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Abstract

:

This article presents a study on the fuzzy control of self-balancing, two-wheel-driven, simultaneous localization and mapping (SLAM)-based, unmanned systems for Agriculture 4.0 applications. The background highlights the need for precise and efficient navigation of unmanned vehicles in the field of agriculture. The purpose of this study is to develop a fuzzy control system that can enable self-balancing and accurate movement of unmanned vehicles in various terrains. The methods employed in this study include the design of a fuzzy control system and its implementation in a self-balancing, two-wheel-driven, SLAM-based, unmanned system. The main findings of the study show that the proposed fuzzy control system is effective in achieving accurate and stable movement of the unmanned system. The conclusions drawn from the study indicate that the use of fuzzy control systems can enhance the performance of unmanned systems in Agriculture 4.0 applications by enabling precise and efficient navigation. This study has significant implications for the development of autonomous agricultural systems, which can greatly improve efficiency and productivity in the agricultural sector. Fuzzy control was chosen due to its ability to handle uncertainty and imprecision in real-world applications.
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1. Introduction


Agriculture 4.0 is an emerging field that aims to transform traditional farming practices into more sustainable and efficient systems by incorporating digital technologies. One of the key challenges in this field is the development of unmanned systems that can navigate autonomously and perform tasks such as crop monitoring, pesticide application, and yield estimation. However, designing an autonomous system that can move in a complex and dynamic environment such as a greenhouse is a challenging task that requires the integration of various technologies, including sensors, control systems, and machine learning algorithms. This paper focuses on the development of a self-balancing two-wheel driven unmanned system for Agriculture 4.0 applications. The system is based on SLAM algorithms, which enable the system to create a map of the environment and localize itself within it. The system is equipped with a set of sensors, including a sonar sensor, an IMU, a BME 280 sensor, and a camera, which provide data on the position, orientation, and surroundings of the system. To control the movement of the unmanned system, a fuzzy logic control system was implemented. Fuzzy logic is a powerful tool for controlling complex and nonlinear systems because it allows for the representation of imprecise or vague information. The fuzzy logic controller takes the position and orientation data provided by the sensors as input and generates a control signal to adjust the speed and direction of the system’s motors as shown in Figure 1. The self-balancing feature of the system ensures that the system remains stable even on uneven terrain. The proposed system has several advantages over traditional agricultural machinery. First, it can navigate autonomously, reducing the need for human intervention and increasing efficiency. Second, it can operate in areas that are difficult or impossible for traditional machinery to access, such as steep slopes or narrow rows. Third, it can perform tasks such as crop monitoring and yield estimation with high precision, enabling farmers to make more informed decisions about their crops. The development of autonomous unmanned systems for Agriculture 4.0 applications is a rapidly evolving field, and there is still much to be explored. However, this paper represents an important step forward in the development of these systems, and the results presented in this paper demonstrate the feasibility and effectiveness of the proposed approach. By combining SLAM algorithms, fuzzy logic control, and self-balancing mechanisms, the proposed system represents a promising direction for the development of unmanned systems for Agriculture 4.0 applications.



Two-wheel-driven, SLAM-based, unmanned systems equipped with sensors and navigation algorithms can help farmers make data-driven decisions. They can monitor crop health, detect diseases and pests, and apply fertilizers and pesticides with high precision, reducing waste and increasing yield. These systems can replace human labor in tedious and repetitive tasks, such as monitoring crop parameters, detecting diseases, and measuring environmental data. This can significantly reduce labor costs and allow farmers to focus on more skilled tasks. Autonomous mobile robots can optimize the use of resources such as water, fertilizers, and pesticides. They can detect soil moisture levels and adjust irrigation systems accordingly, reducing water waste. They can also apply fertilizers and pesticides in a targeted manner, reducing overuse and environmental impacts. They can also perform various tasks in hazardous environments, such as spraying pesticides or inspecting crops in areas with high levels of radiation or toxins. This can improve worker safety and reduce health risks. This systems can operate 24/7 and cover large areas of farmland or in greenhouses efficiently. They can work in adverse weather conditions, such as heavy rain or extreme heat, and operate in low-light conditions, such as during nighttime. Fuzzy control was chosen due to its ability to handle uncertainty and imprecision in real-world applications. The purpose of this study is to demonstrate the effectiveness of the proposed fuzzy control system in achieving accurate and stable movement of unmanned systems. The results of this study have significant implications for the development of autonomous agricultural systems, which can greatly improve efficiency and productivity in the agricultural sector.



