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Resumen 

ctualmente existe una gran preocupación sobre los alimentos entre la población. No 

conocemos ni su procedencia, ni los productos utilizados en su desarrollo, tales como 

pesticidas… 

En definitiva, los diferentes procesos a los que se someten los alimentos en la cadena de 

producción antes de llegar a las manos del consumidor. 

No es necesario disponer de grandes campos para el autoconsumo de alimentos, ya sean de 

procedencia animal o vegetal. Numerosos científicos han postulado que la Tierra ya no es 

capaz de mantener esta situación de ser explotada por las necesidades comerciales de la 

humanidad. Por esta razón, algunas personas están empezando a plantar y cultivar sus 

propios alimentos en sus casas, es lo que se conoce como plantaciones urbanas. El método 

que se estudia y que este documento recoge, se denomina “Hidroponía”. Este método está 

basado en el cultivo de plantas que utilizan soluciones de minerales disueltas en el agua, en 

lugar de suelo agrícola.  

El objetivo de este proyecto es encontrar un modelo que pueda recrear la tasa de crecimiento 

de una planta (lechuga) y controlar los diferentes factores que le afectan. El desarrollo de este 

tipo de sistemas abre una amplia gama de posibilidades para crear y conservar plantas en 

otros entornos, como por ejemplo, otros planetas. 
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Abstract 

owadays a great number of people are concerned about the food that they are eating 

as consumers. We do not know where it comes from, what pesticides are used for 

their cultivation… 

Definitely, there are different processes within the food production chain before we buy it.  

There is no need of having big fields for auto consume food, either animal or vegetable. The 

Earth cannot hold this situation any longer of being exploited by the business human being 

needs. For this reason, some people are starting to plant their own at home, what it is known 

as urban planting. The type of growing method that I would like to write about in this 

document is called “Hydroponics”. It is a method based on growing plants using mineral 

nutrient solutions in water instead agricultural soil.  

The purpose of the project is attempting to find a model that can recreate the growing rate 

of a plant (lettuce) and control the different factors that affect it. The development of this 

kind of systems opens a wide range of possibilities for creating and conserving plants under 

other environments, like other planets 

Keywords: Hydroponics, plant, control system, open agriculture, soilless culture. 
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1. The ability of a substance or 
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1 INTRODUCTION 

According to a research carried out by the Department of Economic and social Affairs of 

United Nations in 2006 [1] the world population is increasing by 211000 people per day, this 

means that by 2039 it could be around from 8 to 10 billion. But while the population is 

growing, the habitable land and the arable within in concrete is decreasing.  

Could arable land provide enough food for all this population? The answer is, probably not. 

Is really easy to do the maths around here: 

 The Earth’s diameter is about 12742 km 

Applying the surface area formula of a sphere we get that: 𝜋 ∗ 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟2 = 510.06 million 

km2 

However, not all the planet is land (i.e.: oceans) but also not all land is habitable nor arable, 

we only care about the last one, 193.121 million km2 

If we look very carefully at the following charts, we can make a comparison between the 

evolution of land per capita regarding the population demography. 

 

 

Fig 1.1: World population growth Vs Years 
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Fig 1.2: ha land per capita Vs Years 

 

Moreover, the previous predictive charts are not realistic with the present problems such as 

global warming and ozone depletion, incrementing considerably the atmosphere temperature 

and causing the melting of the poles, hence reducing even more the land above earth, and 

therefore the arable land [2]. 

So, as the arable land is decreasing, growing food for consumers will become a problem. For 

this reason, new methods appeared as a response to this issue and this project would treat 

one of them, “Hydroponics”. 

1.1 Motivation 

As a citizen the exposed threaten in the section above may trigger a change in people’s 

mentality.  

As a future engineer, being able to control this trigger pushed me into this area of research. 

Having only a few nuances about control systems, I have always wanted to know more about 

these field that is present in the majority of the industry designs. Furthermore, by doing this 

research not only I had the opportunity of learning about dynamics but also about other 

multiples areas, likewise: biology, chemistry or neural networks. 

My contribution is a dynamic model of the plant followed by the control of the signals that 

can achieve a maximum growth yield. 

