degrees of freedom for the optimisation problem 
were the same as in case 3. In the beginning of the control horizon more freedom was preserved 
then at the end of the horizon. 

The response (not shown) was almost exact the same as for case 3. From Table 6-1 can be con- 
cluded that raising P above 8.75 hours had no influence on the controller performance. The nutri- 
ent load discharged is practically the same. Also the mean value of the power supply to the aera- 
tors is the same. Only slight difference for each separate aerator are noticeable. 

6.2.6.2 Storm weather suppij, 
The same cases as in 6.2.1.1 were tested with SWS instead of DWS. In table 6-2 the general per- 
formance measures are given. Again case I represents the values for the influent to the installa- 
tion. Case O is the open loop behaviour of the carrousel. The achieved nutrient removal efficiency 
for anorganic nitrogen is 62 % for the open loop case. 
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Flow proportional mean [mgll] M e g  value [ k W d j  

CASE I :  

I 
O 

In Figure 6-2 the effluent nitrogen concentrations, the setpoints (thick straight line) and the ap- 
plied control actions are depicted. At a certain instant during the rain event both aerators are on 
the upper limit. This is because during the beginning of the storm ammonia increases strongly 
and nitrate decreases. Thus, all the nitrification capacity installed will be used to oxidise the am- 
monia. 

35.6 34.1 1.5 - - 
20.2 3.6 16.6 70 132 202 

1 
2 
3 
4 

13.5 4.7 8.8 70 121.3 1911 
12.2 4.2 8.0 35 205 240 
17.7 3.6 14.1 87 118 285 
17.7 3.6 14.1 88 117 205 

Table 6-2: General performance measures for the setpoint controller, under S WS conditions. 

It is noticed that, after the storm, the deviations from the setpoint are larger then before the storm. 
Before (day 5 to 6) and after the storm (day 8 to 9) the total oxygen input to plant is practically 
the same. The distribution over the aerators, however, is different. By lowering PAl(t) more deni- 
trification capacity is created. Comparing the open loop case and case 1 in table 6-2 shows that 
by rneans of control a better nutrient removal efficiency can be achieved with less aeration cost. 
The benefits of controlling a pliant are clearly visible. 

CASE 2: 

Again the constraints on u are released. The results are shown in figure G-5. This removes the 
of€-set before the rain event as discussed by the DWS case. The height of the peak €or ammonia 
and the depth of the dip for nitrate (t=6.4 days) is smaller when no constraints are applied on the 
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Figure 6-2: Combined ammonia/nihate controller case I ,  under S WS conditions. 

oxygen input capacity. This is due to the fact that during the rain event more oxygen can be im- 
parted into the carrousel and therefore more ammonia can be oxidised. During the rain event 
more than the total oxygen input capacity is used as installed in case 1. For a relatively small re- 
duction of the peak/dip much more oxygen input Capacity has to be installed (more then 2 times 
in case 1). Installing more capacity only for this reason is not economical. 
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After the rain event (day 7 to 9) there is still an offset, which is smaller. It can be concluded 
however, that the off-set is not only a result of the lack of oxygen input capacity. During this time 
span only at two small time intervals more then the originally installed oxygen input capacity is 
used. However, the distribution of the power over the aerators is different. Thus the reduction of 
the offset after the rain event is a result of the more optimal distribution of the oxygen in the car- 
rousel. By lowering PAl(t) the best performing denitrification zone is increased in volume and by 
increasing PAZ(t) the worst performing denitrification is decreased in volume. This more optimal 
distribution of nitrifkatioddenitrification zones over the carrousel leads to an better nutrient r e- 
moval with the same maximum power input. 

It Ciyn &O he EOtiCed th2t dWhg 2 CP_fi2iE tinlp S p C  ( t~6 .6  to 7.25 d2Yy9) PAi(t) i§ ZUTC. The 
whole first section of the carrousel is used for denitrification purposes, taken full advantage of 
the rapidly biodegradable components present in the influent. The achieved nutrient removal ef- 
ficiency is 65 %. 