The main contributions of this research are summarized as follows:




	
A fuzzy based controller was developed and tested for two-wheel-driven unmanned system.



	
A novel SLAM algorithm was developed and tested in a greenhouse environment.



	
A LabVIEW—Vision-based application was developed to grade and assess the ripeness of the greenhouse fruits, in this case tomatoes.








The paper is organized as follows. Section 1.1 describes the related work. Section 2 presents the materials and method, followed by the experiment and results in Section 3. Finally, the discussion and conclusions are presented in Section 4 and Section 5.



1.1. Related Work


In this subsection, the existing research on unmanned vehicles in agriculture is discussed, including the challenges associated with precise and efficient navigation in dynamic environments. Yang and colleagues [1] investigated an automatic motion control system for a type of wheeled inverted pendulum model commonly used to represent two-wheeled modern vehicles. Another study [2] proposed a unique approach for a Mecanum-wheeled mobile robot equipped with a cylinder that can simultaneously balance and track. The researchers first used the Newton–Euler approach to mathematically model the robot’s motion. In a separate study [3], the authors presented an adaptive hierarchical sliding mode control system based on fuzzy neural networks to achieve high-precision trajectory tracking for underactuated systems. The system was viewed as several subsystems. Additionally, researchers in [4] presented Magicol, a system for indoor localization and tracking that accounts for local disturbances in the geomagnetic field by vectorizing consecutive magnetic signals and using them to shape the particle distribution in the estimation process. In another study [5], the authors analyzed the statistical properties of magnetic field (MF) measurements obtained from various smartphones in indoor environments. They found that in the absence of disturbances, MF measurements follow a Gaussian distribution with temporal stability and spatial discernibility. The aim of the research in [6] was to explore the differences that arise due to different technologies operating in an indoor space. The proposed method was validated using training and test data collected in a laboratory. In [7], the researchers proposed a novel fingerprinting-based indoor 2D positioning method for mobile robots that fused RSSI and magnetometer measurements and utilized multilayer perceptron feedforward neural networks to determine the 2D position based on both sets of data. Finally, in [8], the authors presented an improved SLAM algorithm that uses wheel encoder data from an autonomous ground vehicle to achieve robust performance in a featureless tunnel environment. The improved SLAM system integrates the wheel encoder sensor data into the FAST-LIO2 LiDAR SLAM structure using the extended Kalman filter algorithm. In [9], the study investigated the fruit and vegetable classification problem, which is an important aspect of image recognition. The authors suggested that GoogLeNet provides an optimal solution for this classification problem. In [10], the authors proposed an A* guiding deep Q-network (AG-DQN) algorithm to solve the pathfinding problem of automated guided vehicles (AGVs) in a robotic mobile fulfillment system (RMFS). The RMFS is a parts-to-picker storage system that replaces manual labor with AGVs, enhancing the efficiency of picking work in warehouses. In [11], the area of mobile robotics was examined with a focus on new development trends. These developments are based on artificial intelligence, autonomous driving, network communication, cooperative work, human–robot interfaces, interactions, emotional expressions, and perceptions. Furthermore, these trends are being applied to diverse fields such as precision agriculture, healthcare, sports, ergonomics, industry, smart transport, and service robotics. In [12], the authors presented a classification of the literature on wheeled mobile manipulation, taking into account its diversity. They discussed the interplay between deployment tasks, application arenas, and decision-making methodologies, with a view to identify future research opportunities. The paper [13] introduced a novel methodology for managing energy in systems that involve Photovoltaic (PV)/Battery/Fuel Cells (FCs). The approach employs Immersion and Invariance (I&I) theorem-based optimization rules and a proposed compensator utilizing deep learning type-2 fuzzy logic to address uncertainties. The study [14] introduced an innovative approach to observer-based fuzzy control of chaotic systems (CSs), specifically targeting a class of CSs with unknown dynamics, unknown input constraints, and unmeasurable states. To address the uncertainties, the study formulated a generalized type-2 (GT2) fuzzy logic system (FLS) for approximation purposes. Overall, this work demonstrated a clear gap in the literature for effective control systems for unmanned vehicles in agriculture, and argue that fuzzy control is a promising approach to address this gap. By developing and testing a fuzzy control system for self-balancing, two-wheel-driven, SLAM-based unmanned systems, this research aimed to contribute to the development of autonomous agricultural systems that can improve efficiency and productivity in the agricultural sector.





