
IFAC PapersOnLine 54-16 (2021) 416–421

ScienceDirect

Available online at www.sciencedirect.com

2405-8963 Copyright © 2021 The Authors. This is an open access article under the CC BY-NC-ND license.
Peer review under responsibility of International Federation of Automatic Control.
10.1016/j.ifacol.2021.10.125

10.1016/j.ifacol.2021.10.125 2405-8963

Copyright © 2021 The Authors. This is an open access article under the CC BY-NC-ND license  
(https://creativecommons.org/licenses/by-nc-nd/4.0/)

     

Application of Teams of USVs for Cyanobacteria Monitoring: Initial Steps 
 

Jose M. Giron-Sierra*. Jesus Chacon Sombria* 


*Dep. ACYA, Fac. Fisicas, Universidad Complutense de Madrid 

28040 Madrid, Spain (e-mail: gironsi@dacya.ucm.es). 

 

Abstract: Reservoirs and other water masses could suffer dangerous situations because cyanobacteria 

blooms. It is convenient for public safety, and for research purposes, to be able to detect the presence of 

this bacterium in the water, and to monitor its evolution along time. When possible, it would be useful to 

predict a bloom in the near future. And, in case of having a bloom, it would be relevant to have an eye on 

its dynamics. Our research proposes the use of a specialized team of USVs for these objectives. A series 

of initial steps has been accomplished, for having microbiology experts on board, and for developing 

strategies and infrastructure for this project. Standard lawn-mower procedures were precluded: it is more 

a scenario for intelligent methods, based on models and data-driven explorations of water masses. Some 

studies in simulation, and experiments with USVs have been initiated. 
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

1. INTRODUCTION 

While most cyanobacteria are inoffensive, or even beneficial, 

some of them can be dangerous. In particular, there is an 

increasing concern about some particular types of 

cyanobacteria that generate toxins. In certain circumstances, 

there is a kind of explosive growth –blooms- of 

cyanobacteria, which can extend covering large water areas.  

Both for public health and for scientific reasons, it is 

convenient to establish methods for early alert and for 

obtaining relevant on-the-field data. 

Conventional water quality monitoring is based on fixed 

data-acquisition stations. However, it seems that boats offer 

clear advantages for placing sensors and taking samples on 

locations of particular circumstantial interest, when desired.  

It seems then, that USVs (Unmanned Surface Vehicles) could 

be useful, at least, for the following missions: 

 Prevention and early alert (persistent monitoring) 

 Scientific data acquisition, on precise locations 

 Mapping at several depths, with frequent updating 

 Actuation for risk elimination, by physical or 

chemical means 

Of course, systematic, day and night, lawn-mow exploration 

of a certain water area could be done with USVs. However, it 

seems more effective to be able to put the boats as soon as 

possible on crucial places. Our idea is to employ intelligent 

methods for modelling, and then for prediction of suspicious 

locations. This combined with automatic mission planning 

and collaborative robotics. 

Such a research implies a multi-disciplinary approach. A 

number of contacts with experts has been established, and a 

number of tasks are being defined for a future consortium. 

We focus on inland waters, lakes, reservoirs, rivers, etc. After 

years working with scaled ships, we are able to combine hulls 

and our in-house electronics, for devising several types of 

autonomous boats, taking into account different 

requirements, depending on experimental scenarios. 

The purpose of this paper is to introduce the USV application 

context, which involves several different problems. Besides, 

it includes first analysis, simulation and experimental work in 

order to carry out an initial exploratory phase of the research. 

The paper starts with two background sections, related to 

cyanobacteria and to robotic aspects. Then, there is a brief 

section delineating our research approach. The fourth section 

is devoted to modelling and simulation. The fifth section 

covers our initial experimental activities. Finally, the last, 

short section draws some conclusions. 

The initial experiments have confirmed that a physical 

simulation of bloom detection can be done with our USVs 

and support infrastructure.  

