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Abstract: In this paper, we test three prototypes with different characteristics for controlling the 
quantity of organic fertiliser in the agricultural irrigation system. We use 0.4 mm of copper 
diameter, distributing in different layers, maintaining the relation of 40 spires for powered coil and 
80 for the induced coil. Moreover, we develop sensors with 8, 4, and 2 layers of copper. The coils 
are powered by a sine wave of 3.3 V peak to peak, and the other part is induced. To verify the 
functioning of this sensor, we perform several simulations with COMSOL Multiphysics to verify 
the magnetic field created around the powered coil, as well as the electric field, followed by a series 
of tests, using six samples between the 0 g/L and 20 g/L of organic fertiliser, and measure their 
conductivity. First, we find the working frequency doing a sweep for each prototype and four 
configurations. In this case, for all samples, making a sweep between 10 kHz and 300 kHz. We 
obtained that in prototype 1 (P1) (coil with 8 layers) the working frequency is around 100 kHz, in P2 
(coil with 4 layers) around 110 kHz, and for P3 (coil with 2 layers) around 140 kHz. Then, we 
calibrate the prototypes measuring the six samples at four different configurations for each sensor 
to evaluate the possible variances. Likewise, the measures were taken in triplicate to reduce the 
possible errors. The obtained results show that the maximum difference of induced voltage 
between the lowest and the highest concentration is for the P2/configuration 4 with 1.84 V. 
Likewise, we have obtained an optimum correlation of 0.997. Then, we use the other three samples 
to verify the optimum functioning of the obtained calibrates. Moreover, the ANOVA simple 
procedure is applied to the data of all prototypes, in the working frequency of each configuration, 
to verify the significant difference between the values. The obtained results indicate that there is a 
significate difference between the average of concentration (g/L) and the induced voltage, and 
another with a level of 5% of significance Finally, we compare all of the tested prototypes and 
configurations, and have determined that prototype three with configuration 1 is the best device to 
be used as a fertiliser sensor in water. 

Keywords: inductive coils; precision agriculture; organic fertiliser; inductive sensors; agricultural 
monitoring; irrigation control 

 

1. Introduction 

The world population is growing very fast. The number of people will continue to rise, growing 
at an average of 1.1% a year up to 2030. Agriculture is becoming very important to supply the 



Appl. Sci. 2020, 10, 7222 2 of 28 

required food necessities, according to the Food and Agriculture Organization (FAO) between 1900 
and 2000 year, in a report about the evolution of food, agriculture, and other reliable crop 
production [1]. According to agricultural indexes, agriculture showed some stability between 1960 
and 1980. Nonetheless, after 1980, the values decreased very fast. Thus, agriculture production is not 
able to sustain the requirements of world food demand, which is becoming a huge problem 
nowadays. 

Agriculture depends entirely on soil for obtaining the highest quality and quantity of food. Soil is 
a big ecosystem formed by a high amount of microorganisms, such as bacteria and fungi, which takes 
part in 90% of the decomposition of organic material (OM) [2]. Moreover, soil has different kinds of 
minerals and nutrients. The three main nutrients are nitrogen (N), phosphorus (P), and potassium (K). 
Furthermore, other important nutrients are calcium, magnesium, and sulphur. Additionally, plants 
need small quantities of other elements, known as trace elements [3]. Among all these minerals, one of 
the most important is nitrogen. Nitrogen interacts with carbon (C) in C/N relation, which is necessary 
to fix the nitrogen, and to obtain good crop production [4]. 

In this context, to increase production, farmers are using fertilisers. These compounds are 
necessary to provide the required nutrients to the soil so that the plants can have all the nutrients 
they need. This increment in nutrients causes higher production, increasing the harvest [5]. 
Fertilisers can be divided into three different classes: (i) simple or multi nutrient fertilisers, 
depending on if they are composed of one or more nutrients; (ii) organic or inorganic; and (iii) fast or 
low release. Generally, the use of multi nutrient fertilisers is recommended more. Otherwise, the 
increase of a single nutrient ends up creating new limiting nutrients. Moreover, the use of organic 
fertilizer (OF) can carry disadvantages if it is not appropriately controlled. The soil must contain 
oxygen for the correct function of the bacteria. The decrease in oxygen levels is nearly related to the 
increase of OM [6]. Furthermore, when OF is misused, the runoff occurs, and the OM contaminates 
the water bodies, such as rivers, lakes, or aquifers [7]. 

One of the best forms to control the necessities of the crops is the monitoring of irrigation water 
quality [8]. The monitoring of water has decisive importance because it could incorporate nutrients 
or compounds into the land. In the case of fertigation systems, irrigation systems, which include 
fertiliser, the most relevant parameters to control the fertiliser quantity, are the conductivity, 
turbidity, and, in some cases, the pH. The fertilisers have a percentage of minerals that increase the 
conductivity of the water. In addition, the OFs have a dark colour and, in solution with water, 
provokes an increment of the turbidity. Finally, some fertilisers could cause pH variations in the 
irrigation water. The standard form to monitor the water quality is the extraction of an irrigation 
water sample, and measuring in the laboratory. The use of a conductivity meter in agriculture is 
another method for controlling the quality of water. Nevertheless, this type of analyses is not useful 
since it is not possible to measure the water in situ and obtain continuous measurements. Moreover, 
this type of methodology has a high economic cost because it is needed for a person to take 
measures, specialised equipment, and reagents. 

Nowadays, the use of sensors for monitoring agriculture parameters is increasing. In this 
context, different works are being developed. The application of a Wireless Sensor Network (WSN) 
for monitoring the irrigation for crops is one of the examples of the use of a sensors network in 
agriculture [9]. The use of technology for monitoring agricultural parameters is known as Precision 
Agriculture (PA). PA combines the WSN, information systems, enhanced machinery, and informed 
management to optimise production, by accounting for variability and uncertainties within the 
agricultural system. This strategy is applied to several agroecosystems [10]. 

One way to control the amount of fertilisers is by monitoring the soil parameters using different 
kinds of devices. Venkatesh K.P. Rao [11] developed a grid of micro-mechanical (MEMS) sensors 
based in a gas detector, which will be able to detect the ammonia presented in fertilisers. The 
gathered data are provided using the deflection and voltage output from the piezoelectric layer. This 
is useful for informing the farmers about soil conditions in real-time. Another type of monitoring 
system is presented by Yuhei Hirono et al. [12]. The system that they present is based on the 
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monitoring and modelling of nitrogen leaching caused by over-fertilisation. They use a Hydrus- One 
dimensional (1D) simulation model to obtain data for optimal fertiliser management practices. 

Moreover, the application of smart fertilisers is another alternative to control or reduce the 
amount of nutrient in agricultural soil. Feng et al. [13] proposed a controlled-slow release fertiliser. 
This “smart” fertiliser is based on polymer brushes of poly (N,N-dimethyl aminoethyl methacrylate). 
Boli et al. [14] proposed a similar solution based on slow-release fertilisers. They studied a fertilised 
with natural attapulgite, clay, ethyl cellulose, film, and sodium carboxymethyl 
cellulose/hydroxyethyl cellulose hydrogel formulation. Claudine F. Souza et al. [15] developed 
fertilisers based on biodegradable substances to obtain more sustainable crops. The created fertiliser 
is composed of biodegradable polymers that release water and nutrients gradually to the 
environment, without leaving residue. 