2. Materials and Methods


The present study aims to develop a fuzzy control algorithm for self-balancing, two-wheel-driven, SLAM-based, unmanned systems for Agriculture 4.0 applications. The proposed control algorithm will allow the unmanned system to perform autonomous navigation and mapping tasks while maintaining a stable and balanced posture. To achieve this goal, a custom-built robotic platform based on the ESP32 microcontroller and various sensors, such as an MPU 6050 inertial measurement unit (IMU), two geared motors, and a camera module were used [3]. The robotic platform was also equipped with a motor driver and a voltage regulator to control the speed of the motors and power the sensors as depicted in Figure 2.



The control algorithm was designed using the Mamdani-type fuzzy logic controller (FLC) with three inputs: error angle, error rate, and acceleration. The outputs of the FLC were two control signals to adjust the speed of the two motors. The input values were acquired from the IMU, and the camera module was used for image processing to identify the environment and obstacles for the unmanned system. The proposed algorithm was tested in a real-time environment with different types of terrains, such as slopes and uneven surfaces, and the performance was evaluated based on various parameters such as stability, accuracy, and response time [15]. Overall, the proposed fuzzy control algorithm provides a reliable and efficient solution for self-balancing, two-wheel-driven, SLAM-based, unmanned systems for Agriculture 4.0 applications, which could potentially revolutionize the agriculture industry by providing a cost-effective and efficient solution for crop monitoring and management. The hardware connection relation of each module is shown in Figure 2.



The self-balancing, two-wheel, mobile robot is a complex system that can be modeled using either a transfer function or state space model [16]. A transfer function is a mathematical representation of the relationship between the input and output of a system in the frequency domain. It is expressed as the ratio of the output to the input in the Laplace domain. The transfer function of the self-balancing, two-wheel, mobile robot can be derived using the principle of conservation of angular momentum. The transfer function is explained in [3] and can be expressed as:


  G ( s ) = ( K v / R ) / (   s   2   + ( K v / R ) s + g / L )  



(1)




where s is the Laplace variable, Kv is the motor constant, R is the motor resistance, g is the gravitational acceleration, and L is the distance between the two wheels.



On the other hand, the state space model of the self-balancing, two-wheel, mobile robot describes the behavior of the system using a set of first-order differential equations. It is a mathematical model that represents the system in terms of its state variables and input variables. The state space model of the self-balancing, two-wheel, mobile robot can be expressed as:


    x ˙   = A x + B u  



(2)






  y = C x + D u  



(3)




where x is the state vector, u is the input vector, y is the output vector, A is the state matrix, B is the input matrix, C is the output matrix, and D is the direct transmission matrix. The state vector of the self-balancing, two-wheel, mobile robot can be expressed as:


  x = [ θ ,   θ ˙   , φ ,   φ ˙   ] ᵀ  



(4)




where θ is the angle of the robot’s body with respect to the vertical,    θ ˙    is the angular velocity of the robot’s body, φ is the angle of the robot’s wheels with respect to the vertical, and    φ ˙    is the angular velocity of the robot’s wheels. The input vector of the self-balancing, two-wheel, mobile robot can be expressed as:


  u = V  



(5)




where V is the voltage applied to the motor. The output vector of the self-balancing, two-wheel, mobile robot can be expressed as:


  y = [ θ , φ ] ᵀ  



(6)




where θ and φ are the angles of the robot’s body and wheels with respect to the vertical, respectively. The state matrix, input matrix, output matrix, and direct transmission matrix of the self-balancing, two-wheel, mobile robot can be derived based on the dynamics of the model [17]. The state space model can be applied to design a controller for the self-balancing, two-wheel, mobile robot, which can be applied to stabilize the system and control its motion.