2. BIOLOGICAL AND ENVIRONMENTAL DETAILS 

Cyanobacteria are quite small, in the order of micro-meters 

(Churro, et al., 2012). Sometimes, they form a kind of soup 

(in Spain, people call it “green soup”). After intense growing, 

they may form thick floating scums. Figures 1 and 2 show 

some aspects of blooms. They could be beneficial, like for 

instance at the bottom in rice fields, because they have 

nitrogen fixation capabilities. However, some cyanobacteria 

generate harmful toxins (Vincent, 2009). 
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1. INTRODUCTION 

While most cyanobacteria are inoffensive, or even beneficial, 

some of them can be dangerous. In particular, there is an 

increasing concern about some particular types of 

cyanobacteria that generate toxins. In certain circumstances, 

there is a kind of explosive growth –blooms- of 

cyanobacteria, which can extend covering large water areas.  

Both for public health and for scientific reasons, it is 

convenient to establish methods for early alert and for 

obtaining relevant on-the-field data. 

Conventional water quality monitoring is based on fixed 

data-acquisition stations. However, it seems that boats offer 

clear advantages for placing sensors and taking samples on 

locations of particular circumstantial interest, when desired.  

It seems then, that USVs (Unmanned Surface Vehicles) could 

be useful, at least, for the following missions: 

 Prevention and early alert (persistent monitoring) 

 Scientific data acquisition, on precise locations 

 Mapping at several depths, with frequent updating 

 Actuation for risk elimination, by physical or 

chemical means 

Of course, systematic, day and night, lawn-mow exploration 

of a certain water area could be done with USVs. However, it 

seems more effective to be able to put the boats as soon as 

possible on crucial places. Our idea is to employ intelligent 

methods for modelling, and then for prediction of suspicious 

locations. This combined with automatic mission planning 

and collaborative robotics. 

Such a research implies a multi-disciplinary approach. A 

number of contacts with experts has been established, and a 

number of tasks are being defined for a future consortium. 

We focus on inland waters, lakes, reservoirs, rivers, etc. After 

years working with scaled ships, we are able to combine hulls 

and our in-house electronics, for devising several types of 

autonomous boats, taking into account different 

requirements, depending on experimental scenarios. 

The purpose of this paper is to introduce the USV application 

context, which involves several different problems. Besides, 

it includes first analysis, simulation and experimental work in 

order to carry out an initial exploratory phase of the research. 

The paper starts with two background sections, related to 

cyanobacteria and to robotic aspects. Then, there is a brief 

section delineating our research approach. The fourth section 

is devoted to modelling and simulation. The fifth section 

covers our initial experimental activities. Finally, the last, 

short section draws some conclusions. 

The initial experiments have confirmed that a physical 

simulation of bloom detection can be done with our USVs 

and support infrastructure.  

2. BIOLOGICAL AND ENVIRONMENTAL DETAILS 

Cyanobacteria are quite small, in the order of micro-meters 

(Churro, et al., 2012). Sometimes, they form a kind of soup 

(in Spain, people call it “green soup”). After intense growing, 

they may form thick floating scums. Figures 1 and 2 show 

some aspects of blooms. They could be beneficial, like for 

instance at the bottom in rice fields, because they have 

nitrogen fixation capabilities. However, some cyanobacteria 

generate harmful toxins (Vincent, 2009). 
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Specialized literature reports that, although cyanobacteria 

sometimes were called micro-algae, or blue-green algae, they 

are prokaryote organisms, while algae are eukaryote 

organisms (cells with nucleus). Cyanobacteria use 

chlorophyll a and accessory pigments for photosynthesis. 

There are some 2000 species in 150 genera of Cyanobacteria 

(Mur, et al., 1999). 

During our initial meetings with micro-biologists, we learned 

that commonly they take samples of water at several depths, 

and then come to the Laboratory for analysis tasks.  

 

 

 

 

 

 

Figure 1. Cyanobacterial bloom in a China lake 

It seems that a possible role of our autonomous boats, for 

early warning purposes, could be to detect signs of future 

blooms, by using sensors. This is one of the questions to be 

studied in our research. Therefore, a first assessment of 

possibilities with sensors of pH, conductivity, dissolved 

oxygen, temperature, etc. is under consideration. 