The improvement of fertigation techniques is crucial in order to have proper management of 
fertilisers in agricultural lands. In this context, Sharma M.O et al. [16] described a Global System for 
Mobile Communications (GSM)-based irrigation system with control of soil moisture and water 
level. They propose the monitoring and control of water and fertiliser with a liquid level detector 
and different control schemes and monitoring methods. Their system was implemented using the 
micro-controller 89S52 and Programmable Integrated Circuited (PIC) 18F4550. Finally, Data, Zhang 
P. et al. [17] proposed a system based on the Internet of Things and other technologies for real-time 
monitoring. This system will able to predict and forecast the water requirement of crops in the 
different growth periods and make the decision concerning automatic irrigation and fertilisation. 
The decision-making is possible by using a model based in Big Data. When selecting a sensor to be 
part of a WSN for monitoring the presence of OFs in the fertigation systems, it is recommended to 
use physical devices that do not need maintenance. Chemical sensors—such as the ones used for 
monitoring the pH—are not the best options to be applied in the field, since they need periodic 
maintenance to replace some membranes and electrodes or clean the device. Therefore, a turbidity 
sensor, which is composed of optical devices, is one of the alternatives [18]. The last alternative is the 
salinity sensor, which could detect changes in the conductivity of the water due to the presence of 
fertiliser [19]. Regarding conductivity sensors, there are two types of sensors: ones composed of 
electrodes and ones composed of inductive coils. The latter are preferred due to the absence of 
electrodes and the possibility of isolating the sensor. The capability of inductive coils for detection of 
inorganic fertiliser is already demonstrated. These sensors are sensitive to the changes in 
conductivity, which make them ideal to detect or control fertilisers or other compounds that are 
conductive [20]. In the same context, a low-cost sensor array based on planar electromagnetic 
sensors to determine the contamination level of two common fertiliser components—nitrate and 
sulphate in water sources—is developed [21]. Thus, although no specific physical systems for 
monitoring OF is found, the use of electromagnetic sensors, such as inductive coils, have been 
demonstrated for monitoring other compounds in water. 

In this paper, the design, calibration, and verification of an inductive sensor to control the 
quantity of organic fertiliser in water, are presented. The sensors we included in this study are based 
on prototypes previously developed to detect inorganic fertiliser. In this context, the sensors are going 
to be applied to measure OF [20], which has a different characteristic than inorganic fertiliser. 
Moreover, we are going to test a new procedure to power the prototypes, considering the polarity of 
the generated magnetic field. The proposed sensors are based on two copper coils attached to the same 
structure. The prototypes used are those that have the best configuration based on previous studies 
[20]. Our hypothesis is that the induced magnetic field is sensible to the changes of OF concentration. 
To test our hypothesis, we use nine samples distributed in the range between 0 g/L and 20 g/L. The 
first step before testing the sensors in the laboratory is to perform several simulations using COMSOL 
Multiphysics [22] for all three prototypes and different mediums: air, pure water, seawater, and three 
OF samples. To find the Working Frequency (WF) of the prototypes in the four different 
configurations, we follow the procedure indicated in [19]. We use six samples to find the WF and 
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calibrate the prototypes, and another three to verify them. Finally, we perform an ANOVA procedure 
to verify if the found differences are statistically significant or not, and verify our hypothesis. 

The rest of the paper is structured as follows. In Section 2, the state of art (method) and the 
background are described. Then, the material used in the experiment and the selected methodology to 
perform the simulations and the tests are detailed in Section 3. Following, Section 4 presents the 
obtained results of the different prototypes. Finally, the conclusion and future work are outlined in 
Section 5. 

2. State-of-the-Art (Method) 

The application of the sensors network to monitor agricultural parameters is a practice that is 
spreading very fast. In this section, the different related works are going to be exposed. First, the use 
of electromagnetic sensors for environmental monitoring and the fundamentals of these sensors are 
detailed. Finally, we will explain the advantages of our experiment compared to others. 

2.1. The Use of Electromagnetic Sensors for Environment Monitoring 

2.1.1. Background 

The first clue of the use of an inductive sensor was the patent of the apparatus for a 
micro-inductive investigation of earth formations with improved electroquasistic shielding in 1988. 
This patent was classified as “G01V3/28”, electric or magnetic prospecting or detecting, measuring 
magnetic field characteristics of the earth, e.g., declination, deviation, specially adapted for 
well-logging, operating with magnetic or electric fields, produced or modified either by the 
surrounding earth formation or by the detecting device using induction coils [23]. Following, a study 
using inductive sensors was performed in 1989, with an experiment concerning a non-contacting 
electrical conductivity sensor for remote, hostile environments. In this study, Kleinberg, R. L. et al. 
calculated the signal level of the sensor when near the homogenous formation. Equation (1) 
represented the signal level for the inductive sensor proposed in [24]. 𝑉 =  2𝜋𝑤 µ 𝐼𝑛 𝑛 𝜎𝐺 (1) 

Where w is the frequency, µ is the magnetic permeability of the medium, I is the current 
through the transmitter, nt and nr are the number of turns of the transmitter and the receiver coils, 
respectively, σ is the conductivity of the formation, and G is a geometrical factor and depends on the 
coil dimensions and the distance to the formation. In our case, the formation is the medium in which 
the coils are suspended, water with fertiliser, and its µ and σ will change as the concentration of 
fertiliser increases, due to the increase of positive and negative charges of molecules of the fertiliser. 
The study performed in [25] characterised the circular inductive coils, and studied the effects of 
signal noise, temperature, and pressure on the device. Finally, they concluded that these sensors are 
accurate and optimum for conductivity monitoring in hostile environments. 

On the other hand, the prototypes proposed in this paper are composed of sensors that use the 
phenomenon of mutual inductance. This principle states that, when in a situation where there is a 
powered coil (PC), powered with an electric current (EC), a magnetic field will appear. This magnetic 
field depends on several parameters, such as the number of spires (N) of the coil, the diameter of the 
wire (ØW), the diameter of the powered coil (ØPC), and the used signal to power the coil (including 
the voltage and the frequency). According to Ampère’s Law, the magnetic flux density (B) of a 
solenoid depends on the permeability of the core (µ0), the number of spires (N), and the intensity of the 
current (I), as shows Equation (1). Nonetheless, Equation (2) is for an infinite solenoid in free space. In 
our case, the solenoid is introduced in the water, which has its relative permeability (µr). Therefore, the 
length of the solenoid (l) should be included, as shown in Equation (3). We expect an increase in the 
permeability of the water when OF is added. Since the permeability of a medium is a measure of its 
resistance to the creation of a magnetic field, if permeability increases, the magnetic field will increase. 
Moreover, the increase of the magnetic field, which is maximum in the centre of the solenoid where the 
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ferromagnetic core is generally placed, will have an effect on the electrical conductivity of the medium 
and increase the flow of electrons. In our device, the magnetic field will be higher in the centre of the 
powered solenoid and the core will be water with different amounts of fertiliser. 𝐵 = µ 𝑁𝐼 (2) 𝐵 = µ µ 𝑁𝐼 𝑙⁄  (3) 

If there is another coil in the proximity of the PC, the aforementioned magnetic field will cause 
that coil to be induced. This phenomenon is known as mutual inductance. The lines from the 
magnetic field of the PC will go through the induced coil (IC), thus creating a magnetic flux. The 
theoretical description of the mutual inductance can be seen in [26]. If the medium in which the 
magnetic flux goes through is modified, for example, changing the amount of OF diluted in water, 
the output voltage should change. The mutual inductance, M, of two solenoids, can be described by 
Equation (4). Where L1 and L2 are the inductances of each coil, and k is the coupling coefficient. L1 
and L2 depend on the core (µ µ ), the amount of turns N, the cross-sectional area A in m2, and the 
length of the solenoid l, as shown in Equation (5). Therefore, the mutual inductance depends on the 
medium of the core. In our case, the water. When the permeability of the water changes, the 
coupling effect k changes. The value of k is maximum (1) when the coils are perfectly coupled and 
minimum (0) when there is no inductive coupling. When k is 1, it means that 100% of the lines of flux 
of PC cuts all the turns of the IC, it is assumed high permeability of the water and coils with perfect 
geometry. In our experiments, the characteristics of the core (permeability) are one of the studied 
factors. Moreover, the testing of different prototypes is aimed to evaluate the effect of different 
geometries. The position of coils is a fixed factor. However, the distance between the PC and IC and 
the total length of both coils changes from one prototype to another. 𝑀 = 𝑘√𝐿1 𝐿2 (4) 𝐿1 =  µ  µ  𝑁 𝐴𝑙  (5) 

According to the experiments performed in previous works [26], the induced voltage will depend 
on the characteristics of the coil, such as N, ØW, and the diameter of the induced coil (ØIC). Moreover, 
the induced voltage, also known as the Vout, depends on the B and µr. Generally, this principle is used 
with coils that have a ferromagnetic core, and is the principle of the power transformers. 