1.2 What is hydroponics? 

Hydroponics [3] stemmed from the Greek words ὕδωρ [hýdōr] = ‘water’ and πόνος [ponos] 

= job, is basically a method for growing plants without soil. Since the human being stopped 
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being nomad, and began to establish permanent living houses, the concept of agriculture as 

we know it today is to cultivate food through the traditional method of adding all the 

nutrients to the soil.  However, the functionality of the soil (as substrate) is only backing up 

all those nutrients working like a buffer [4], but is not an essential element for plant growing, 

so that with hydroponics is no longer needed. The use of substrate is only meant to be used 

for supporting the plant and balance it. i.e.: Rock wool, perlite, gravel, expanded clay pebbles, 

etc. Using these materials, the producer can have a control over the factors that affect the 

plant growth. 

Now, the nutrients are mixed in a solution with water and driven/pumped inside of a closed 

system (an open would cause more damaged to the environment). Two of the most 

important benefits of using hydroponics are that it uses at least 90% less water than 

traditional agriculture, and the production would be 80% greater. 

 

The NASA [5], one of the most important organisations keep a constant research about this 

topic, as it would be the centre of sustainable living for long space flight or planet 

colonization. Plants would be able to provide fruits and also, regenerating the environment 

air, providing O2 to the crew by absorbing CO2. 

1.3 Problem approach 

I started with a theoretical approach, reading as many documents as I could have access to, 

from different researchers to be able to understand the project and build the boundaries of 

it. During the process I discovered that the model had to be simplistic, being able to measure 

the health/growth of a plant is a multivariable problem that making assumptions was 

mandatory to reduce the complexity. Then I designed a system compound by a model of the 

plant and all the different control inputs. For the evaluation I focused on tuning the system 

with the tools available in order to make outputs reach the desired value, in other words, to 

obtain the expected results in the plant yield. 
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2 PROJECT DESCRIPTION 

The main objective of the project is the design and simulation of a system that can cover the 

necessities of the plant. This is suitable for different scale crops, reducing labour investment, 

time and saving production costs. Significant achievements in the project are: 

 Obtain the different mathematical models that allow to measure the plant growth. 

 Design a control system for reaching the growth indices. 

 Design a controller that can supply the plant with the requirements for having the 

maximum performance.   

2.1 Target-plant chosen 

Each plant from the animal kingdom reacts to stimulus in different ways, but they all have 

in common the same needs: 

 Nutrient concentration 

 pH 

 Water and air temperature 

 Light levels 

 Humidity 

 As I will point in the section “Modelling methodologies” an approximation to a general plant was 

done, but its simplicity it would make it unrealistic. So, firstly a plant need to be chosen. After 

looking for different choices and availabilities inside the market, the subject of study that 

better suits this project is lettuce. This is due to the fact it grows fast (30 – 45 days), does not 

require such special needs as others and has a big commercial value. Some of these key needs 

are: 

 

Day Temperature Night Temperature Humidity pH EC 

23 –25 ºC 18 – 20 ºC 60 – 80 % 6.7 – 7.4 1,7 dS 

 

It is a common mistake to think that controlling one parameter the plant can grow faster or 

bigger, nevertheless, the opposite may occur. For instance, a huge increased over the EC can 
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cause plant poisoning or increasing the temperature in the water solution may end up in 

breathing obstruction. 

Therefore, a combination of all these factors operating in balance within their working fork 

is vital for the survival of the plant. 

 

2.2 Modelling techniques 

System identification is a science for constructing mathematical models from observed data 

coming from a dynamic system. The reaction of the inputs to this last system depends on 

the dynamics model. It is a study field of big importance in engineering because it can solve 

different tasks like: simulation, control design or signal processing [6]. Thus, there are 

basically two approaches for building a model: 

 

Fig 1.3: Modelling techniques 

 

In our case we will used the first one. The model creates a relationship between the input 

and output signals, allowing to predict the future behaviours. This step, having an accurate 

model of the system is crucial, for designing a good controller. 
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3 TECHNICAL BACKGROUND 

In this chapter, I will outline some of the topics covered in this report and examine different 

difficulties encountered while the investigation process, divided in two categories: Physical 

deployment of the different systems and the participant variables in them. 