Parameters like pH, dissolved oxygen, etc. of pond water 

depend on the activity of algae and water plants. Whenever 

sufficient light is available, photosynthesis releases oxygen, 

and pH increases. By night, respiration consumes oxygen and 

produces carbon dioxide, pH decreases. Therefore, a daily 

fluctuation of parameters exist. Cyanobacteria, through 

photosynthesis and respiration, also contribute to these 

fluctuations. 

The cells of several Cyanobacteria genera contain gas 

vacuoles, which provide buoyancy so the cells can float to the 

surface when convenient for photosynthesis. By using other 

mechanisms, based on carbohydrates, the cells can also go 

down (in search of nutrients). Some species undergo diurnal 

migration up and down Visser, et al., 1997). The success of 

buoyancy mechanisms depends on stable thermal 

stratification of water (quiet waters are more favorable). 

Bloom-forming cyanobacteria prefer temperatures over 15ºC. 

During a bloom, the pH may rise to more than 9. No single 

factor has been identified for causing blooms. In inland 

waters, the factor limiting biomass production is usually 

phosphorous availability, (Vincent, 2009). 

Among the bloom-forming cyanobacteria, three genera are 

often found: Anabaena, Aphanizomenon, and Microcystis. 

Blooms of these bacteria usually take place in summer or 

autumn. It should be said that Microcystis aeruginosa, 

common in eutrophic lakes and reservoirs, produces 

microcystin, which is a hepatotoxin. Both Anabaena and 

Aphanizomenon produce anatoxin, which is an alkaloid 

neurotoxin. These toxins have been involved in the death of 

animals (birds, dogs, farm stock), and a few humans. The 

toxins are water-soluble and are not destroyed by boiling 

(Churro, et al., 2012; Vincent, 2009). 

In 2014, the city of Toledo (Ohio) told 450,000 residents to 

immediately stop drinking water, due to microcystin from 

lake Erie. In 2016, beaches on the Treasure Coast (Florida) 

were closed due to toxic blooms. Several other incidents have 

been reported, from United States, China, Sweden, Portugal, 

Australia, etc. (Codd, et al., 1999). 

 

 

 

 

 

 

Figure 2. Bloom near Palm City (Florida) 

International Organizations are reacting against the problem 

of harmful cyanobacteria. Water is a serious concern for the 

future. In particular, global warming seems to promote more 

cyanobacteria blooms (Bennett, 2017; Paerl, and Paul, 2012). 

Likewise, the scientific community is endeavoring extensive 

research activities, like those reflected in the annual 

International Conference on Toxic Cyanobacteria.  

3. ROBOTIC AND INSTRUMENTATION ASPECTS 

The field of unmanned surface vehicles (USV) has 

considerably expanded. Specialized USVs for water quality 

monitoring are offered by several companies. Frequently they 

use waypoints for navigation specification.  

Since our research is in its initial exploratory phase, our 

preference is to build our own boats and on-board electronics, 

taking advantage of our experience. Our desire is to have a 

flexible framework (both hardware and software) for 

developing specific, peculiar functionalities, suitable for the 

experimental needs. Our on-board electronics is modular, and 

can be inserted in the future on commercial hulls. 

Some of the sensors that could be used by the USVs, are 

basic ones, like pH, light, or dissolved oxygen, or more 

specific ones, like phosphorus ions. There are forms of 

colorimetric measurement being applied for chlorophyll or 

phycocyanin detection (phycocyanin is a pigment of 

cyanobacteria), like those based on fluorescence. Some 

measurement devices could require to install them on board a 

ship and then use pumps for taking water samples (trying a 

kind of real-time, in-situ operation). 

The practical application of a cyanobacteria-alert USV could 

require persistent, day and night operation. Therefore, energy 

issues should be considered. From a monitoring and control 

point of view, the USV should be autonomous, but subject to 

some human interaction.  
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In absence of any a priori knowledge, the detection of soon-

to-come cyanobacteria blooms, would be a matter of 

coverage path planning for the USV (Khan, et al., 2017), with 

alternatives like zigzag or spiral motion, etc. However, some 

hints could be available, based on historical records of 

previous blooms, or the current state of water temperature, 

the season, etc. One of the ideas to be explored in this 

research, is to incrementally build a spatio-temporal model, 

being updated with the results obtained by the USV (a 

learning process). This model would be used for focusing the 

USV exploration on suspicious locations (Paull, et al., 2012). 