The magnetic flux density is determined by the Biot–Savart law presented in Equation (6) and 
depends on the permeability µ, a time varying current denoted by 𝑖 𝑡 , the distance to the source 𝑅, 
and the unit vector 𝑅 [27]. 

𝑑�⃗� =  𝜇4𝜋 𝑖 𝑡  𝑑�⃑�  ×  𝑅𝑅  (6) 

Furthermore, it is possible to obtain the induced electric field using Faraday’s law, represented 
by Equation (7). Faraday’s law states that a time varying magnetic flux, 𝑑Φ induces an electric field 
around a closed path. Taking into account Stokes’s theorem, the induced electric field can be written 
in terms of the number of turns, N, in a non-varying surface, 𝑑𝑆 [28]. �⃗� ∙ 𝑑𝑙 =  −𝑑𝑑𝑡 �⃗� ∙ 𝑑𝑆 (7) 

�⃗� ∙ 𝑑𝑙 =  − 𝑁 −𝑑Φ𝑑𝑡  (8) 

In Figure 1, we show a summary of the considered variables in our experiments. According to 
the polarisation of the PC and its relative position to the IC, when the generated magnetic field 
increases, the Vout can increase or decrease. In our experiments, we maintain the same polarisation 
in each coil. Furthermore, to limit the number of variables in our tests, the input signal (the signal to 
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power the PC) will have two fixed parameters, intensity and voltage; and one variable parameter 
(frequency). This is done based on the results of [26] when the authors showed that each 
combination of coils has different peak frequencies. 

 

Figure 1. Presentation of the operation and variables of an induction coil in an aqueous medium. 

This type of sensor has been revealed as a suitable sensor for monitoring water conductivity. In 
previous papers [26], it was demonstrated that the variation of different parameters, such as NS 
(Number of Spires), ØW, and ØIC or ØPC is vital to find the correct configuration of coils to sense a 
specific parameter. In this case, the parameter will be the amount of fertiliser in the water. As said 
before, µ0 µr are modified by the conductivity of water. 

2.1.2. Monitoring Parameters with Inductive Coils 

On the other side, we can find the use of inductive sensors to obtain environmental data 
reported in several scientific articles. These inductive sensors are based on the creation of magnetic 
fields, which interact with the near environment, producing changes in the generated current. Wood 
et al. [28] developed, in 2010, a system that can measure water salinity based on inductive coils. The 
proposed conductivity sensor is composed of two coils. One is the powered and the other the 
induced coil. Their proposal is a solenoidal sensor covered with 1-dodecanethiol for protecting of the 
corrosion. Then a temperature sensor is used to adjust the values of conductivity to salinity. 

Another author, such as Parra et al. [29], developed a system based on two coils for monitoring 
the conductivity in aquifers. They studied different configurations of prototypes based on different 
criteria: changes in the number of spires maintaining the spires relationship; changes in the relation 
of spires; changes in the relation of spires; changes in the wire diameter; and changes in the coil 
diameter. The paper concludes that the best prototype is composed of 80 spires in the induced coil, 
and 40 spires in the PC, the used copper and coil diameter is 0.4 mm, and the Polyvinyl Chloride 
(PVC) tube 25 mm. In addition, Javier et al. [20] developed an inductive coil for monitoring the 
inorganic fertilisers in the irrigation water. This sensor creates an electromagnetic field that is 
sensitive to the conductivity changes. They use different samples between 0 g/L and 45 g/L. Finally, 
they concluded that the sensors have an excellent correlation with a low average error of 2.15%. 
Pham et al. [30] designed a salinity sensor system. The initial laboratory testing shows that the 
salinity sensor system is functional and can be used to display salinity data on a given map. Other 
authors, as Kleinberg et al. [25] proposed a non-contacting electrical conductivity sensor for remote, 
hostile environments. They developed an inductive sensor that uses a single turn transmitter and 
receiver loops to generate and detect eddy currents in the materials. The results showed that the 
mechanical design of the sensor makes it insensitive to temperature and pressure changes, and 
accelerations, impact, and abrasion. Therefore, it is operable in remote, hostile environments, such as 
deep boreholes 

The use of coils to measure in other environments, such as soil, is also well-known. Sänket et al. [19] 
developed a low-cost nitrate detection soil sensor. This system is based on a combination of capacitive 
and inductive electromagnetic fields for monitoring the content in agricultural soil and contamination. 
The proposed system concludes that the developed sensor will be able to detect various elements of 



Appl. Sci. 2020, 10, 7222 7 of 28 

contamination, and also an improved design of the sensor can be researched. These prototypes can be 
used as a tool for water source monitoring in the farm where the nitrate level should not exceed 10 mg/L. 
Meanwhile, M. Parra et al. [31] presented a low-cost moisture sensor-based on inductive coils. They 
tested the inductive coils in different sorts of soils. Besides, they powered the coil using a voltage of 10 
peak-to-peak volts. The experiment concluded that the best sensors work in 229 kHz with a correlation 
model of 0.75. Furthermore, the inductive coils as soil moistures sense have been compared with 
capacitive sensors in [32]. In this comparative study, M. Parra et al. demonstrated that for a range of 
temperature from 1 to 20 °C, the temperature of soil has almost no effect on the Vout of inductive coils, 
which is an advantage front the capacitive sensor in which case the effect of temperature is notable. 

In the aforementioned papers, the viability of using the inductive coils as sensing method has 
been demonstrated for monitoring different environmental variables, which modify on the 
permeability of the medium, such as conductivity in the water of soil moisture. Although with these 
coils, we do not directly measure the variable itself, we measure the changes of the µ0 and µr. As there 
is a relation between µ0 and µr and the variable (conductivity of water), we can use this sensing coils. 

Therefore, we propose the design, calibration, and verification of a prototype to monitor the 
amount of OF in water based on inductive coils. The prototype is able to measure the changes in 
conductivity associated with the fertiliser concentration. The OF is composed of organic material 
that provides less conductivity than inorganic fertilisers, as used in [20]. This causes the increase of 
the challenge because we have to be able to improve the accuracy and sensitivity of the optimal 
function of the tested prototypes. In addition, this system supposes an advantage in the irrigation 
water quality monitoring because no physical sensor for measuring OF has been reported. Thus, the 
proposed prototype in this paper is the first system able to measure and quantify the amount of OF 
in water, which will be essential to prevent over-fertilisation and other possible damages to the 
environment once implemented in the fertigation systems. 

3. Materials and Methods 

In this section, the materials used to craft and test the inductive coils, as well as the 
methodology used in their calibration and verification, are described. 

3.1. Description of the Prototypes and its Fabrication 

The prototypes are fabricated using PVC being a bracket of the sensor. This material used was due 
to its resistance to the water, its null conductivity, and its robustness. The used element must have no 
conductivity, since the objective is to have coils without a magnetic core as we need that the environment 
acts as a core. We developed three different prototypes. To minimise the existence of difference in the 
parameters that affect the mutual inductance, all of these sensors were made with the same bracket. The 
used PVC consisted of 3 mm of thickness, 25 mm of external diameter, and 22 mm of internal diameter. 