CASE 3: 

Results are depicted in figure G-6. The demands on the plant are weakened by choosing a higher 
setpoint for nitrate. The weakening of the targets for the plant results in a reduction of the offsets 
after the rain event, just as in case 2, but in that case more oxygen input capacity was installed. 

The peak for ammonia (t=6.4 days) is as high as in case 1. This peak can not be lowered because 
the same maximum oxygen input capacity is installed. The depth of the dale for nitrate is smaller 
then in case 1. This is due to the fact that the controller applies the maximum oxygen input ca- 
pacity during a longer time and therefore more ammonia is converted to nitrate and less nitrate is 
converted to nitrogen gas. Why the width is larger can not be explained. The achieved nutrient 
removal efficiency is 56 %. Just like in the DWS case, setting more stringent effluent norms 
leads to a better nutrient removal with less costs. 

CASE 4: (no figure) 

Also in the case of an rain event, increasing the prediction horizon does not lead to a better per- 
formance. Compare case 3 and case 4 in Table 6-2, all values are practically the same. 

6.2.2 Criterion 2: ammonia control 

Both nitrate and ammonia concentrations leaving the aeration basin are measured. Total anor- 
ganic nitrogen (sum nitrate and ammonia) is reconstructed. Ammonia is controlled to a setpoint. 
Nitrate is not explicitly included in the objective function and total anorganic nitrogen is mini- 
mised. Different sets of tuning parameters were tested. Again case I in table 6-3 represents the 
influent values and case O in table 6-3 represents the open loop control. 

For this criterion, 3 cases were tested both for DWS and SWS conditions 
1. CASE 5:  ywt=[15 , O 51 
2. CASESa: ywt=[lO , O ,  2.51 
3. CASE5b: ywt=[lO , O ,  0.51 

All the other controller tuning parameters were chosen identical: 

Input weighting: uwt=[0.2458 , 0.7197] Constraints on aerator: ulim=[30, 1321 
Setpoint: r=[3 , O ,  O] PíM horizon P=M=35 
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Only case 5 will be discussed in this report. The idea of this criterion is to control ammonia 
strongly to the setpoint and minimise at the same time the total anorganic nitrogen discharged. 
The weight put on ammonia has to be larger than the weight put on anorganic nitrogen, because 
total anorganic nitrogen (sum nitrate and ammonia) equal to zero and ammonia to 3 is an impos- 
sible situation. 

Table 6-3: General performance measures for ammonia controller. 

6.2.2.1 Dry weather supply 
In Figure G-7 the effluent nitrogen concentrations, the setpoints (dotted straight line) and the ap- 
plied control actions are depicted. During the whole time interval, at least one constraint is ac- 
tive. In the beginning of the time interval the lower constraint of the first aerator is active. During 
the remainder of the time interval the upper constraint of the second aerator is active. 
Through comparison of case 5 and case 1 in table 6-3 it is noticed that in case 1 a lower ammonia 
concentration is reached and that the nitrate concentration is higher. This is due to the fact that 
the controller in case 5 has chosen for a lower mean value of PAl and a higher mean value of PA2 
(Table 6-3). In case 5 this leads to a better denitrification because the best performing nitrific a- 
tion zone then has the largest volume. The total anorganic nutrient removal efficiency is 80 %. 

6.2.2.2 Storm weather supply 
As in the DWS case, at least one input constraint is active during almost the whole time interval. 
The result are depicted in Figure G-8. During the storm, both aerators get full power supply in 
order to reduce the peak for ammonia by oxidising the ammonia to nitrate. This results in a de- 
crease of the ammonia concentration and an increase of the nitrate concentration during that sge- 
cific time interval. The total anorganic nutrient removal efficiency is 60 %. 

6.2.3 Criterion 3: anorganic nitrogen control 

Both nitrate and ammonia concentrations leaving the aeration basin are measured. Total anor- 
ganic nitrogen (sum nitrate and ammonia) is reconstructed. Only anorganic nitrogen is controlled 
to a setpoint. Again case I represents the influent values and case O represents the open loop con- 
trol. 
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Flow proportional mean Mean value 
[mgfil 

CASE Influent Nanor, N-NHI N-NO3 PAI P A 2  P A  . 
DWS 51.5 50.0 1.5 - 

Table 6-4: General performance measures for anorganic nitrogen controller. 

