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Abstract

Automatic process control is a proven method for enhancing safety, productivity, and cutting
operational costs across different industries. While some sectors have embraced advanced controllers,
others are just starting to implement closed-loop systems. Urban sanitation systems often rely on basic
on-off controllers, despite the critical role they play in managing urban effluents. Poor control can lead
to environmental overflows. In our study, we maintain controller simplicity by using finite state
machines but introduce two key enhancements: a centralized control strategy that monitors the entire
tank system simultaneously and a fine-tuned strategy through optimization to minimize system
overflows objectively. Testing the new controller in a simulated urban setting, considering effluent
flow rates, quality variations, and rainfall changes, we achieved a significant 56% reduction overflow
compared to the initial control proposal.

Highlights
e Finite State Machines enhanced efficiency in urban effluent storage tank-level control.
e The proposed controller is tuned using Simulated Annealing.
e A centralized control strategy that monitors the entire tank system simultaneously and
minimizes overflows.

Introduction

Level control in tanks is a common application in process control, with various approaches employed
for this purpose (Bishop, 2008). When dealing with many coupled tanks in a sewer system, level control
can be challenging due to process delays, nonlinear characteristics, and complexities that may
undermine the effectiveness of the control system (Basci e Derdiyok, 2016). In this context, it is
essential to adopt suitable control strategies to address these challenges and achieve effective control.
A sector that stands out in the use of tank level controls is sewer network systems, through storage
tanks. The control of these tanks is crucial to reduce the frequency of overflows into water bodies,
which are one of the main sources of water contamination (Botturi et al., 2020; Rathnayake e Faisal
Anwar, 2019), thus posing a significant challenge for sewer system managers.
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The literature presents several approaches to reduce overflow in storage tanks. Mahmoodian
et al. (2017) use neural networks to maximize the available space in the pipes of the sewage system.
Fu et al. (2010) study the control and distribution of storage tanks to minimize the impact of residential
growth on water quality. Zhang et al. (2017) propose flow redistribution according to the capacity of
the wastewater treatment plant (WWTP) to reduce overflows. Euzébio et al. (2023) introduce a control
for pumps in tanks, reducing overflow and energy costs compared to traditional methods.

In this paper, we propose a new level control strategy for an integrated tank system designed
to enhance storage capacity within urban sewer networks. Our proposal is based on a Finite State
Machine (FSM), with parameter tuning achieved through an optimized solution. The controller
operates centrally, monitoring the levels of all tanks simultaneously for decision-making. The objective
is to balance the tank levels to reduce the volume of pollutants overflowed into the river. The proposed
control strategy is compared to a decentralized control approach presented by Saagi et al. (2017).

Methodology

The Simulation Model of an Urban Sewer System

The BSM-UWS simulation model (Saagi et al., 2017) simulates the interaction between subsystems
such as the sewage network, stormwater, and the WWTP, including water capture, rainfall generator,
valve and pump control, and effluent transport, with storage tanks to prevent overflow.

1Mamserco 2%Ansercbic 1VAsobic  2%Amobic  SVAsrobic .~
Reactor  Reactor  Reactor  Re Reactor bzl
jor

IE—

Ea_ﬂ_l._i

BP: (o3

Rwy

Storage
Discharge | Tank

L 4

Rw, Rw; [ Rwe Rwst Rwis Rwso )

. > > >
>

Figure 1. Basic schematic of the BSM-UWS. Adapted from: Saagi et al. (2017).
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The proposed control system and parameter tuning method using Simulated Annealing

The FSM control strategy was implemented in the tank system of the BSM-UWS model, consisting of
five tanks (STy, ST, STs, ST4, and STe), with STs isolated and having no impact on the control process.
The goal is to minimize overflows by utilizing the available storage capacity of the entire system of
tanks. In FSM1 (Figure 2a), which controls Pump 1, three operating modes (0%, 63%, and 100%) are
defined based on the levels of Tanks 1 and 4, using hierarchical states and reference levels (Ln, L1, Li2).
Transitions include dead zones and a 30-minute delay to prevent wear, except under critical low-level
conditions. FSM2 (Figure 2b), controls a valve with two opening modes (50% and 100%), based on the
levels of Tanks 2 and 4. FSM4 (Figure 2c), combines the control of a pump, operating similarly to FSM1,
and a valve, which redirects all bypass flow (Qgeviation) to Tank 4 if Tank 6's level exceeds Ln; otherwise,
a percentage (Pgeviation) is sent to Tank 4, with the remaining flow directed to Tank 6.