We selected a relation of spires based on the results of previous works [33], so that all three 
prototypes were composed of 40 spires in the PC and 80 spires in the IC. The copper wire used had a 
diameter of 0.4 mm. The three prototypes had the same number of spires but were distributed in a 
different number of layers, to test which ones performed better in detecting OF. In the model 
presented in Section 2, the effect of a single layer, or multilayer coils, are not described, it is essential to 
figure out the effect of the number of layers in the sensitivity of the coil. The used prototypes are 
displayed in Figure 2. Prototype 1 (P1) had been coiled in 8 layers, prototype 2 (P2) in 4 layers, and 
prototype 3 (P3) was coiled in 2 layers (see Table 1). Moreover, all of the prototypes were coiled in the 
same direction (clockwise direction) to maintain the coil characteristics as similar as possible. 
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Figure 2. Representation of used prototype: (a) prototype 1 (P1)-40PC and 80IC (8 layers); (b) 
P2-40PC and 80IC (4 layers); (c) P3-40PC and 80IC (2 layers). 

Table 1. Technical specification of the prototypes, with different number of layers. 

Sensors Prototype 1 Prototype 2 Prototype 3 
Layers 8 4 2 

Number of spires for layers 5/10 10/20 20/40 
Longitude of the sensor (cm) 11.5 11 9.5 

3.2. Methodology to Power the Coils 

The prototypes were coiled in a clockwise direction, where the other end of the coil was used as a 
ground reference. The sensors were fed using a 3.3 Voltage peak to peak (Vpp). This paper offers new 
contributions as the evaluation of the effect of different electrical configurations, meaning, different 
modes of connections between the devices (generator and oscilloscope) and the coil in the Vout. Figure 3 
portrays the implementation of four different configurations, where the polarity of feeding and 
measuring changed, and, therefore, the polarity of generated magnetic fields changed. The objective is to 
evaluate if the different configurations modified the Vout, and, if they did, which configuration provided 
the best results for the detection of OF. In the four cases, the modification in the connection changed how 
the magnetic field behaved, and how it interacted with the environment and with the IC. 

3.3. Electromagnetic Effects on the Coils 

In this section, the process used to perform the simulations prior to testing the sensors in a 
laboratory environment is described. As previously stated, COMSOL Multiphysics platform was 
used to model the proposed prototypes and simulate their behaviour in different mediums: air, pure 
water, seawater, and three different concentrations of OF. The values used to simulate the mediums 
in which the coils were immersed can be seen in Table 2. The values used to simulate seawater in 
COMSOL Multiphysics were chosen according to the results found in [34]. As for the values used to 
simulate the different samples of OF, we used the different conductivity values obtained during the 
experiments and a relative permittivity close to the one of pure water. 
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Table 2. Values used in the simulations. 

 Air Pure 
Water 

Seawater 2.5 g/L of 
OF 

12.5 g/L of 
OF 

20 
g/L 
of 
OF 

Copper 

Relative 
permeability 

1 0.999992 1 1 1 1 1 

Relative 
permittivity 1.00059 80 70 79.95 79.95 79.95 1 

Conductivity 
(S/m) 

0 5.5 × 10-6 5.6 0.1133 0.415 0.614 5.998 × 107 

In this paper, we will not be showing the simulations of the proposed prototypes in the 
different mediums. However, we decided to display the magnetic flux density and the electric field 
of all three prototypes using a 20 g/L of OF sample as a core, and explain the results obtained with 
COMSOL Multiphysics. 

Figure 3 shows the magnetic flux density norm and the electric field of the prototypes using a 
20 g/l of OF sample. Given the fact that the magnetic flux density highly depends on the 
permeability of the medium, and the relative permeability values used in the simulations are very 
similar, COMSOL Multiphysics did not manage to detect changes. The magnetic flux density norm 
values obtained during the simulations of P1 varied from 11.2 tesla (T) to 5.96 T along the edges of 
the induced coil, and from 11.2 T to 7.83 T along the centre of the induced coil (see Figure 3a). When 
the core was filled with air, the electric field of the prototype P1 varied from 148.36 V/m to 39.41 V/m 
along the edges of the induced coiled, and from 44.66 V/m to 17.91 V/m along the centre of the 
induced coil (see Figure 3b). In the case of pure water, the electric field varied from 247.28 V/m to 
17.95 V/m along the edges of the induced coiled, and from 40.16 V/m to 13.74 V/m along the centre of 
the induced coil. For seawater, the obtained values of the electric field varied from 243.02 V/m to 
87.81 V/m along the edges of the induced coiled, and from 40.33 V/m to 13.24 V/m along the centre of 
the induced coil. In samples of 2.5 g/L of OF, the electric field varied from 265.67 V/m to 14.11 V/m 
along the edges of the induced coiled, and from 40.03 V/m to 12.94 V/m along the centre of the 
induced coil. For the samples of 12.5 g/L of OF, the electric field varied from 267.36 V/m to 15.45 V/m 
along the edges of the induced coiled, and from 40.32 V/m to 13.14 V/m along the centre of the 
induced coil. Finally, the obtained values for the samples of 20 g/L of OF, the electric field varied 
from 268.86 V/m to 17.78 V/m along the edges of the induced coiled, and from 40.51 V/m to 13.35 
V/m along the centre of the induced coil. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 3. Simulations of the prototypes. (a) Magnetic flux density of P1 with 20 g/L of organic 
fertilizer (OF) sample. (b) Electric field of P1 with 20 g/L of OF sample. (c) Magnetic flux density of P2 
with 20 g/L of OF sample. (d) Electric field of P2 with 20 g/L of OF sample. (e) Magnetic flux density 
of P3 with 20 g/L of OF sample. (f) Electric field of P3 with 20 g/L of OF sample. 

Figure 3c,d display the magnetic flux density norm and the electric field of P2 using a 20 g/l of 
OF sample. In this case, the magnetic flux density norm values obtained varied from 5.29 T to 1.43 T 
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along the edges of the induced coil, and from 5.47 T to 2.18 T along the centre of the induced coil. For 
a core filled with air, the electric field varied from 132.67 V/m to 14.07 V/m along the edges of the 
induced coiled, and from 37.39 V/m to 0.73 V/m along the centre of the induced coil. In pure water, 
the electric field varied from 191.44 V/m to 11.2 V/m along the edges of the induced coiled, and from 
36.52 V/m to 3.23 V/m along the centre of the induced coil. In seawater, the values of the electric field 
varied from 174.50 V/m to 19.65 V/m along the edges of the induced coiled, and from 36.43 V/m to 
3.46 V/m along the centre of the induced coil. In the samples of 2.5 g/L of OF, the electric field varied 
from 190.72 V/m to 11.56 V/m along the edges of the induced coiled, and from 36.01 V/m to 3.35 V/m 
along the centre of the induced coil. In the case of samples of 12.5 g/L of OF, the electric field varied 
from 221.76 V/m to 12.63 V/m along the edges of the induced coiled, and from 36.13 V/m to 3.39 V/m 
along the centre of the induced coil. The obtained values for the samples of 20 g/L of OF, the electric 
field varied from 292.90 V/m to 21.6 V/m along the edges of the induced coiled, and from 36.41 V/m 
to 3.42 V/m along the centre of the induced coil. 

Figure 3e,f present the magnetic flux density norm and the electric field of P3 using a 20 g/L of 
OF sample. The magnetic flux density norm values obtained varied from 2.20 T to 0.23 T along the 
edges of the induced coil, and from 2.45 T to 0.32 T along the centre of the induced coil. In the case of 
air, the electric field varied from 103.46 V/m to 5.43 V/m along the edges of the induced coiled, and 
from 25.25 V/m to 5.47 V/m along the centre of the induced coil. For pure water, the obtained values 
of the electric field varied from 158.98 V/m to 16.32 V/m along the edges of the induced coiled, and 
from 26.86 V/m to 8.8 V/m along the centre of the induced coil. In the case of seawater, the electric 
field varied from 251.89 V/m to 21.14 V/m along the edges of the induced coiled, and from 27.25 V/m 
to 8.76 V/m along the centre of the induced coil. For the samples of 2.5 g/L of OF, the values of the 
electric field varied from 230.48 V/m to 35.65 V/m along the edges of the induced coiled, and from 
26.95 V/m to 8.85 V/m along the centre of the induced coil. In samples of 12.5 g/l of OF, the electric 
field varied from 257.77 V/m to 37.03 V/m along the edges of the induced coiled, and from 27 V/m to 
11.19 V/m along the centre of the induced coil. Finally, for samples of 20 g/l of OF, the values of the 
electric field varied from 259.05 V/m to 39.62 V/m along the edges of the induced coiled, and from 
27.05 V/m to 13.24 V/m along the centre of the induced coil. 