The controller tuning parameters for case 6 are: 
Output weighting: ywt=[O, O ,  151 Setpoint: r=[O , O ,  101 
Input weighting: uwt=[0.2458 ,0.71971 Constraints on aerator: ulim=[30, 1321 
Prediction horizon: P=35 samples (=8.75hours) Control horizon: M=35 samples 
The idea is to control anorganic nitrogen to a constant setpoint. This gives the controller the free- 
dom in the selection of the ammonia and nitrate concentrations. The setpoint for anorganic nitro- 
gen is chosen equal to 10 mg/i because from the above simulations this appears to the maximum 
achievable for this installation. 

6.2.3.1 Dry weather supply 
In Figure G-9 the effluent nitrogen concentrations, the setpoints (dotted straight line) and the ap- 
plied control actions are depicted. Despite the influent flow disturbances the controller tracks the 
setpoint for anorganic nitrogen almost exactly. The momentary power supplied to the aerators is 
notably different from the preceding simulations. K the preceding cases during the whole time 
interval at least one aerator was on a constraint. In this case not one constraint is active during 
the time interval. 

Aerator 2 has an almost constant power supply of 110 kWh/d during the whole time interval. The 
influent flow disturbance is rejected by manipulating aerator 1. The ammonia and nitrate con- 
centrations are in counter phase. This can be explained as follows. Because aerator 2 is almost 
fixed at a constant power supply by the controller, the only variable to influence the nitrific a- 
tioddenitrification volume in the carrousel is aerator l. When aerator l is high (t=5-5.2 days), 
the nitrification process is the most important process for the controller and this process gets a 
higher volume. Then ammonia decreases because it is oxidised to nitrate and thus nitrate in- 
creases. When aerator 1 is low (t=5.2-5.7 days), then the denitrification process has a larger vol- 
ume. The nitrates can be converted in the greater anoxic zone. The ammonia concentrations rise 
again because less aerated volume is present to oxidise it. 

In the preceding cases both aerator 1 and 2 where manipulated and therefore these 2 processes 
can not be separated so easily. The reason that the controller virtually fixes the second aerator 
and not the first aerator, enforcing that way that nitrate and ammonia concentrations become in 
counter phase, is that the first anoxic zone has a larger denitrification capacity for the same vo 1- 
ume as the second denitrification zone. The achieved nutrient removal efficiency is 80 %. Of all 
the DWS cases this controller criterion achieves the lowest effluent concentrations and at the 
same time consumes the least energy. 
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6.2.3.2 Storm weather supply 
Everything seems to go quite well (Figure G-10), until 
at approximately time instant t=7.75 days the controller 
fixes both aerators at the minimal constraint. The re- 
sponse for the systems then is quite normal. Because no 
ammonia is oxidised to nitrate, all the nitrate is quickly 
converted and the ammonia concentrations increase 
quickly. 

The reason for this is that in the h e a r  model used by 
the MFC coatïolleï negative concentrations are al- 
lowed. This makes it possible that in the controller high 
Values Of ~mmOnia are compensated for by non ex- 
cisting negative values of nitrate. That this phenomena 

occurs in the controller was checked by studying the p-step ahead prediction (P=35 samples or 
8.75 hours) for ammonia and nitrate. Figure 6-3 shows the p-step-ahead prediction performed by 
the MPC controller at t=8.5 [days]. The positive predictions of ammonia are compensated for by 
negative nitrate predictions. As seen from the model in the controller it becomes optimal to stop 
the aeration. The carrousel then becomes one large denitrification zone. 

Figure 6-3:p-stepaheadpredktk op t=s.sd 

62.4 Setpoint control and feedforward 

Because the largest disturbances to the plant are mainly due to influent flows, it looks promising 
to use feedforward control for the influent flow. Because the combined ammoniahitrogen con- 
troller gave the best performance results, the feedforward was implemented for this controller. 
Two cases were studied: 
Case 7 is the same as case 1, except for the feedforward. 
Case 8 is the same as case 3, except for the feedforward. 