As better knowledge of the situation would lead, not to 

exploration, but to exploitation, the USV navigation would 

then probably fall into classic robotics scenarios, like move to 

a summit, or to follow a contour. This may suggest virtual 

potential approaches, only that this time it is a matter of 

chemical dissolved substances instead of potentials.  

4. RESEARCH GUIDELINES 

The main first objective of our research is to establish a 

system that: 

• Based on models and intelligence, could consistently 

alert about blooms, telling where 

• By using (several) USV, carries out data acquisition 

tasks, on suitable locations and with proper 

methods, in order to produce and update models, 

and for scientific purposes. 

Machine intelligence methods would be applied for data 

analysis, modelling, and mission planning or re-planning.  

The work is supported by researchers on cyanobacteria, with 

experience on laboratory and on-the-field data acquisition. 

One of the aspects to be cared, is the communication between 

USVs and operators. This is related with IoT, and 

combinations of cellular and direct radio-links. 

The team involved in the research has already developed and 

used several types of USVs, and has long experience on the 

theoretical bodies to be applied (data processing, control, 

artificial intelligence, etc.) (Giron-Sierra, et al., 2008; 

Cifuentes, et al., 2015). 

The natural stages of the research are, initial exploration of 

the problem, requirements, developments, and application on 

designed scenarios.  

5. INCIPIENT MODELLING AND SIMULATION 

For the initial stage of the research, the focus is put on 

mission planning, and how the USV should behave for in-

advance bloom detection, or when an actual bloom is sensed. 

A visualization of the experimental scenario (for instance, a 

lake) would be established, showing with colors or contours 

the situation of measurable parameters, corresponding to next 

to rise, or already formed blooms. This situation would 

evolve along time. The simulated motion of USV would be 

displayed on this visualization. 

Most of the specialized literature on cyanobacteria models, 

refers to the dynamics of cell population (Guven, and 

Howard, 2006). Literature on the spatio-temporal aspects of 

blooms, is scarce. A source of references for this matter, is 

the book (Whitton, 2012). Another question, which is the up-

down motion of cyanobacteria, is treated in several papers, 

like (Feng, et al., 2018). 

For basic initial studies in simulation, a simple spatial model 

of bloom population quantity has been devised, in the form of 

a three-dimensional Gaussian bell. Given a “covariance” 

matrix: 
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The location of this bell on the x-y plane can be easily 

moved, as it is its top view shape and its height. Actually, we 

suppose that the model will move and change in 

correspondence with the bloom behavior. 

Several bells can be added in order to model more complex 

situations, in which no a single bloom is sufficient. 

Part of our recent research has been related with target 

searching using drones. This is a problem of exploration 

optimization (regions and times scheduling), knowing that 

there exists some targets. Supposing there is a limited number 

of blooms to be detected, we think this problem would have 

similar characteristics. 

During our initial experimental study, a group of small 

catamarans is being used. A basic mathematical model has 

been devised for simulation purposes. Figure 3 shows a 

schematic top view of a catamaran. There are two propellers, 

on starboard and on port sides, which forces are subject to 

control from a digital on-board processor. Turning motions of 

the boat are achieved by differences in these forces 

 

 

 

 

 

 

Figure 3. Top schematic view of the catamaran 
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Figure 3. Top schematic view of the catamaran 

 

 

     

 

Both propellers contribute to a resultant force: 

LRS FFF 
          (4) 

This force can be decomposed into longitudinal, and 

perpendicular to the boat forces, 

cos Su FF
         (5) 

sin Sv FF
         (6) 

where   is sideslip angle. 