3.1 Types of hydroponics systems 

Nowadays, there are many options available in the market and each is more suitable than 

others depending on which plant is grown. I will write about six of them that are a variation 

among them [7], and also an extra system that makes a perfect symbiosis. 

 

  

Fig 1.4: NFT system [7] 

 

 

     Fig 1.5: Wick system [7] 

 

NFT (Nutrient Film Technique): 

It is based mainly in the continuous 

circulation of a nutrient solution 

through the roots (sustained in the air) 

and back again to the reservoir, where 

is enrich with oxygen and nutrients 

again. Suitable for herbs and leafy 

vegetables. 

Wick: The simplest type as it does not 

need any support material for pumping 

the solution to the system, just a wick. The 

disadvantage is that the water needs of the 

plants are greater than the wick can 

provide the plants dies from starvation. 
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Fig 1.6: Water culture system [7] 

 

 

 

 

Fig 1.7: Drip system [7] 

 

 

Fig 1.8: Flood & Drain system [7] 

 

Drip: It is an irrigation system that relies 

on a timer that controls the nutrient 

pump, ending the solution in some 

emitter drips that add directly the 

nutrients to the roots of the plant. The 

excess goes back to the reservoir tank.  

Ebb & Flow (Flood & Drain): 

By definition the flooding takes the 

nutrients to the plant and then the 

pump reverse the movement, 

draining all the solution back to the 

reservoir. The plants can dry out 

due to the pump cycles, Problem 

than can be solved by using some 

of the substrates from section 1.2 

 

Water culture: The roots of the plants 

are suspended over a material and all 

the nutrients and air is absorbed 

directly by them. This system forces the 

roots to grow larger deep in the water. 

Suitable for plants like lettuce 
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Fig 1.9: Aeroponic system [7] 

 

 

 

 

The last mention is dedicated to an 

interesting type of symbiosis called 

“aquaponics”, [8] joining the terms 

“aquaculture” and “hydroponics”. It 

combines the cultivation of plants while 

breeding aquatic animals. It is more 

complex that the defined methods above, 

as two systems depend from each other 

(getting the balance of dissolved nutrients 

and quality of the water), and each of 

them are susceptive of different failures. 

One of the most important functions, is the nitrification, where the ammonia is converted 

into nitrates. By feeding the animals, the metabolism of the fishes will put ammonia in the 

water that will be removed by the plants along with the nitrates in order to eliminate such 

toxicity from the water, if not huge concentrations of both components may cause the death 

of the aquatic part. 

Fig 2.1: Aquaponic system [8] 

Aeroponic: Likewise with NFT system, 

the roots are held in the air. This forces 

the roots to grow massively to be misted 

with the nutrients solution. The roots 

require from a constant and quick 

misting cycle, otherwise the roots will 

dry out. 
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3.2 Description of plant’s variables 

The general state variable lies on measuring the growth of the lettuce, providing some 

stimulus to the plant itself. There are different and common ways for noticing growth among 

species, concerning different changes: 

 In size 

 In form 

 In number 

Specifically, plants within markets are measured directly by its weight, and its price is also set 

according to it along with other factors such as availability, demand, product 

losses…Moreover, investors [9] would measure the financial and capability skills by the rate 

of interest earned and not the capital held. How fast or slow the production takes place will 

be the link between them, the time.  

For our point of interest will be, a plain and simple measure of reaching the maximum weight 

(among others measurements) of the plant, the head of lettuce. 

𝑓(𝑡) = 𝑊  (1) 

𝐺 =  𝑓(𝑡)̇ =  
𝑑𝑤

𝑑𝑡
  (2) 

 

It is obvious that the total weight of a plant is a contribution of different parts, so: 

 

∑ 𝑤 =  
𝑑𝑤

𝑑𝑡
=

𝑑𝑤𝑟𝑜𝑜𝑡𝑠

𝑑𝑡
+ 

𝑑𝑤𝑠𝑡𝑒𝑚𝑠

𝑑𝑡
+ 

𝑑𝑤𝑙𝑒𝑎𝑣𝑒𝑠

𝑑𝑡
  (3) 