1. CASE 7: setpoint=l3.5 , 71 
2. CASE 8: setpoint=[3 , 141 

feedforward on influent flow Qm 
feedforward on influent flow Qm 

AU the other tuning parameter are chosen identical for both cases. 
Input weighting uwt=[O.2458 ,0.7197] PM horizon P=M=35 
ûutput weighting ywt=[ 10 51 Constraints on aerator: ulim=[30 , 1321 

70 121.3 191 

8 sws ! 17.3 3.8 13.4 1 99 102 202 
Table 6-5: General performance measures for feedforward controller. 
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Figure 6-4: Comparison case 1 (withoutfwd) and case Y (withfwd), under SWS conditions. 

Controller tuning and evaluation 
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In Figure 6-4 it is noticed that applying feedforward has a positive influence on the nitrate re- 
moval after the rain event and a negative influence on the ammonia removal. There is a slight 
improvement for the anoïgmic nitrogen renoval after the rain event. The same cm be deducted 
from Figure 6-6. Only the improvement made in nitrate removal by applying feedforward after 
the rain event is significant. However the loss in the ammonia removal after the rain event is also 
slightly larger. 

It is concluded that no significant improvements are made by applying feedforward. Measuring 
the incoming flow further upwards in the sewage system might give better improvements. That 
way one could use the influent flow disturbance variable over the whole prediction horizon. In 
the simulation presented here at time k the influent flow move is measured and assumed constant 
in the future. 

Figure 6-6: Comparison case 3( without fwd) and case Y (withfwd) ,under SWS conditions. 
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CONTROLLER 1 CASE 1 

6.3 Benchmarks for MPC 
[SCH95] and [MEI951 tested different types of controllers on the same carrousel (configuration 
CON(1)). Initial conditions and model parameters were all the same. Their results are included 
here in order to make a comparison possible. [MEI951 compared 3 types of PI-control schemes, 
namely DO-control, ammonia control and cascade control. [SCH95] drew a comparison between 
the above cascade controller and a LQG-controller for the same carrousel. Where relevant, their 
results will be included in this report. 

The evaluated controllers will be briefly sketched here: 
e 

0 

DO-control: Aerator 2 I s  fixed and a PI-controiier is connected to aerator P to control 
an oxygen concentration measured further downstream by aerator 1. 
Ammonia-control: Aerator 2 is fixed and a PI-controller is connected to aerator 1 to 
control the ammonia concentration leaving the aeration basin. 
Cascade-control: Two PI-controllers in a masterhlave setting. The slave controls the 
oxygen concentration (aerator 1). The master controls a fixed anorganic nitrogen to 
ammonia concentration. Aerator 2 is fixed. 
LQG-control: Ammonia and nitrate concentrations are measured and both aerators 
are controlled by the LQG-controller. Surface aerator 2 is a powered by a two state 
motor. 

* 

In Table 6-6 an overview is given of the performance criteria for the different controllers. Por 
MPC &e two best peïfûrmhg cûntrdlers are depicted in the table. 

CASCADE (PI-type) 

Table 6-6: Cornparkon of MPC with other control schemes. 

hSCH951 showed that the LQG-controller could achieve the same effluent quality by a significant 
less energy usage (6 % reduction) in comparison with the cascade-controller. Under DWS condi- 
tions the MPC controller case 1 reduced the energy consumption with another 5 %, while 
achieving at the same time better effluent quality. The MPC controller case 3 achieves compara- 
ble ïesults as the LQG-controlleï as well for efflüent qüality as for energy consumptiom under 
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DWS conditions. It is not known if the LQG controller consumes also less energy when the ef- 
fluent standards are set more stringent. Under SWS conditions the MPC controller case 1 realises 
a comparable energy consumption, but achieves a better effluent quality. The MPC controller 
case 3 consumes a little bit more energy (1 %) under SWS conditions while the effluent quality is 
also slightly lower. 

It can be concluded that the MPC-controller achieves a performance better than or similar to the 
LQG-controller. This is not remarkable because both controllers work with a nearly similar linear 
model. The advantage of the MPC-controller over the LQG-controller is the ability to deal ex- 
plicitly with constraints. However; calculation times are larger for MPC. 