The difference between propeller forces is: 

LRdif FFF 
         (7) 

The sideslip angle could be approximated with: 

sdif FF /sin 
         (8) 

The longitudinal and perpendicular accelerations would be 

modelled as follows, 

mvFa uLuu /)( 
         (9) 

mvFa vPvv /)( 
         (10) 

where 
uv and 

vv are velocities; and 
L and 

P are friction 

coefficients. 

The angular acceleration would be, 

IwlF wdif /)(  
         (8) 

where l is distance between a propeller and the c.o.g.; and 

w is angular velocity, 
w is a friction coefficient, and I is 

inertia. 

The parameter values of the catamaran are given in the 

following table, 

Table 1. Catamaran model parameters 

m = 3 kg l= 0.4 m 

L = 8 N s/m 
P = 20 N s/m 

w = 2 N m s2 I = 0.8 kg m 

 

A simplistic simulation of possible navigation strategies has 

been devised for initial studies. Gradient-based, and gradient-

free strategies have been developed and tested in simulation. 

These strategies were inspired on typical methods for 

iterative optimization. 

One of the cases considered has been a navigation towards 

the center of a simulated bloom, based on two sensors placed 

at both sides of the boat. It is supposed that a certain variable 

(for instance, phycocyanin) attains a maximum at the center 

of the bloom. 

The navigation control is quite simple. Each sampling period, 

a small value, deltaF, is added to the force of a propeller, and 

subtracted from the force of the other propeller, to induce a 

turning towards the larger of the two variable values 

measured by the sensors. The sampling period is 1 s, 

corresponding to the update period of our GPS. 

This control strategy should be run once the boat is inside an 

“influence zone” of the bloom, so the sensors can reasonably 

discriminate different variable values. Of course, the strategy 

would require much further elaboration for real scenarios. 

Figure 4 shows satisfactory results in simulation. 

  

 

 

 

 

 

Figure 4. Simulation of navigation control based on two 

sensors (axes in meters) 

It was expected that in a real scenario, some hints for 

suspicious places were available, and so exploratory motion 

of the boats could be not completely blind. In addition to find 

bloom maxima, it would be also useful to get data around 

blooms, for drawing contours and perimeters.  

6. EXPERIMENTAL ASSESSMENT 

During our research we strive to advance both 

experimentally, and on computer. In this early stage of the 

investigation, in addition to more conventional aspects, some 

peculiarities and special requirements could be discovered 

from a variety of experiments, and from interaction with 

experts. For example, procedures and mechanisms for data 

collection using USVs. 

In part inherited from previous research, and in part as new 

equipment, a basic infrastructure has been created.An on-

board control module (OBCM) has been developed. The 

OBCM includes an Xbee for digital radio link, a GPS sensor, 

a 6DOF IMU, a compass, and several channels for A/D and 

D/A conversion. The OBCM has been successfully used in 

several of our autonomous vehicles.  

A software environment has also been developed for mission 

monitoring and simulation purposes. This software runs on a 

conventional portable PC. In laboratory, it can be used for 

simulation. On experimental fields, it is used for sending 

instructions to the vehicles, just before experiments, and for 

data collection after each experiment via Xbee radio link. 

At present, the specification of USV paths on the 

experimental scenario, is made with a list of waypoints 

written in a XML file. The content of this file is transmitted 

to the USV from the portable PC. The list can be re-edited on 

the field.  
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There are versions of the Xbee for cellular communication. 

We are now studying combinations of direct and cellular 

communications for long-term, wide-area fleet work. 

A first series of experiments with small catamaran USVs has 

been done. Figure 5 shows one of these USVs. The purpose 

has been to test maneuverability, and the use of waypoints for 

navigation specification.  

A first set of robust, easy to use sensors has been installed on 

the USVs. These are temperature, pH and conductivity 

sensors, submerged at a few centimeters below water surface.  

Some data acquisition experiments have been done, both on a 

pond, and on the sea.  

 

 

 

 

 

Figure 5. The small USV with a conductivity sensor (between 

both bows) 

In order to provide a physical simulation scenario, the idea 

came up of throwing some salted water on a small area of the 

pond where we work, so a kind of detectable “bloom” could 

be simulated. For putting this idea under test, a larger 

catamaran USV, having two more powerful propellers, has 

been equipped with a 7 liter tank, a pump and a water 

diffusion mouth. Figure 6 shows a view of this USV. 