 

The equation (2), provides instantaneous values of the development of the plant, this is the 

increase or decay in plant material per unit of time. This equation is denoted as the growth 

rate. Working over the last expression we can also create an index that can inform of the 

growth as is proposed. This was held by Blackman (1919): 

 

𝑑𝑤

𝑑𝑡
=  

Δw

Δ𝑡
=

𝑤2 − 𝑤1

𝑡2 − 𝑡1
 

𝑤2 =  𝑤1𝑒𝑅 (𝑡2−𝑡1) →
𝑤2

𝑤1
= 𝑒𝑅 (𝑡2−𝑡1) → ln (

𝑤2

𝑤1
) =  𝑅 (𝑡2 − 𝑡1)   (4) 
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Hence the index is, 𝑅 =  
ln(𝑤2)− ln(𝑤1)

𝑡2−𝑡1
 and it can be measured in units of time -1, can be 

days or weeks. This index has only two degrees of movement or values: 

 

 R > 0  System (plant) is growing 

 R < 0  System (plant) is decaying  

3.2.1 Inputs 

The following parameters would determinate the proper development of the plant and they 

will have a direct relation with a measurable indicative in the mathematical models. 

 

 Nutrient solution: The plant changes the demands of nutrient depending of it 

growth stage and the environment conditions. Controlling the chemical composition 

cannot be delayed nor skipped. 

 Temperature: Most chemical process of plants are controlled by enzymes that work 

within some temperature ranges. Plant can suffer from stress and influence the 

natural growth if it is outside the marked limits. Moreover, this causes less 

transportation of nutrients from roots and also less cooling of leaf surfaces in warm 

situations. 

 Relative Humidity (RH): This parameter takes part in one of the plants vital 

processes, photosynthesis. If the plants losses too much water, the stomas will closed 

provoking photosynthesis to stop, and avoiding CO2 intake. 

 pH: Following a logarithmic function, it measures the concentration of hydrogen 

ions and therefore, the acidity or alkalinity of the solution. Restricted within some 

limits it can be modified by adding an acid (HNO3 or H2SO4) or a base (KOH) to 

the nutrient solution. 

 EC (Electrical conductivity): It is an estimation of the dissolved salts 

concentration in a solution. Moreover, is a measure if the ability of an aqueous 

solution to transmit an electric current. It is immediate to think that its level decreases 

as the plant demands and uptakes the nutrients. 
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 PAR (Photosyntetically Active Radiation): The set of wavelength that compound 

the light source that allows the plant to perform the photosynthesis process, generally 

from 400 to 700 nm. Different wavelength sources are demanded at different stages 

of life cycle. Light source have to be measured in quality, time (duration) and quantity. 

Chloroplasts are the molecules of the plant where the chlorophyll resides. This last 

one, is a pigment that is responsible for absorbing the light and transferring the 

energy to the photosynthetic reaction centre. The two most important pigments 

chains are:  

 

o Chlorophyll a 400 𝑛𝑚 ≤ 𝜆 ≤  500 𝑛𝑚 provided by blue visible 

spectrum. 

o Chlorophyll b 600 𝑛𝑚 ≤ 𝜆 ≤  700 𝑛𝑚 provided by red visible spectrum. 

 Dissolved Oxygen: The amount of dissolved oxygen in water. This parameter 

changes with the temperature in the solution. 

3.2.2 Outputs 

Recalling all the variables mentioned above that determine growth, I introduce now two 

concepts for analyzing our lettuce yield: Lead area (LA) and leaf area index (LAI): 

When a single plant unit is grown, the leaf area is a good estimation of the reproductive 

strategy -how fast a new generation can produce or reach the following- under certain 

conditions. However, is an inappropriate measure of the leafiness of a whole crop, it does 

not take on account the space separation among plants.  

To overcome the last problem, Watson (1947) introduced the concept of LAI. It is an 

indicative parameter which performs as a tool for crop growth. Informing the producer 

about the primary production1 of the crop. According to Black (1963) this index is strongly 

affected by the solar radiation received, temperature and the water nutrients. 