6.4 Analysis and discussion 
For the first two controller criteria tested, it was observed that during almost the whole time in- 
terval at least one input constraint was active. No constraints were active during the DWS case, 
when the anorganic nitrogen controller was used. By virtually fixing the second aerator, effluent 
ammonia and nitrate concentrations became in counter phase. This makes it easier to get smaller 
deviations from the setpoint for anorganic nitrogen than for the other criteriakontrollers. In the 
case of a combined ammoniahitrogen setpoint controller, it was no longer optimal to put ammo- 
nia and nitrate in counter phase. This can be explained as follows. In the combined ammo- 
nidnitrogen setpoint case the sum of the deviations from both setpoint was minimised. Tne sign 
of the deviations from the setpoint is of no importance for the value of controller objective func- 
tion. Therefore, a low value of the controller objective function can also be realised when ammo- 
nia and nitrate are in phase with each other, so there is no reason for the controller to force them 
to be in counterpahse. For the ammonia controller, were only a setpoint is enforced for ammonia, 
it is observed that nitrate and ammonia are closer to counter phase then in the case of the co m- 
bined setpoint controller. 

It was observed that not only the total installed oxygen input capacity is important. It is equally 
important how this total oxygen input capacity is distributed over the different aerators. The dis- 
tribution of installed capacities has to reckodallow for this. The importance of the influent i n- 
jection point has also been indicated. It was reasoned that injecting the influent in a denitrific a- 
tion zone would be ideal. If the influent is injected in a nitrification zone it is advantageous to 
install at that point a less powerful aerator in favour of the second aerator. 

It was observed that stricter demands for the setpoint resulted in a better overall nutrient removal 
efficiency, while at the same time the total energy costs was reduced. This was explained by in- 
dicating that the aeration costs are a function of the amount of ammonia oxidised (under the as- 
sumption that the organic compounds are constant). Therefore, the choice of setpoints should not 
only be determined by the effluent standards but also by controller performance. 

It is noticed that for the setpoint controller and for the ammonia controller the total power sup- 
plied to the aerators qualitatively has the same pattern as the influent flow applied. For the DWS 
case where all the influent components where taken constant, the relation is almost linear. This is 
understandable because the influent component concentrations were chosen constant during the 
DWScase. 
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CODE TABLE PAGE 

number Carrousel Clarifier Linear 
a 14 SIMBA CSTR's 10 layer Otterpohl (C5) NO(386) 

Sludge concentration control (S2) Storm weather control YES 
K,a-control (A21 

Kla-control (A21 

Kla-control (-42) 

Sludge Age control (SI) Storm weather control NO (i 96/i 94) 

2 14 SIMBA CSTR's, no hydraulics CSTR with perfect hsa (C2) YES (195) 
Sludge concentration control (S2) Storm weather control NO 

3 14 SIMBA CSTR's Simplest model (Cl) NO (196) 
Sludge Age control (S1) Storm weather control NO 

4 14 AS!!! csms Simplest model (Cl) NO 

KLa- or DO-control (AUA2) 
5 14AS111 CSTR's Simplest model (Cl) NO 

Sludge Age control storm weather control NO (196) 

Cade letter : S (Sludge control method) 
number Description 
1 
2 Sludge Concentration control 

Sludge Age control; SA=22 days. 

Setpoint TSSc = 9500 g/m3; 
Time period to waste the surplus sludge: TBS=0.2 days 
iST-order fiiter: Time constant: TES = 50 Illin ,Static gaia: XES=: 

number Description 
i 
2 KLa-control (Surface aerator) 

DO-control ; assumed to work instantaneously 

%2=0.85 ; Op=2 kg02kWh ; 
Lower limit P=30 kWh/d ; Upper limit P=132 kWh/d 

Code letter : C (Clarifier model) 
number Description 

~~ _____ 

1 Simplest model 
2 CSTR model with perfect sludge blanket control 

~olume=2550 m3 
3 CSTR with variably volume 
4 CSTR without profile for suspended solids 
5 10 layer Otterpohl model [OTï92], with 19 substance groups (microflocs and macroflocs) 

and modified according to [INS95,pp411-413] 
Surface=3400 m2 ; Depth=1.5 m ; SVI Sludge Volume index=150 mug 
Maximum fraction of micro-flocs=O.O4 ; Solids/COD ratio=i .2 