3.4. Instrumentation 

The used electrical circuit for this experiment is straightforward and easy to apply; it is 
represented in Figure 4. The circuit is based on the circuit used in previous papers [20] in which the 
coils are used as a sensing element. Firstly, we included a resistance of 47 ohms in serial in the PC. 
Moreover, a capacitator is added to 10 nF in parallel in the part of the IC. The sensor was powered with 
a signal generator, the AFG1022 [35]. The Vout was measured using an oscilloscope, the TBS1104 [36]. 

 
Figure 4. Diagram of the electronic circuit used in the experiment. 

To control the conductivity of the samples and ensure that the relation between OF and 
conductivity is constant, a conductivity meter, the Basic 30 [37], is used. This device was calibrated 
before starting the conductivity measurements. 
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3.5. Equipment to Prepare the Samples 

The experiments are performed using a glass container with 16.2 cm height and 8 cm of 
diameter, in which we introduce 500 mL of the sample. For the calibration, we use six samples 
between the 0 g/L and 20 g/L of OF, and the other three are used for the verification process. 

As OF, we selected commercial produce, mainly used for citric crops as orange tree or lemon 
tree crops [38], which can be found in several specialised shops. We have chosen a semiliquid 
fertiliser to perform the experiment, due to its fast dilution in water. The selected product is called 
“ORGANIC” (trade name), and it was acquired in the garden section of Leroy Merlin. The selected 
OF is an organic-mineral fertiliser NK 3.5, which has 3% of organic nitrogen (N) of beetroot, 5% of 
potassium oxide (soluble in water), and 24.7% of organic carbon (C). The density of this product is 
approximately 1.3 g/cm3 at 20 °C. Before starting the calibration, we prepared the samples and 
measured their conductivity with the Basic 30 to verify the correlation, 1 to 1, between both OF 
concentration and conductivity. This correlation is shown in Figure 5. 

 

Figure 5. Tight model for OF concentration (g/L) vs. conductivity (mS/cm). 

Following, we prepared the samples by mixing different amounts of the OF with the 500 mL of 
water to obtain the different concentration of the fertiliser, see Table 3. Some of the samples were 
used for the calibration process (CalPr) and others for the verification process (VerPr). 

Table 3. The concentration of OF in the experiment. Calibration process (CalPr) and Verification 
process (VerPr). 

Sample 1 2 3 4 5 6 7 8 9 
OF (g/l) 0 2.5 5 7.5 10 12.5 15 17.5 20 

Used for: CalPr VerPr CalPr VerPr CalPr VerPr CalPr 

3.6. Methodology to Conduct the Measures 

Firstly, we performed a fast sweep between the 10 kHz and 300 kHz in each prototype for all the 
configurations, to find the region in which the Vout was highest. Based on the results of previous 
experiments, the WF was found in the region with the maximum Vout. To find the WF, we used six 
samples for the calibration. We calibrated the prototypes using six samples, see Table 3. The measures of 
Vout were replicated three times for each prototype and configuration in order to discard any 
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interferences. In addition, during each measurement, three values of Vout were gathered. The data used 
for the calibration represented the average value of Vout and the concentration of OF in g/L of each 
sample. 

The process to have the calibration was performed as follows. Initially, we essayed with the 
four prototypes, testing each one in a specific spectrum of frequency, from 10 to 300 kHz, to find the 
WF. It was done considering the four configurations of each prototype, as indicated in Figure 6. 
After analysing the range of frequency, where the P1, P2, and P3 were more affected by the 
concentration changes, we chose the WF for each prototype in the four studied configurations. 
Furthermore, we used the Vout values in the WF to obtain a mathematical model for the tested 
prototypes to verify which equation adjusted better to obtain data. To get this, we used specific 
software, Statgraphics [39], which is very useful for analysing the values. 

 
Figure 6. Different modes and configurations to measure Vout, tested in calibration and verification. 

Once the calibration test finished and calibration models were obtained, we used the other three 
samples (5 g/L, 12.5 g/L, and 17.5 g/L) to verify the calibrations and their mathematical models. With 
the data of verification, we calculated the Absolute Error (AE) and Relative Error (RE) between the 
real concentration of OF and predicted OF concentration based on measured Vout and the 
calibration models for the tested samples. 

Finally, we applied the ANOVA [40,41] procedure to verify if the obtained data were relevant. 
Likewise, we used the multiple range procedure to determine if the different concentrations of OF 
explained the variance of the variable Vout. We use the Least Significant Difference Turkey (LSD 
Tukey) method for significant differences between pairs of means for the comparisons among the 
concentrations of fertilizer. In this case, we obtained two indicators, Reason-F and Value-P. The 
former is used to determine whether, from among a group of independent variables, at least one has 
the ability to explain a significant part of the variation of the dependent variable. Moreover, Value-P 
is useful to know if the obtained results are the consequence of random sampling, or if they are 
statistically significant. This procedure is used to choose which prototype is the best one, in terms of 
its capability to differentiate the samples, to be selected as a sensor for measuring OF. Subsequently, 
we analyse the data for all cases in the three prototypes, using a single ANOVA operation to obtain 
the relevance of the measured values, and we evaluated the standard deviations of the prototypes 
for each configuration. Finally, we selected the best prototypes based on previous results. 

Since, in past experiences, we detected different behaviours of inductive coils, we set a series of 
requirements that prototypes must accomplish in order to be selected as a capable sensor. Those 
requirements are described below: 
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a. The difference of Vout between the samples of OF must be as high (at least a variation of 1 V 
between the less concentrated sample and the more concentrated sample). 

b. The measured Vout must be as higher as possible (at least 3 V). 
c. The Vout for all tested samples must be different (variations lower than 0.001 V are not 

considered as different values). 
d. The working frequency must be as low as possible (the maximum allowed frequency will be 

200 kHz). 
e. The AE and RE must be low (AE must be lower than 1.5 g/l in the lowest verified concentration 

and RE lower than 10% as the average for all samples). 

4. Results 

The acquired results for the different samples are exposed in this section, including the 
calibration, verifications, and statistical tests. 

4.1. Calibration 

In this subsection, the data gathered for the seeking of the WF and the calibration of the three 
prototypes is presented. To select the WF, we sought the frequency among the samples, ones in 
which the difference of Vout, between the most and the less concentrated samples, is maximised. 

For the first prototype, the highest values of Vout, higher than 3 V, as indicated in the 
requirements, we registered between 80 kHz and 110 kHz, see Figure 7. In this frame, Figure 7 
represents that, in all the configurations, the maximum Vout, 9.65 V, is measured when the PC is fed 
at 100 kHz. Additionally, Table 4 displayed the maximum difference between the Vout of 0 g/L and 
17.5 g/L. The maximum difference is found at the frequency of 90 kHz in three out of four tested 
configurations, and 100 kHz for the other one. The values of WF for the P1 show a growing 
tendency, for all of the tested configurations, being the minimum Vout for 0 g/L and the maximum 
measured voltage for 17.5 g/L. This shows that the different configuration to feed the coil may affect 
the obtained values, as a low modification of the WF. 

 

Figure 7. Representation of the frequency spectrum of P1 in the four different studied cases. 
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Table 4. Frequency and Vout difference for P1, P2, and P3 and their four configurations (Conf.). 