Moreover, high numbers of this number is does mean a proper growth as the each layers of 

the plant is exposed to different conditions and there may be layers with wholes on it where 

there is no leaf cover at all. Nevertheless, LAI is used as the productive capacity and is defined 

as the leaf area per unit area of land: 

                                                 
1 The absorption and synthesis of organic compound through the photosynthesis function. 
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𝐿𝐴𝐼 =  
𝐿𝐴

𝐺𝐴
  (5) 

Ga is the area of land. 

Vegetable LAI(m2 m-2) 

Ground level  0 

Tomato 1.2 

Potatoes 2 

Barley 2.5 

Wheat 3 

Lettuce 4.26 

Amazonas forest 10 

Fig 2.2: Vegetable and LAI relation 

3.3 Modelling methodologies 

We have two options that in some way follow the idea exposed in 2.2 modelling techniques, 

these are: neural networks and mathematical-physical models. 

3.3.1 Neural networks 

A first approach suggested that neural networks (NN) could be a suitable solution for this 

project since they can be trained from a collected data to approximate a nonlinear 

multivariable system [10] and provide autonomy, predicting results from self-learning. 

Moreover, its inputs degree of tolerance and its scalability of incorporating more inputs and 

outputs (like our multivariable system), make in fact NN a good candidate. In general, we 

can describe a NN as a structure that connects multiple points, these are the neurons. The 

success of the network is detailed by the connections, defined by weights that would be used 

to solve the problematic input-output relationship. 

For this reason, having a collection of setpoints the NN would be able to produce the desired 

output just by changing its internal weights that connect the neurons.  
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Fig 2.3: NN control system [10] 

Nonetheless, this kind of scenario could not be implemented because NN belong to the 

machine learning field and large amounts of experimental plant growth data under different 

conditions is needed, as it is the key to train and test the performance of the network and in 

most of the cases, researchers do not provide this info. More uses and information about 

NN can be checked in references from [10] to [14].  

3.3.2 Mathematical-physical models 

The following models have to be treated individually as the system is inevitably simplistic, 

given the lack of experience in the different fields that compound this topic and short time. 

Furthermore, there are so many variables to consider. 

A. EC prediction (dS m-1): When the macronutrients (dominants in solution) are 

mixed into water, they divide into ions, two groups, cations and anions. 

 

∑ 𝑐𝑎𝑡𝑖𝑜𝑛𝑠 =  ∑ 𝑎𝑛𝑖𝑜𝑛𝑠  (6) 

 

 

Ideally, the nutrient solution should be chemically analysed in order to obtain the 

concentration (meq L-1) of each element. Hence, we can scatter a diagram 

representing the salt concentration, 𝐶, versus EC given by the following relationship 

[15]: 

 

𝐸𝐶 =
𝐶−1.462

9.819
  (7) 

The image on the left, exemplifies, 

one possible set up. In addition, it 

could have been improved by 

adding a computer vision system at 

the end for comparing plant 

responses with the desired ones 

and apply corrections if needed. 
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What we must expect to obtain is a linear relationship regarding each salt 

concentration. Although, this model is not very accurate as we must remark that 

commercial solution depends on many different salts and variation of 3% are noticed 

by degree Celsius. 

 

Fig 2.4: EC vs Salt concentration [15] 

Moreover, Sandoval [16] proposed that an increment of EC causes a rise in osmotic 

pressure (atm), what it is translated into more growth.  

 

𝑂𝑃 =  0.36 𝐸𝐶  (8) 

 

B. Leaf area index (m2/m2) (LAI): It is a parameter that defines the density of plants. 

Having a narrow value from 0 (bare ground) to 10 (dense forest). It follows a 

polynomial model. This model suggests that this index only depends on the salt 

concentration as key variable, in other words, on the EC [17]. Representing EC by 

𝑋: 

𝐿𝐴𝐼 = −0.2128 𝑋2  +  1.0936 𝑋 +  2.9154  (9) 

 

0

1

2

3

4

5

6

7

8

0 20 40 60 80

EC
 (

d
S/

m
)

Salt Concetration (meq/L)



   

   

 
  

 

21 

Lettuce growth rate dynamic modelling in 
hydroponics systems 

 

Fig 2.5: LAI vs EC [17] 

 

C. Oxygen solubility (mg L-1): Graves, C. J. [18], proposed that plants can complete 

its vital functions with oxygen dissolved in nutrient solutions below 22 ºC. On the 

other hand when the temperature is above the mentioned, the oxygen diffusion 

increases rapidly, even obstructing plant breathing.  