Code Ietter : I (Supplied influent flow pattern) 
number Description 
1 
2 
3 
4 

DWS, 6 days, flow variable, influent components constant, T=12"C 
DWS, 6 days, flow variable, influent components constant, T=8T 
DWS, 6 days, flow variable, influent components constant, T=18"C 
SWS, 6 days, flow variable, influent components variable, T=12"C 
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Nevertheless, feedforward control on the influent flow only had an insignificant influence on the 
performance of the system. It was suggested that measuring the influent flow upstream in the 
sewer could be used to take the influent disturbance variable over the whole prediction horizon. 
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7. Conclusions and recommendations 
ii EB Ba%%% 

WASTEWATER PLANT CONTROL 

0 It has been demonstrated that not only the total oxygen input capacity is important. It is 
equally important how this total capacity is distributed over the different aerators. Therefore, 
with limited aeration capacity the distribution of the capacities is important. 
The importance of the influent injection point has been demonstrated. 
There is interaction between the sludge concentration control and storm weather control 
loops by the selected control structure. 
Sludge age control seems to be a better way to control the sludge in the system than sludge 
concentration control. 
The total power input to the aerators is strongly related to the influent flow under DWS con- 
ditions. 
No significant improvement was made by implementing feedforward control for the influent 
flow. 

o 

o 

0 

0 

0 

MODEL PREDICTIVE CONTROL 

0 Application of Model Predictive Control resulted in equally good and sometimes better re- 
sults, compared to LQG-control. 
The controller objective function is of great importance regarding to robustness and perform- 
ance of the overall system. Giving the controller more freedom will not always lead to a bet- 
ter performance due to the limited validity of the linearised models. 
A step by step procedure to select the different tuning parameters has been presented. 
Tuning for nominal performance is relatively easy. 
Using the elaborate models IAWQ-based models for controller evaluation leads to large cd- 
culation times. 
The IAWQ-base models can be reduced by applying singular perturbation theory to the linear 
models. In this way, lower order models can be obtained by assuming the fast dynamics as 
instantaneous resulting in a non strictly proper causal model or a D-matrix for the linear state 
space model. Model predictive control according to [MOR931 however, cannot handle non 
strictly proper causal models (D-matrix). 

0 

0 

0 

0 

e 
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Conclusions and recommendations 

7.2 RECOMMENDATIONS 

Influent can best be injected in a denitrification zone. If however, influent is injected in a 
nitrification zone, then it is advantageous to install a less powerful aerator at the injection 
point in favour of the other aerators (keeping total oxygen input capacity constant). 
It was recognised that the influent injection point was a very important factor for the overall 
nutrient removal efficiency. Therefore, implementing a controllable influent distribution over 
the carrousel might be an important manipulated variable for control of the nitrogen removal 
process. 
Interaction in the selected control structure can be eliminated through adjustment of the 
sludge controller. Interaction is eliminated at the core, when the total amount of sludge in the 
system is controlled. 
The combination of feedforward on the influent flow and influent concentrations (especially 
ammonia) has still to be investigated. This combination might give significant improvements. 
A robustness analysis has still to be performed. Also the influence of the temperature of the 
waste water on the performance of the controller was not investigated. 
Model reduction: the number of ODE'S to describe a carrousel with a high internal recircula- 
tion rate can considerably be reduced by assuming the suspended components ideally mixed 
throughout the carrousel. 
Model reduction: it is recommended to develop reduced non-hear models to describe the 
short term dynamical behaviour of the WW". These reduced models can be used for con- 
troller design instead of the large IAWQ-based models. An extension to non-linear MPC can 
be made and it remains to be shown wether further improvements can be made by better 
taking into account the non-linear behaviour of the process. 
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List of abreviations 