Prototypes Conf. 1 Conf. 2 Conf. 3 Conf. 4 
 PF (kHz) among the sampled frequencies 

P1 100 
P2 120 
P3 140 

 WF (kHz) among the sampled frequencies 
P1 100 90 90 90 
P2 110 110 110 110 
P3 140 140 140 130 

 Difference in Vout Sample 8—Sample 1 
P1 0.53 0.44 0.39 0.43 
P2 1.07 1.41 1.41 1.84 
P3 −1.29 −1.15 −1.47 1.09 

In the case of configurations 2 to 4, the differences in Vout of calibration tests are almost the 
same, 0.44, 0.39, and 0.43. Considering that standard deviations for those values are 0.028, we can 
affirm that no differences are found. Although the differences in Vout between most diluted and 
most concentrated samples is almost constant, the Vout values for the tested values are different. 
The results are similar for configurations 2 and 4, and different for configuration 3. For 
configurations 2 and 4, the mean Vout for the most diluted sample is 6.37 V and 6.40 V, and 6.81 V 
and 6.83 V for the most concentrated sample. On the other hand, for the third configuration, the 
values are 6.15 for the most diluted sample, and 6.53 V for the most concentrated sample. These 
small changes suppose a difference in the Vout of almost 0.2 V between the same samples measured 
with different configurations. With regards to configuration 1, the difference on the Vout is the 
highest, 0.53, and the difference between the maximum (9.81) and minimum (9.28) Vout measured 
with this configuration and the rest are even higher, up to 3 V. 

Concerning the second prototype, Figure 8 shows the gathered data for the calibration at 
different frequencies. According to the data, we can identify the most potent interaction between the 
Vout and the sample and with Vout higher than 3 V between the 100 kHz and 140 kHz. In this range, 
the highest values are located at the peak, 110 kHz in all the analysed configurations. In this 
frequency, the registered highest Vout is around 9.81 V. The P2 offered higher Vout values when the 
concentration of OF increased, as with P1. This observation indicates a similar functioning between 
the two prototypes. Table 4 represents the highest difference of Vout between the lowest 
concentration sample and the most concentration. Moreover, the measures of the different tests that 
we did with P2 indicate that the highest voltage difference is found in configuration 4, with 1.84 V. 
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Figure 8. Representation of the frequency spectrum of P2 in the four different studied cases. 

Concerning the variability between tested configurations, P2 has high variation in the 
differences between maximum and minimum concentrations of OF in the WF. While in the first 
configuration the difference between most diluted and less diluted sample is 1.07 V, in the case of 
configuration 4, this value reaches the 1.84 V. In the second and third configuration, the difference is 
1.41 V. With regards to the Vout values in the samples, configuration 4 is the one with the lowest 
voltage in the most diluted concentration (7.41 V). On the contrary, configuration 1 reached a Vout of 
8.64 V for the same sample. This change on Vout, a higher value for the first configuration, is 
maintained along with all of the tested samples. So that, a variation of more than 1 V is observed for 
the same prototype, sample, and WK if the configuration is modified in the lowest.  

For the third prototype, the results are represented in Figure 9. For this prototype, ranges with 
Vout higher than 3 V cover between 130 kHz and 150 kHz. In this case, the highest Vout that we 
registered is the smallest one among the three prototypes, 6.35 V. P3 shows that the voltage peak is 
located in a higher range of frequency than in other prototypes. Table 4 shows the highest difference 
of Vout between the minimum and maximum concentration of OF. The maximum difference is 
found at 140 kHz in three out of four configurations and 130 for the other, as found with P1. 
Notwithstanding what we detected in P1 and P2, the data of P4 shows the maximum Vout for the 
less concentrated sample, in three out of four configurations. The maximum difference between 
higher and lower Vout is detected in the configuration 3, with –1.47 V. 
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Figure 9. Representation of the frequency spectrum of P3 in the four different studied cases. 

With regard to configurations 1 to 3, which share the same WF, the difference among the lowest 
and highest concentrations are 1.29, 1.15, and 1.47 V respectively. Meanwhile, configuration 4, 
characterised by the lowest WK, has a variation in the measured Vout of −1.09 V, which is lower than 
the variation for other configurations. If we analyse in detail, the different maximum and minimum 
values, not only the differences between them, configurations 1 and 3 have a similar pattern. Both 
configurations have similar values, 7.65 V for configuration 1 and 7.65 V for configuration 3 in the 
case of the less concentrated sample. Meanwhile, for configuration 2, the Vout is 7.23 V for the same 
sample, a variation on nearly 0.4 V is found. It has no sense to compare the differences with the 
results with the fourth configuration since the last configuration is characterised by a behaviour 
similar to the one found in P1. 

All of the evaluated prototypes presented a similar range in which their respective Vout is 
affected by the concentration of tested samples. At these frequencies, their WF, we obtain higher 
Vout values and higher Vout differences. This range is located between the 90 k kHz and 140 kHz. 
The next step is to obtain the mathematical model that fits with the data gathered for the calibration 
at the WF for each prototype and their four configurations. 

The obtained calibration models for all configurations of P1 are presented in Figure 10. Among the 
27 possible models available in Statgraphics, the one that offered the best adjustment, in terms of 
Coefficient of determination (R2), is the lineal model for all the configurations of P1. This model has the 
advantage of its low complexity. The values of R2 are indicated in Figure 10, and they have a minimum 
value of 0.937 for configuration 2. Configuration 4 is the one that presents the best adjustment between 
the mathematical model and gathered data with R2 of 0.995. With regard to the mathematical models, 
they are represented in Equations (9) to (12) for each one of the configurations of P1. These equations will 
be included in the node when the sensor will be part of a WSN to convert the measured electric signal 
into the value of the sensed parameter. Their confidence and prediction intervals are displayed in Figure 
10. 
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Figure 10. Adjusted models of P1. 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑔/𝐿 =  −343,014  367,813 ∗ 𝑉𝑜𝑢𝑡 𝑉  (9) 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑔/𝐿 =  −24,551  385,388 ∗ 𝑉𝑜𝑢𝑡 𝑉  (10) 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑔/𝐿 =  −300,911  487,033 ∗ 𝑉𝑜𝑢𝑡 𝑉  (11) 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑔/𝐿 =  −283,199  442,308 ∗ 𝑉𝑜𝑢𝑡 𝑉  (12) 

On the other hand, calibration models for the configurations of P2 are shown in Figure 11. The 
values of R2 are included in Figure 11. Configuration 3 presents the lowest R2, with a value of 0.980. 
On the contrary, the best adjustment between the mathematical model and gathered data is found in 
configuration 1, with R2 of 0.995. The mathematical models are detailed in Equations (13)–(16) for 
each one of the configurations of P2. Their confidence and prediction intervals are displayed in 
Figure 11. In general terms, the R2 values of mathematical models obtained for prototype 2 are better 
than the R2 of models generated for prototype 1. 
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Figure 11. Adjusted models for the P2. 

Finally, Figure 12 displays the calibration models for all configurations of P3. The calibration 
model with the lowest R2 has a value of 0.970, and it is linked to the data of configuration 1. 
Configuration 2 has the best adjustment with an R2 of 0.997. The mathematical models are 
represented in Equations (17)–(20) for each one of the configurations of P2. The models that 
correlated the data of prototype 3 are the ones with better R2 values. 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑔/𝐿 = 373,299 −  323,289/𝑉𝑜𝑢𝑡 𝑉 ^2 (13) 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑔/𝐿  = 262,884 −  210,467/𝑉𝑜𝑢𝑡 𝑉 ^2 (14) 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑔/𝐿  = 288,277 −  244,709/𝑉𝑜𝑢𝑡 𝑉 ^2 (15) 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑔/𝐿  = 206,431 −  155,121/𝑉𝑜𝑢𝑡 𝑉 ^2 (16) 



Appl. Sci. 2020, 10, 7222 20 of 28 

 

Figure 12. Adjusted models for P3. 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑔/𝐿  = −202,107  156,869/𝑉𝑜𝑢𝑡 𝑉 ^2 (17) 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑔/𝐿 =  −23,558  169,702/𝑉𝑜𝑢𝑡 𝑉 ^2 (18) 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑔/𝐿 =  −19,118  145,337/𝑉𝑜𝑢𝑡 𝑉 ^2 (19) 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑔/𝐿 =  186,403 −  707,278/𝑉𝑜𝑢𝑡 𝑉 ^2 (20) 

4.2. Verification 

In this subsection, the results of the verification test are analysed. Table 5 displays the results in 
terms of AE and RE for all the samples measured in the verification test, with all the prototypes and 
configurations. The AE and RE are calculated using absolute values (being all obtained results positive). 