𝑂2 𝑠𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑡𝑦 =  −0.15 𝑇º + 12.321   (10) 

 

Fig 2.6: O2 solubility Vs Temperature [18] 

D. pH: It would be measured directly from the hydrogen concentration in HCO3 

(meq/L) feeding the system. 
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Fig 2.3: pH Vs HCO3 concentration 

 

E. Shoot Dry Mass (g): Plants like human body is composed by a percentage of water. 

Shoot dry mass provides an effective measure of the tissues without water. We can 

establish a relationship depending of the accumulated light (mol m2) [19]. 

 

𝑆𝐷𝑀 =  −1.886 + 0.0132 𝑃𝐴𝑅     (11) 

 

We can also know the plant transpiration have a correlation with the SDM and its 

importance to avoid tipburn development. 

 

F. Relative Humidity (RH, %) Timing: The system must recreate the nature 

environment as much as it is possible. Changes in the RH are demanded by the plant 

to complete day cycle. Some experiments outlines that an increment of RH during 

day and night periods may increase the leaf in length and width. Moreover, these 

experiments [20] results indicated that humidity can regulated tipburn appearance, 

and a combination on low humidity during the day and high during the night seems 

to be the perfect combination. Therefore, as it was mentioned before, photosynthesis 

function is not slow down or stopped and this situation may favour Ca movement 

towards young leaves. 

 

G. Roots zone temperature: Plant metabolites needs may also change depending on 

roots temperature and the accumulation of certain components in the leaves area. 

[21] Investigated and proposed that sugar accumulation is greater in roots exposed 
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to low temperatures, below 20 ºC. It is important to remark that this situation does 

not conflict with oxygen solubility, because the oxygen consumption is not modified 

or influenced by the root temperature. 

 

All the models exposed above only depend on one variable, for every value of the input, 

there is a precisely defined value in the output. If we name the system as Y and the input as 

X, we can define this mathematically speaking: 

𝑌 = 𝑓 (𝑋)  (12) 

This in general terms is known as “static model” because it has no dependency of time. We 

cannot have (for instance) any information, nor make a statement about the salt 

concentration in the following days since the launch of the system. By incorporating a time 

variable we will add the “dynamic” to the models and start having the transition among all the 

states.  

 

Summing up, a dynamic model would describe the system’s time dependency answer to an 

external change (known input): 

𝑌 = 𝑓 (𝑋, 𝑡)  (13) 

  



   

   

 
  

 

24 

Lettuce growth rate dynamic modelling in 
hydroponics systems 

4 SYSTEM DESIGN 

This chapter will resume all the steps followed until ending up with a full design of the 

system. In the first subtitle I will outline the two initial system diagram approaches, following 

with our set up. 

In simulation, we test the response of the system to different stimulus with the use of 

MATLAB and Simulink Toolbox. Moreover, a comparison with the target values is done.  

Finally, the system is tuned in order to get the fastest response without losing the robustness 

and the match up with the requirements of the outputs. 

4.1 Topology of the system 

In control system, there are two main topologies: open and closed loop (these can suffer 

variations depending of the necessities of the designer). The difference between them is, 

whereas a closed one can have information of the output response to an applied input and 

do any correction if needed, the open cannot. In the last case, unfortunately, if any 

perturbation is introduced into the system producing errors, these may be accumulative and 

make it (the system) out of control. Nonetheless, each type is required/appropriated for 

different appliances and aims. (i.e.: Traffic lights  open. HVAC  closed). 
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Fig 2.3: Open and Closed loop diagrams 

 

Two possible builds were proposed, a first one, with one controller:  

 

 

 

 

 

 

A second one, with two controllers:  

 

 

 

 

 

 

 

 

 

Given its simplicity and our purposes, the first was chosen.  