 

 

 

 

 

 

Figure 6. The larger USV with a green tank for salted water 

A different type of waypoint is now being included in the 

XML list. When reaching this waypoint, the salted water 

disperser USV follows a circular path (2 meter radius) while 

activating the pump for seeding the pond surface (figure 7). 

After three turns around this special waypoint, the USV 

continues with the following waypoints for normal 

navigation. 

Once salted water has been dispersed, the small USV starts 

its navigation, following the same route as the larger USV. 

The follower, small USV is equipped with a conductivity 

sensor. When arriving to the special waypoint, the small USV 

proceeds, figure 8, with a circular motion (2 meter radius; 

although this can be modified). After three turns, it continues 

with the next waypoints. 

 

 

 

 

 

  

Figure 7. The larger USV turning during salted water 

dispersion 

 

 

 

 

 

  

Figure 8. The small USV scanning a circular area for salt 

detection 

7. SHORT DISCUSSION 

In this moment, the experiment serves for demonstration 

purposes. In the future, it would be useful for testing bloom 

detection strategies, with the bloom (or blooms) location 

being initially ignored by the fleet of USVs. 

It might be needed in real applications, that the USV should 

stop each time it takes a measurement or a water sample. This 

way of boat motion has also been tested in the “bloom” 

detection experiment. 

A few data acquisition experiments with two small USVs 

have been run, using area partition for basic non-collision 

teamwork. Further research would consider other options. 

Notice that the salted water dispersion could be seen as an 

example of chemical actuation. Should this alternative be 

considered in the future, a re-design of the larger USV would 

be useful, for a good distribution of weight (the chemicals) on 

board the boat (for instance, to avoid sloshing). 

Sometimes, during biology experimental work a dense net 

was towed for cyanobacteria capture (Carrasco, et al., 2006). 

Perhaps our experience with towing booms (Giron-Sierra, 

2015), could be useful in this context: for sampling, and 

maybe for cyanobacteria removal (another USV actuation 

possibility). 

8. CONCLUSIONS 

This paper refers to a new idea, which implies a flexible 

functioning of USVs. Cyanobacteria monitoring, and other 

related activities, demands intelligence and unconventional 

work to be carried out by USVs and supporting 

infrastructure. 
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Our research is in the first steps, which are directed to 

establishing a robotized system, and to discover suitable 

instrumentation, experimental procedures, and planning. In 

addition, intense interaction with experts is required. 

An important part of the necessary work has been to create a 

basic infrastructure, including USVs, models and operational 

software. 

A number of exploratory experiments, concerning water 

monitoring with sensors attached to the USV, has been done. 

These experiments confirmed that our in-house electronic 

systems, can afford the needed functionalities.  

A first physical simulation environment is being proposed. A 

simulated “bloom” is put, with a salted water disperser USV, 

on any desired location on the experimental scenario. Then, 

explorer USVs would proceed to detect that “bloom”, for the 

study of suitable area coverage strategies. Experiments for 

confirmation of that simulation idea, are under way.  

In the future, our wish is to put a small swarm of USVs on 

water. The evident purpose is to rapidly cover large areas. 

The USVs are not large, they should be easily carried and 

deployed. Most probably, the complete fleet would include 

larger USVs, with perhaps fluorimetric sensors on board, or 

water sampling devices, or even actuation mechanisms. 

Direct communication between USVs would be then 

required. The larger USVs could be equipped with relatively 

high antennae, for longer distance radio communication, 

while being able to talk with the nearby smaller USVs. 

Some bathymetry mapping with USVs could be in order. 

Seasonal temperature measurements at different depths 

would be welcome (this could be useful to estimate the status 

of thermal water stratification). 

As experimental data began to be available, modelling and 

simulation efforts would touch ground, progressively 

becoming useful for planning, and for prediction. Here, a lot 

of research on artificial intelligence application is expected. 

An interesting part of future developments, concern three 

dimensional visualization, water profiling, strata estimation, 

and perhaps kriging. 
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