Table 5. Verification of the calibrations of the prototypes. Abbreviations: Absolute Error (AE) and 
Relative Error (RE). 

Concentration of OF (g/L) Conf. 
P1 P2 P3 

AE (g/l) RE (%) AE (g/l) RE (%) AE (g/l) RE (%) 
5.00 

1 
1.04 20,81 0.66 13.26 0.02 0.43 

12.50 2.37 18,94 0.85 6.81 0.41 3.3 
17.50 0.31 1,77 2.04 11.64 0.02 0.12 
5.00 

2 
0.78 15,57 2.11 42.25 1.71 34.1 

12.50 0.97 7,77 0.52 4.19 1.05 8.43 
17.50 2.49 14,22 3.04 17.37 1.06 6.03 
5.00 

3 
1.41 28,14 2.66 53.14 0.52 10.43 

12.50 1.70 13,59 1.03 8.21 0.84 6.71 
17.50 1.35 7,73 2.42 13.85 2.46 14.05 
5.00 

4 
1.14 22,82 3.15 62.91 0.85 16.97 

12.50 1.53 12,26 0.03 0.28 0.55 4.44 
17.50 0.37 2,12 3.61 20.63 1.28 7.33 

Average error 1 1.24 13,84 1.18 10.57 0.15 1.28 
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2 1.41 12,52 1.89 21.27 1.27 16.22 
3 1.49 16,49 2.04 25.06 1.27 10.40 
4 011. 12,40 2.26 27.94 0.90 9.58 

The average AEs, considering all samples for each prototype and each configuration are lower 
than 2.3 g/L in all the cases. The highest average AE is detected for the P2 and the fourth configuration. 
In general terms, we can affirm that P2 is the ones with higher AEs with average AE of 1.18 g/L for 
configuration 1, as the lowest AE, and 2.26 g/L for configuration 4, as the highest AE. According to 
results of P1, its AEs are lower than the ones of P4, being the configuration 4 the one with lowest AE 
(1.01 g/L) and configuration 3 the one with the highest AE (1.49 g/L). Finally, data from P3 is 
characterised by low AE; the minimum and maximum average AEs are 0.15 g/L for configuration 1 
and 1.27 g/L for configurations 2 and 3. Thus, in general terms, P3, and particularly the first 
configuration, is the combinations which offer the lowest average AE in the verification tests. 

According to the AE in the less concentrated sample, which was one of the requirements for our 
sensor, the lowest AE is obtained for P3 and first configuration (AE of 0.02 g/L). The data of P2 in 
verification tests is again the one with highest AE. There are only five combinations of prototype and 
configurations which ensure an AE in the less concentrated sample lower than 1 g/L: P1 
configuration 2, P2 configuration 1, and P3 configurations 1, 3, and 4. We have not detected that the 
AE increases or decreases with the concentration of the verified sample. 

The RE is highest in the verification sample with less concentration of OF in most of the cases. 
Attending to the differences between the prototypes and their configurations, we can see in Table 5 
that the P1 is the one with more stable RE, as happened in AE. P2 is the one with the highest RE, and 
P3 is characterised by the smallest average RE. 

4.3. Statistical Analysis 

Finally, the results of statistical tests aimed to evaluate the reliability of our data are presented. The 
results of the multiple range tests to show the number of groups created according to the data of CalPr 
and VerPr are described. For all of the evaluated data (all prototypes and their four configurations) the 
results of ANOVA indicate that the concentration of OF explains the variance on the Vout. 

Figure 13 represents the output of multiple range tests for each configuration of P1. Among these 
four configurations, the best results are obtained for the configurations 3 and 4. In these configurations, 
we find the highest differentiation in terms of generated groups. For configuration 3, the results of the 
test define nine groups (a to i), and for the fourth configuration eight groups (a to h) are defined. Each 
column of letters indicates a group of means within which there are no statistically significant 
differences. The first and the second configurations are very similar, and only seven groups can be 
identified (a to g). With data of the first configuration, it is not possible to distinguish between 12.5 and 
15 g/L or between 17.5 and 20 mg/L. In the case of the second configuration, the lack of differentiation is 
found between 0 and 2.5 g/L and between 15 and 17.5 g/L. The standard deviation of the configurations 
is very low, being 0.041 g/L, 0.012 g/L, 0.018 g/L and 0.015 g/L for configurations 1 to 4 respectively. 
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Figure 13. The graph presents a multi-range analysis for the four configurations where they are 
drawn by columns. Each column contains non-significant values between them. The different letters 
show that the values are statistically significant. In each column the vertical bar on it represents the 
standard deviation. 

Following, the results of P2 are displayed in Figure 14. The best results are related to the data 
gathered from configuration 1, followed by configuration 2 and 3. In this context, the results of 
statistical tests identify for configuration 1 has 8 different groups (a to h), and six groups (a to f) for 
configuration 2 and 3. Data from configuration 4 have been organised in six groups (a to f), as 
configuration 2 and 3. Nonetheless, data is more homogeneous, especially in the case of more 
concentrated samples. Thus, it is not possible to distinguish 17.5 g/L and 20 g/L and hard to 
distinguish between 10 g/L to 15 g/L. The standard deviations of all configurations are very low. The 
lowest standard deviation is found for configuration 1 with 0.018 g/L, followed by configuration 2 
with 0.03 g/L. Configuration 3 and 4 are the cases with the highest standard deviation, 0.06 g/L and 
0.04 g/L, respectively. In this case, the results point out that P1 has a lower deviation standard than 
P2. Furthermore, P1 is characterised by a higher number of groups in their configuration than P2. 
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Figure 14. The graph presents a multi-range analysis for the four configurations where they are 
drawn by columns. Each column contains non-significant values between them. The different letters 
show that the values are statistically significant. In each column, the vertical bar on it represents the 
deviation. 

Figure 15 displays the results of the multiple range test for the four different configurations of P3. 
The best results are obtained for configurations 1 and 4. The data of both configurations are distributed 
in nine different groups (a to i). For configuration 2, we can identify seven groups (a to g). For 
configuration 2, the values of 0 g/L and 2.5 g/L, and 5 g/L and 7.5 g/L are the same. Meanwhile, eight 
groups (a to h) are formed with data of configuration 3. The standard deviation of this prototype is very 
low, lower than in other prototypes. The lowest values are obtained with data of configuration 4, 0.02 
g/L. The highest standard deviation is linked to data of configuration 1, 0.03 g/L. Comparing the number 
of groups and their standard deviations, we can affirm that P3 is the prototype with better results. 
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Figure 15. The graph presents a multi-range analysis for the four configurations where they are 
drawn by columns. Each column contains non-significant values between them. The different letters 
show that the values are statistically significant. In each column the vertical bar on it represents the 
deviation. 

5. Discussion 

5.1. Differences Observed Among the Four Tested Configurations 

One of the most significant findings of the performed tests is the comparison of the four 
configurations. Although the generated magnetic field should be uniform no matter the polarity of 
the coil, as some of our inductive coils are composed by a high number of layers, and they are 
manually crafted, it is necessary to evaluate this effect. 