There is another important point that we have to solve before going on, the characterization 

of the plant, as is the element that will be fed with all these variables above. Our best chance 

was to have a simplistic approach by selecting a Type I: 

𝐺(𝑠) =  
𝜅

1+ 𝜏𝑠
  (14) 

The gain, 𝜅 is unitary and for the time constant 𝜏 we use 6. This last value comes from the 

time that lettuces were harvested in research [17], details can be consulted at section Material 

and Methods. It is said in “Four plants were harvested at 32 days after planting”, we divided that 

quantity by 5, in order to get a steady state at the fifth day. We can see that the system is 

stable having a real pole at 𝑠 =  −
1

𝜏
=  

1

6
= 0.16 
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By control theory, we know that the plant’s response to a step input is the following: 

𝑌(𝑠) = 𝑈(𝑠)𝐺(𝑠) =  
𝐴

𝑠

𝜅

1+ 𝜏𝑠
=  

𝜅𝐴

𝑠(1+𝜏𝑠)
  (15) 

To clarify, the partial fraction method is not displayed. Applying inverse Laplace transform: 

𝑦(𝑡) =  𝜅𝐴 (1 − 𝑒−
1

𝜏
𝑡
)  (16) 

Different cases: 

 𝑡 =  𝜏  Then, 𝑦(𝑡) = 0.63 𝜅𝐴. In others words, it takes 𝜏 units of time to reach 

63% of its final value. 

 So, ↓ 𝜏   ↑ system velocity 

 

And for last, regarding our system, most of the output variables have a direct relationship 

with the EC, so that before diving in the system template itself, the next picture recalls all 

the variables defined in previous titles and tries to give a general overview of the future set 

up on MATLAB: 

 

Fig 2.6: Dependency relationship of the system 
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EC is calculated as the gain contribution of the different chemical components that we could 

find in a commercial solution: 

∑ 𝐶𝑎2+, 𝑀𝑔2+, 𝐾+, 𝑁𝐻4
+, 𝑁𝑎+, 𝑆𝑂4

2−, 𝑁𝑂3
−, 𝐻2𝑃𝑂4 , 𝐻𝐶𝑂3

−, 𝐶𝑙 +  𝐻2𝑂 .  

This information can be consulted on the appendices. 

4.2 Simulation and Control 

For the simulation, it has been used the following blocks inside Simulink: polynomial, look-

up table, continuous transfer functions, and MATLAB functions for creating the denoted 

relationships that were mentioned in section 3.2. The system scheme has not been included to 

aid clarity of reading but can be consulted in appendix 2. 

 EC (Electrical conductivity): 

A first simulation was performed to test how the plant reacts to the step EC, and it 

can be noticed that the EC at the output has a 𝜏 = 3.2 𝑑𝑎𝑦𝑠 and an error of 57.2% 

Fig 2.7: EC dynamic 

 

To solve the error, a feedback loop is introduced and also a PI controller with gains, 

16 and 1.38 respectively. By setting this type of controller, a pole (in 0) is introduced 

in the system, causing a big improvement as can be noticed (now the EC stays at the 

desired level), but changing the response by having a 25% of overshoot as 

disadvantage. The system has become in second order now. 
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Fig 2.8: EC with PI controller dynamic 

𝑀𝑝 = (1.63 − 1.38)100 = 25%; 𝑡𝑑 = 1.25 − 1 = 0.25 𝑑𝑎𝑦𝑠;  

𝑡𝑟 = 1.65 − 1 = 0.65 𝑑𝑎𝑦𝑠;𝑡𝑝 = 2.14 − 1 = 0.14 𝑑𝑎𝑦𝑠; 𝑡𝑠 = 3.5 − 1 =

2.5 𝑑𝑎𝑦𝑠 

Despite of the fact of having overshoot, it value stays inside the healthy band values 

for the lettuce EC. 

 Plant Height and Area: 

From [22] I built a polynomial with the data that informs of the plant height. Then, 

having no particular variety of lettuce, I approximated like it was a sphere type. 

Obtaining the result of 323.5 cm2 

 

Fig 2.9: Plant height and EC dynamic 
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 Leaf Area: 

The experiment in [23], provides ten years of experiment over lettuce greenhouse in 

hydroponic environment. Again, a polynomial creating a dependency between EC 

and the area of the leaf was built. Obtaining the result of 6317 cm2. 