COD 

LSTR 

DMC 

DO 

DWS 

U W Q  
LP 

MAC 

M M O  

MPC 

ODE 

QP 
RGA 

SISO 

SWS 

WWTP 

Chemical Oxygen Demand 

C o n ~ n ~ ~ ~ s ~ y  §tined Ta& Reactor 

Dynamic Matrix Control 

Dissolved Oxygen 

Dry Weather Supply 

International Association on Water Quality 

Linear Programming 

Model Algorithmic Contorl 

Multiple Input, Multiple Output 

Model Predictive Control 

Ordinarry Differential Equation 

Quadratic Programming 

Relative Gain Analysis 

Single Input, Single Output 

Storm Weather Supply 

Wastewater Treatment Plant 



Sy in bols List 

Carousel related symbols 
VTOT,C 
TSSC 

QES Waste sludge flow 
QRS Return sludge flow 
QI Hnfiuent flow 
QEFF Effluent flow 
T Temperature of the wastewater 

Total volume of the carousel 
Total Süspended Solids for carousel 
measured between carousel and clarifier 

Sludge/aeration controller related parameters 
TSSC,SET Total Suspended Solids for carousel (setpoint) 
TEES 9 KES Parameters first order filter (sludge concentration controller) 
TES Time period to waste surplus sludge 
SA Sludge Age 
Q02(t) Oxygen input per time unit 
KLa Overall transfer coefficient 
@lo2 Oxygen transfer rate 
OP 

P(t) 
SO(t> 
SOSAT 

SOSAT, 10 

Oxygen Production efficiency for surface aerator 
Power input for surface aerator 
Current oxygen concentration (negative COD) 
Saturation point of oxygen concentration 
Saturation point of 02-concentration by 10°C 

[g/m31 
[m3/d] 
[m3/d] 
(m3/d] 
[m3/d] 
["Cl 

Model Predictive Control related parameters 

P prediction horizon [number of samples] 
m control horizon [number of samples] 

TS Sample time [day SI 

uwt input weights [-I 
YWt output weights [-I 
KF filter gain k-I 
Yk+llk prediction of y at time k+l given measurement information 

up to time instant k 
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Appendix A 
escription of the test signals used. 

A detailed description of the test signals is given in this appendix. These data have been 
kindly provided by DHV Water BV, Amersfoort. 

D WS influent pattern 

I I4OW/ 

During the DWS all components are con- 
-/ I sidered to be constant. Only the flow is 

variably. 

SI 
SS 
XI 
XS 
XBH 

SNO 

SND 
XND 

SALK 

mgure A-i: r eow pattern u WJ. 

S WS influent pattern 

0 1 2 3 4 5 6 7 8  
0.1 ' 

Time [days] 

SI 
SS 
XI 
xs 
XBH 
XBA 
XP 
S O  

SNH 
SND 
XND 

SNO 

SALK 

112.8 [gCOD/m3] 
188 [gCOD/m3] 

- - 56.4 [gCOD/m3] 
235 [gCOD/m3] 

- - 347.8 [gCOD/m3] 

- - 
- - 

- - 

- - 0.01 [gc0D/m3; 
- - o [ g ~ ~ ~ / m 3 1  
- - o [-gCOD/m3] 
- - 1.5 [gN/m3] 
- - 49.8 [gN/m3] 
- - 2.052 [gN/m3] 
- - 3.6546 [gN/m3] 
- - 7.3 [ m o ~ m ~ l  

- - variable 
variable 

- - variable 
- - variable 
- - variable 
- - variable 

constant 
constant 

- - constant 
constant 

- - variable 
- - variable 
- - variable 

- - 

- - 
- - 

- - 
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Appendix C 
Step response model [MOR931 

In the MPC toolbox from MATLAB stable systems are described by step response models in 
the following way. For conciseness, only the representation for SISO systems is given here. 
Extension to M M O  systems is straightforward and is described by [MOR93]. 

Y(k) = MS*Y(k - 1) + S*ü(k - 1) 

with 

Y(k) = I '(:+I) 1 = State of the system at time k (free response) 

S= ~i~ = Parameters of the step response model 

y(k+ n- 1) 

= System matrix 



endìx 
A quantitative example to select uwt 

To illustrate the different approaches for scaling used to choose input weighting uwt numeri- 
cal values are used of configuration CON(5). To control the nitrification and denitrification 
process an MPC controller was used with as inputs U=[PAI  PA^ QRC] and outputs y=[&, S,]. 