The first difference was observed during the calibration tests, in which two prototypes have 
shown different WF when the configuration is changed. In P1, the WF was higher with the first 
configuration. Meanwhile, for P3, the lowest PF was measured in the fourth configuration. Since the 
test is performed three times, and in all the cases, the results were the same, the observed change in 
WF due to the different configuration parameters must be considered in future prototypes. More 
tests needs to be done to find the exact WK, since we measure every 10 kHz to have more 
information about this effect. Notwithstanding the aforementioned (about the WF), the PK is found 
at the same frequency among the sampled ones. As with the WF, more data is needed to evaluate 
that the different configuration patterns might modify the PK. 

The other parameter, which was modified due to the different configurations, is the Vout. We 
are going to evaluate the changes in Vout of P1 with configurations 2 to 4, P2 in all the 
configurations, and P3 in configurations 1 to 3. The other two configurations are not considered 
since a difference in the WF is detected in the excluded configurations. We can affirm that the fact of 
change the configurations has caused a change in the Vout, which is not explained by the changes in 
the WF since all the comparisons are made with the same configuration. According to P2 and P3, the 
Vout values in configuration 1 and 3 show an almost equivalent trend. The Vout of the first 
configuration is a bit higher in all of the samples than in the third configuration, an average a 0.17 V 
higher. The second and fourth configurations tend to have lower values than the previous ones. 

This effect has been found in other publications related to inductive coils [29]. 

5.2. Decreasing and Increasing Vout with the Changes in Conductivity Before and After the PF 

The change in the increaser of decreasing tendency of Vout for the increase of the concentration 
of OF is found in this paper. According to our data, in all of the tested prototypes and all of the 
studied configurations, the tendency is, the higher the concentration, the higher the Vout before the 
PF. Nonetheless, after the PF, the higher the concentration of OF the lower the Vout. This effect can 
make difficult the use of the prototype as a sensor and the attainment of calibration curves in the 
frequencies close to the PF. However, considering that the Vout is higher only in the frequencies 
close to the peak, we identify a trade-off in which both phenomena must be carefully considered in 
the selection of WF of inductive coils. 

This effect, the change in the behaviour of Vout and concentration in inductive coils, has been 
already found in other applications of inductive coils as soil moisture sensors. In [32], a similar effect 
is detected when similar prototypes are tested for soil moisture monitoring. In that case, the Vout 
increases with the soil moisture before the PF and decreases after the PF. The same effect is observed 
in [32] when the inductive coils are studied as a soil moisture sensor in different types of soil. 

5.3. The Best Prototype to be Used and OF Sensor in PA Systems 

These prototypes are the best sensors tested in previous studies [20]. Furthermore, these 
prototypes differ in the distribution of their layers. With this comparison, we will verify which 
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sensor, with which layer distribution, is the most suitable for monitoring OF. It also serves as a 
precedent for future research in the development of sensors for fertilizers. 

After analysing all of the measures in calibration, verification, and statistical analysis, it is time 
to compare the prototypes and identify the one with the best performance. According to the 
requirements set in Section 3, we have five different requirements; all of them are analysed in Table 
6. The first requirement is a minimum variation of 1 V between the most and less concentrated 
samples (∆Vout [S1–S9]). According to our data, only the P2 and P3 accomplish this requirement. 
The second requirement was related to the Vout magnitude, the lower registered Vout (Minimum. 
Vout) should be at least higher than 3 V. In this case, all of the prototypes fulfil this requisite. The 
third condition is that Vout must be different in all the samples. To test this requisite, we base on the 
results of a multiple range test. According to Table 6, this requisite is reached only in three cases, P1 
configuration 3, P3 configurations 1 and 4. With regards to the working frequency (WF), all of the 
prototypes have WFs lower than the required threshold, so that they all are considered as valid. The 
last requisite refers to the error measured in the verification test, in this case, the AE for the lowest 
verified concentration (AE [S3]) and the average RE (RE)must be considered. 

Table 6. Statistical ANOVA test to analyse measured values. The requirements to be met by the 
prototypes are shown so that they are optimal for measuring OF, where “P” means prototype and 
“R” requirement. Values with an asterisk indicate that the requirements are met. 

 Conf. 
R1 

∆Vout [S1–S9] (V) 
R2 

Min. Vout (V) 
R3 

Nº Groups 
R4 

WF (kH) 
R5 All 

AE [S3] (V) 𝐑𝐄 (%)  

P1 

1 0.53 9.28 * 7 100 * 0.02 * 0.19 *  
2 0.44 6.37 * 7 90 * 0.03 * 0.52 *  
3 0.39 6.15 * 9 * 90 * 0.22 * 3.5 *  
4 0.43 6.40 * 8 90 * 0.07 * 1.05 *  

P2 

1 1.41 * 8.64 * 8 110 * 0.65 * 7.05 *  
2 1.41 * 7.95 * 6 110 * 0.75 * 8.45 *  
3 1.41 * 8.40 * 6 110 * 0.7 * 7.41 *  
4 1.84 * 7.41 * 6 110 * 0.83 * 9.53 *  

P3 

1 1.29 * 7.65 * 9 * 140 * 0.62 * 8.86 * * 
2 1.15 * 7.23 * 7 140 * 0.41 * 6.28 *  
3 1.47 * 7.65 * 8 140 * 0.6 * 8.81 *  
4 1.09 * 3.79 * 9 * 130 * 0.36 * 8.34 * * 

Analysing the results for each one of the tested prototypes and their four configurations, we only 
found two cases in which all the requirements are accomplished, P3 configurations 1 and 4. Among both 
configurations, P3-configuration 1 is characterised by higher ∆Vout [S1–S9], higher Min. Vout, and lower 
AE [S3], although it has a higher WF than configuration 4. In the case of P1 configuration 1, ∆Vout [S1–
S9] is lower than 1, which does not meet one of the most important requirements. Therefore, after 
comparing the performance of each prototype, we selected P3 with the first configuration as the best 
prototype for its use as an inductive sensor for OF monitoring the fertigation in PA systems. 

6. Conclusions 

We evaluated the effectiveness of inductive coils as a sensor to measure the concentration of OF 
used in agriculture. The obtained parameters will be used to monitor the quantity of OF in the 
irrigation systems to detect abnormal situations or deficiencies. 

In this paper, we showed the performance of three different prototypes with four configurations as 
a sensor to measure the concentration of OF. First of all, the performance of each prototype was analysed 
using COMSOL Multiphysics, and the WF of each prototype and configuration is determined after 
testing the sensor in a laboratory environment. Then the calibration and verification are carried out for 
each one. Finally, statistical analyses are performed to evaluate the capacity of the prototypes to 
discriminate among different tested concentrations. After analysing the results, we discussed the two 
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major findings of the presented results. First, the effects of changing the configuration on the WF, on 
Vout, and on its capability to serve as a sensor are discussed. Then, the observed different tendency 
between Vout and concentration before and after the PF was analysed and compared with the results of 
other papers. As a final point, we compared the results of the three prototypes, according to the 
requirements set at the beginning of the paper, to determine which was the best prototype and 
configuration. The third prototype with the first configuration was the selected one. 

In future work, we intend to make an in-depth analytical study of the influence of electrics 
parameters, such as permeability and permittivity, in electromagnetic fields, by applying the green 
function in quasi-static conditions [42]. Moreover, we are going to study the effect of water 
temperature. Although in other papers, authors do not find any effect from 1 to 20 °C in soil 
measures, we have a different medium and higher temperatures. If an effect of temperate is 
detected, we will develop calibration curves for different temperatures. Moreover, the use of 
secondary sensors, such as optical sensor will be proposed, and other types of fertilisers will be 
tested. Finally, theoretical and electrical models will be made to describe the inductance and an 
internal resistance, in series with an induced resistance due to the conduction losses in the medium, 
and an additional inductance due to the permittivity and permeability of the medium. 
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