The parameters Ly, Li1, Liz and Pgeviation are crucial for the effective operation of the FSM, but
determining them through trial and error can be time demanding, especially as the number of
parameters increases. To overcome this challenge, a tuning methodology based on the Simulated
Annealing metaheuristic was developed, suitable for discrete optimization problems. The objective
was to minimize the total overflow of the process by adjusting the ideal values of the control
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parameters, as defined by the cost function (1). The constraints for this problem are described by (2)
to (7). The limits from 50% to 100% of Pgeviation Were defined based on the operational limits of the
simulator. In constraints (8), (9), and (10), a step size of 0.1 was chosen for each decision variable. This
choice was made to reduce the solution space, resulting in a more computationally efficient search.
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Figure 2. Finite State Machine for the storage tank system of the BSM-UWS.

Objective Function:

MINL, 10 L Paeviarion = OVETflOWsry + Overflowsr, + Overflowsrs + Overflowsr, + Overflowsre (1)
Subject to:

Lim

%’”‘ < L < Limgnk 2)
0< Lil'LiZ =< Limtank (3)
50% < Pdeviation < 100% (4)
L,={25+0,1n|n€{0,1,2,..,25}} (5)
Li1, Lz ={0,1n|n € {0,1,2,...,50}} (6)

Pdeviation = {0,5 + 0,1n | ne {0,1,2, ,5}} (7)

Results and discussion

The tuning was performed using the Simulated Annealing algorithm, aiming to minimize overflows in
the sewer system over a 20-day period, including both dry and rainy periods. The termination criterion
was met when the objective function stabilized, indicating convergence to an optimal value (Figure
3a). The optimal solution obtained (Figure 3b) was applied to a scenario with a 6-hour precipitation
delay between the tanks, and subsequently, the Benchmark and Optimized FSM strategies were
compared. Additionally, there was a redistribution of volumes among the storage tanks, with a
reduction in the volume directed to tank 6, as shown in Figure 3c. In terms of the storage tanks, an
overall reduction of approximately 56% in the total overflow volume was observed. River quality
improved, with an increase in the minimum dissolved oxygen concentration (Cmin,OD) and a reduction
in the time below the permissible limit (Texc,0D), achieving a decrease of up to 15.35% (Table 1). At
the WWTP, the bypassed volume was reduced by up to 13.57%, improving the overflow quality index,
although the effluent quality and operational cost indices showed minimal variation.
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Conclusions and future work

Improvements in river quality were observed, such as higher minimum dissolved oxygen
concentrations and reduced time below the permissible limit, although the maximum un-ionized
ammonia concentration remained unchanged. At the WWTP, the strategy reduced bypassed volume,
improving the overflow quality index and the efficiency of directing wastewater for treatment, despite
no significant improvements in effluent quality and operational cost indices, highlighting the need for
complementary strategies. These results underscore the potential of the FSM Optimal strategy to
enhance sewer system performance under variable rainfall conditions.
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Figure 3. (a) Convergence of the objective function defined as the total overflow of the storage tank systems, (b) optimal
values found for the FSM parameters and (c) comparative analysis of the operating categories of integrated Benchmark tanks
and with Optimal FSM

Table 1. Performance of the various subsystems (Sewer, River, and WWTP) of the BSM-UWS.

Benchmark Optimal FSM  Difference (%)

Performance of the Sewer System

Total Overflow [m3] 7139 3079 -56.87%
Overflow Quality Index [Kg Unit Pollutants/Day] 6345 2463 -61.18%
Overflow Frequency 10 6 -40.00%
Overflow Duration [h] 7 5 -28.57%
Performance of River Quality

C_min,OD [g O,/m3] 4.80 4.96 3.30%
C_max,NHj; [g N/m3] 0.03 0.03 0.00%
T_exc,NH; [h] 59.25 62.17 -4.93%
T_exc,DO [h] 62.08 575 -7.38%
Performance of the Treatment Plant

Effluent Quality Index [Kg Unit Pollutants/Day] 6721.38 6740.59 -0.29%
Operational Cost Index 20399.67 20408.59 -0.04%
Bypass Quality Index [Kg Unit Pollutants/Day] 64.05 57.44 -11.51%
Total Volume Diverted (Bypass) [m3] 577130 529970 -8.17%
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