2.1. Transfer Function


The Laplace transformation must be taken of the model equations assuming zero initial values in order to derive the needed transfer functions of the linearized system equations. The obtained Laplace transforms [18] are as follows:


    I + m   l   2     Φ ( s )   s   2   − m g l Φ ( s ) = m l X ( s )   s   2    



(7)






  ( M + m ) X ( s )   s   2   + b X ( s ) s − m l Φ ( s )   s   2   = U ( s )  



(8)







Recall that a transfer function is a representation of the relationship between a single input and a single output at a time. To obtain the first transfer function for the output   Φ ( s )   and an input of   U   s   ,   an elimination of   X ( s )   is needed from the above equations. The first equation for   X ( s )   can be solved as follows.


  X ( s ) =     I + m   l   2     m l   −   g     s   2       Φ ( s )  



(9)







Then, substitute the above into the second equation.


  ( M + m )     I + m   l   2     m l   −   g     s   2       Φ ( s )   s   2   + b     I + m   l   2     m l   −   g     s   2       Φ ( s ) s − m l Φ ( s )   s   2   = U ( s )  



(10)







By rearranging the transfer function, the following form is defined:


    Φ ( s )   U ( s )   =     m l   q     s   2       s   4   +   b   I + m   l   2       q     s   3   −   ( M + m ) m g l   q     s   2   −   b m g l   q   s    



(11)




where,


  q =   ( M + m )   I + m   l   2     − ( m l   )   2      



(12)







It is evident from the transfer function above that the origin contains both a pole and a zero. When they are cancelled, the transfer function changes to [19]:


    P   p e n d   ( s ) =   Φ ( s )   U ( s )   =     m l   q   s     s   3   +   b   I + m   l   2       q     s   2   −   ( M + m ) m g l   q   s −   b m g l   q         r a d   N      



(13)







Second, the transfer function with the robot position   X ( s )   as the output can be derived in a similar manner to get the following:


    P    cart      ( s ) =   X ( s )   U ( s )   =       I + m   l   2       s   2   − g m l   q       s   4   +   b   I + m   l   2       q     s   3   −   ( M + m ) m g l   q     s   2   −   b m g l   q   s       m   N      



(14)








2.2. State-Space Model


If the aforementioned linearized equations of motion are reorganized into a set of first order differential equations, they can also be expressed in state-space model. The equations can then be transformed into the common matrix form, as illustrated below, because they are linear equations [18].


          x  ˙          x  ¨          ϕ  ˙          ϕ  ¨        =      0   1   0   0     0     −   I + m   l   2     b   I ( M + m ) + M m   l   2           m   2   g   l   2     I ( M + m ) + M m   l   2       0     0   0   0   1     0     − m l b   I ( M + m ) + M m   l   2         m g l ( M + m )   I ( M + m ) + M m   l   2       0            x         x  ˙        ϕ         ϕ  ˙         +       0         I + m   l   2     I ( M + m ) + M m   l   2           0         m l   I ( M + m ) + M m   l   2           u  



(15)






  y =       1         0         0         0       0         0         1         0             x         x  ˙        ϕ         ϕ  ˙        +       0       0       u  



(16)







Since both the robot’s position and the pendulum’s position are part of the output, the C matrix will have two rows. Specifically, the robot’s position is the first element of the output y and the deviation of the pendulum from its equilibrium point is the second element of y.





3. Results


The research results point to the need for such systems in the field of precision agriculture. This research includes multiple disciplinary areas. Applying modern development environments leads to clear results in the field of mobile robotics.



3.1. Fuzzy Control of Self-Balancing, Two-Wheel Robot


Fuzzy control is a method that uses fuzzy logic to control a system, accounting for uncertainty in a systematic way [20]. When applied to a self-balancing, two-wheel, Segway-type robot, fuzzy control can be used to adjust the robot’s speed and direction to keep it upright and stable. To implement fuzzy control of a self-balancing, two-wheel, Segway-type robot in LabVIEW, the following steps can be acquired as depicted on Figure 3.



In the case of a self-balancing, two-wheel, Segway-type robot, the fuzzy rule base can be used to adjust the robot’s speed and direction to maintain balance. Table 1 shows a full fuzzy rule base for controlling a self-balancing, two-wheel, Segway-type robot.