Based om desire control incrememts 
Suppose one desireddemands input moves in the order of magnitude for: 

Rate of change for PAI, PM: 
Rate of change for flow QRC 

a [kWh/d] 
b [m3/d] 

uwt is then calculated in the following way: uwt=[ 1 , 1 , ah]. 
Suppose a=10 and b=1000. If these are the values of the Au’s in objective function (4.1.) to 
have the contribution in the order magnitude of 1 you could select. 

Because only relative magnitude is of importance this is converted to 
uwt=[l/a , l/a , líb] 

uwt=[l 1 a/b] 

Based on steady state gains of the step respons 

The steady state gains for are listed in the table below : 

S& (ammonia) S, (nitrate) Mean(abs( [ gains])) 

P A 1  (aerator 1) -0.2950 + O 3 5  0.5725 

]PM (aerator 2) -0.3435 +I .O066 0.6750 

QRC (recirculation) -9.5744e-6 2.6386e-5 1.7980e-5 

This results in the choise for: 

uwt=[0.5725 ,0.6750 , 1.7980e-51 or uwt=[l ,0.6750/0.5725 , 1.7980e-5/0.5725] 

We let low sensitivity (high control range) corresponds with a relatively low input weighting. 
Filling this in the controller criterion function (4.1 .) results then in relatively higher input 
moves for recirculation flow then for the aerators. By selecting these tuning parameters the 
contributions to the objective function are in the same order of magnitude for all inputs. 



Appendix E 
Start situation for simulations 

The initial inputs for the simulation are given below. The way how initial state was selected 
is included in the tables below. 

Configuration CON(1) 

Configuration CON(3) 



Appendix F 
Implementation of the surface aerator 

When Kla-control is used in the simulations, it is implemented as a surface aerator according 
to the following formula: 

= K, a * 86400 

a 0 2  : Oxygen transfer rate, [-I 
usually 0.8 to 0.85 for wastewater [MET791 

OP Oxygen Production efficiency [kgO2kWhl 
P(t) : Power input [kWh/d] 
SOSAT,IO : Saturation point of 02-concentration by 10°C [g/m3] 
T Temperature of the wastewater ["Cl 

Typical values for oxygen production efficiencies (Op) for various aeration devices can be 
found in [MET79, pp. 4973. The saturation concentration for BO is evaluated according to 
Gujer as a function of the temperature: 

S OSAT = 13.89 - 0.3825 * T + 0.00731 1 * T2 - 0.00006588 * T3 (3-5) 
This leads to the typical values depicted in Table F-1 : 

Temperature 
O 5 10 15 20 25 

Guj er 13.89 12.15 10.73 9.58 8.64 7.87 
Seawater 11.3 10.0 9.0 8.1 7.4 6.7 

Table F-di Typical valuesfor Dissolved Oxygen concenîrations S0sAT. 



Appendix G 

2 
3 
4 

Plots of the simulation results 
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Figure G l :  Combined ammoniahitrate controller case 1, under D WS conditions. 
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Figure G-2: Combined ammoniahitrate controller case 2, under D WS conditions. 



Figure G-3: Combined nitrogen/ammoniu controller case 3, under DWS conditions. 

Figure G-4: Combined ammonia/nitrate controller case 1, under S WS conditions. 

Figure G-5: Combined ammonidnitrate controller case 2, under SWS conditions. 
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Figure G-6: Combined ammonia/nitrate controller case 3, under SWS conditions. 



Ammonia controller 

Table G-2: Specifications of cases 5. 

I 260, I . , , , , , , , 

s 740 
2 -.___ 

5 PA1 

120 

Time [davSI l ime [days] 

Figure G-7: Ammonia controller case 5, DWS conditions. 
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Figure G-8: Ammonia controller case 5, under S WS conditions. 



Anorganic nitrogen controller 
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Figure G-9: Anorganic nitrogen controller case 6, under D WS conditions. 

Figure G-10: Anorganic nitrogen controller case 6, under SWS conditions 
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