 

Fig 3.1: Leaf Area 

 LAI: 

In my opinion, this is the best pointer to know if we have a proper lettuce 

development. And it does, having the and approximated result of 4.34 
𝑚2

𝑚2
, that is 

really closed to the one exposed in Fig 2.2. The relation between LAI and EC was 

done with a look-up table implementation. 

 

Fig 3.2: LAI and EC dynamic 
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 Water consumption: 

It is good to know an estimation of how much water the plant is consuming at the 

different stages of its life cycle. For that reason, it is used the info in [24]. Reaching 

the approximate value of 3.91 Litres at day 32. 

 

Fig 3.3: Water consumption and EC dynamic 

 Lettuce, set of mass: 

As described in equation (3) from section 3.2, the mass of the lettuce is a sum of the 

different parts, we have to assume that roots weigh 0, as we have no data about it.  

 

Fig 3.4: Leaves and shoot with EC dynamic 

In this model we can also say that for an accumulated PAR throughout the life of the 

lettuce we have a shoot growth. In our case the maximum value reaches 13460 
𝑚𝑜𝑙

𝑚2  
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Fig 3.5: PAR 

 pH by HCO3:  

 

Fig 3.6: pH 

This is a very simplistic simulation but as some authors (De Rijck and Schrevens) 

[25] proposed, the pH can be measured (at 25º C) only as an estimation concentration 

of this component. 

 Temperature: 

This simulation tried to be realistic as possible, for that reason, a summation of a 

signal with base in 22ºC and a uniform noise source limited between ±3 ºC was input 

into the system, with an I controller (gain 6918.3), D part has no place in here as it 

would have increase the noise with no control. The EC is supposed to increase or 

decrease a 3% accordingly with the temperature variations, despite of this, it was not 

taken on account on all simulation as it was insignificantly in value. However, the 
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steady state of EC has been increased due to this change. In addition, the solubility 

of the oxygen and number of leaves [26] are plotted. 

 

Fig 3.7: EC variations due to temperature changes 

 

Fig 3.8: O2 solubility 

 

Fig 3.9: Number of leaves 
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5 EVALUATION 

Finally, having performed and plotted all the variables we can say that the system was a 

success. Besides, in general terms, there has been a closeness between the one presented by 

the references and the simulated ones. 

However, we know that is a really simplistic model, far away from the complex and sensitive 

dynamics that a living being, such a lettuce may have. 

6 CONCLUSION AND FUTURE 

IMPROVEMENTS 

Overall, it has been very enriching working on this matter, both intellectually and personally. 

Although, now that is done or even during its course I must say that the approach was not 

the appropriate, but given the time for its development was the only possibility to get it done. 

Now I can say as future advice to other engineering researchers that forthright the 

specification demanded an empiric experiment in first place and a model base in second. 

This last, is mandatory to build a faithful model of the dynamics system. Having this, we 

have access to the expression of the system, poles, zeros and every aspect, and we can apply 

the techniques from the control theory to influence these (either move or cancel them). 

Other studies from other fields (biology, chemistry, botany or agriculture) or even mine, will 

lead to simple and vague representations of reality that are far from it.  

My contribution to this field tries to fill a gap more of scientists than engineers, and build a 

link among us.  

 

In addition, I propose as part of future physical deployment of this kind of systems, a close-

loop with a computer vision device that can check the shape of the leaves (in order to look 

for diseases), the diameter of the lettuce, the pigmentation…This is a future improvement 

that can help small and big scale cultivators to predict drifts/behaviors and obtain the 

maximum yield of their plantation 
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APPENDICES 

APPENDIX 1: NUTRIENT CONCENTRATION 

Cation 
Quantity 

(meq/L) 
Anion 

Quantity 

(meq/L) 

Ca2+ 38.35 SO4
2− 18.67 

Mg2+ 16.10 NO3
− 65.06 

K+ 34.18 H2PO4 5.96 

NH4
+ 4.69 HCO3

− 3.67 

Na+ 6.69 Cl 6.64 
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APPENDIX 2: SYSTEM OVERVIEW 

 