These fuzzy rules take into account the robot’s angle and speed, and determine the appropriate action to take to maintain balance. By combining these rules with a fuzzy logic controller, the robot can be controlled in a way that adapts to changing conditions and maintains balance even in the presence of uncertainty. The center of gravity method is used to solve the fuzzy crisp output value, as shown in Equation (17):


  η =   ∑   μ   i   ⋅ f     μ   i       ∑ f     μ   i        



(17)







The implemented state-space model in LabVIEW environment is shown in the Figure 4 as a "State-Space" block from the "Control Design and Simulation" palette, with the state space matrices A, B, C, and D wired to its inputs. The A matrix represents the dynamics of the system in the absence of any inputs. Its first row represents the rate of change of the angular position of the pendulum, which is related to its angular velocity. The B matrix represents how the system responds to inputs. The C matrix represents how the system produces outputs. The D matrix represents the steady-state gain of the system, which is always zero for an inverted pendulum system. These matrices are the standard notation used to represent a linear time-invariant system in state-space form and can be used to simulate and control the behavior of an inverted pendulum system using a variety of techniques, such as state feedback, observer design, and fuzzy control.



A self-balancing, two-wheel-driven, Segway-type mobile robot can be controlled using LabVIEW by implementing a control loop that takes inputs from the robot’s sensors and adjusts the motors accordingly to maintain balance as depicted in Figure 5.



This LabVIEW program provides a basic control loop for a self-balancing, two-wheel-driven, Segway-type mobile robot as depicted on Figure 6. With additional sensors and control algorithms, the program can be further improved to achieve more advanced behaviors, such as turning and maneuvering in different directions. In Figure 7, a solution of using a VRML model is presented in LabVIEW to display a real-time movement of the two-wheel mobile robot based on the input parameters and the controllers output. The front panel in Figure 6 shows the real-time movement of the two-wheel mobile robot along with the control parameters and the view angle that can be changed.



A real-time simulation of the segway robot using LabVIEW can be performed by modeling the robot in a 3D modeling software and exporting the model in VRML format [11]. The model can then be imported into LabVIEW using the VRML object in the User Interface Palette as can be seen in Figure 7.



The most of the relevant parameters of the two-wheel mobile robot model can be found in Table 2.



The elements and modules were chosen in such a way that they are easy to obtain and are not particularly expensive. In the design of the two-wheel mobile robot chassis, the performance of the structure directly determines the robot’s moving and steering mode.




3.2. SLAM


This problem deals with the possibility of a robot autonomously starting its movement in an unknown environment, to incrementally, while moving, build a map of that space and to simultaneously determine its absolute position based on this map as can be seen on Figure 8. As the SLAM problem is considered when the robot moves in completely or partially unknown environments, then the solution of this problem is much more difficult [21]. Of all the proposed solutions to this problem so far, one of the most successful in the form of the Extended Kalman Filter (EKF) can be singled out.



Ultrasonic sensors (or sonars) are distance sensors. They measure distance by emitting a short-duration sound signal at an ultrasonic frequency, and measure the time from when the signal is emitted until the reflected wave (echo) returns back to the sensor. The measured time is proportional to twice the distance to the nearest obstacle in the range of the sensor, and from this, the distance to the nearest obstacle is easily obtained. The two-wheel mobile robot is equipped with three ultrasonic sensors type HC-SR04 (left, right, front) to support SLAM.



Assuming that the mobile robot moves in some closed space, in which it is possible to determine the absolute position of the robot in the whole or most often in some parts of the space with external vision sensors, the solution to the problem of localization and space mapping can be greatly facilitated. However, information only about the robot’s location is not sufficient in most applications [22]. If external sensors that can determine the absolute location of the robot are used, the location of the robot in relation to the reference coordinate system can be obtained, but that information does not define the environment in which the robot is located, which, especially if inhabited by people, can be dynamic and changeable. In addition, the mobile robot may be obscured in some positions, so control based on external sensors is impossible. If several robots are present in the environment and they can determine their relative position in relation to other robots, then based on that information and the information received from external sensors, the absolute position of a robot that is not visible by external sensors can be determined.



Navigation, in the context of mobile robots, can be considered a combination of three fundamental operations of mobile robots: localization, path planning, and map creation, i.e., interpretation. Since localization and mapping have already been previously processed, this part will give an overview of algorithms for path planning. There are two “types” of navigation: global and local. Global navigation is considered to be navigation in a known space (that is, space for which there is a prepared map). With global navigation, the robot can, using path planning algorithms (e.g., Dijkstra, A*), plan in advance the path to the goal without colliding with obstacles [23]. On the other hand, local navigation has no knowledge of the space in which the robot moves and is therefore limited to a small space around the robot. By using local navigation, the robot usually only avoids obstacles that it detects using sensors. In most applications, global and local navigation are used together, where the global navigation algorithm determines the optimal path for the robot to reach its destination, and the local navigation guides it there, avoiding obstacles that appear and are not visible on the map. The two-wheel mobile robot is controlled to start from the starting point as shown in Figure 9 and start to build the map.



The methods of controlling mobile robots can be classified into three categories based on the method of collecting information about the position and the environment:




	
Control based on information obtained from internal sensors on the robot;



	
Control based on information obtained from external sensors, where robots are controlled by a computer that represents the brain of all robots;



	
Control based on information obtained from internal and external sensors, which represents a hybrid solution of the previous two solutions, and includes all the advantages of both.









3.3. Computer Vision and Classification


Vision is probably the “most powerful” human sense, which is rich in information about the outside world, so appropriate sensors were developed to imitate human vision for machines. Vision sensors are digital and video cameras, which, apart from mobile robots, are also used in various other everyday applications. The interpretation of what the robot sees using the cameras, i.e., extracting information from the image captured by the camera, is obtained by processing and analyzing the images [24]. Computer vision and classification of green and red fruit in a greenhouse environment using a self-balancing, two-wheel-driven, mobile robot can be a very useful application in Agriculture 4.0. The robot can be equipped with a camera and a computer vision algorithm to identify and classify the color of the fruits as depicted in Figure 10 [25].



The algorithm can be trained using machine learning techniques to accurately detect and classify green and red fruits. The robot can then move around the greenhouse, scanning and classifying fruits on its way. The robot can also collect data on the location and number of fruits, which can be used to optimize the harvesting process [25]. The self-balancing, two-wheel-driven, mobile robot can be controlled using a remote or an autonomous system. With the autonomous system, the robot can move around the greenhouse on its own, without any human intervention. This can save time and increase efficiency in the harvesting process [26]. Overall, the application of computer vision and classification of green and red fruit using a self-balancing, two-wheel-driven, mobile robot can be a very useful and innovative solution for Agriculture 4.0. It can help farmers to optimize the harvesting process, reduce labor costs, and increase yields. Figure 11 shows the Vision subsystem implemented in the LabVIEW environment.



The LabVIEW Vision toolbox is a powerful solution for applications that require real-time image processing and analysis. The LabVIEW Vision toolbox provides a wide range of tools and functions for image processing, such as filtering, edge detection, feature extraction, and object recognition [27]. To classify green and red fruits using the LabVIEW Vision toolbox, the system needs to be trained to recognize the color of the fruit. This can be done by using a set of training images of green and red fruits, and then using machine learning algorithms, such as neural networks or support vector machines, to classify the images based on their color. Once the system is trained, it can be used to classify the color of the fruits in real-time [28]. This can be done by acquiring an image of the fruit using a camera, preprocessing the image to enhance its quality, and then analyzing the image to identify the color of the fruit. The LabVIEW Vision toolbox provides a range of functions to perform these tasks, such as image acquisition, image enhancement, and color analysis. The classification results can be displayed on a monitor or sent to a control system for further processing [29]. The system can also be configured to trigger an alarm or send a notification when a certain number of fruits of a certain color are detected. In summary, the LabVIEW Vision toolbox can be used to classify green and red fruits based on their color. The system can be trained using machine learning algorithms and can perform real-time image processing and analysis. This can be a useful solution for fruit sorting and grading applications, where accurate color classification is important.





4. Discussion


This section deals with the results obtained from the simulation experiment using a sinusoidal constant disturbance and response using manual control. A resulting map of an unknown environment was generated and the vision system was tested. Figure 12 indicates the behavior of the controller, which was realized in the LabVIEW environment, to a constant disturbance in the form of a sinusoidal signal.



Controlling a mobile robot is a problem that is solved by determining velocities and angular velocities (or forces and torques in the case of using a dynamic robot model) that will bring the robot into a given configuration, enabling it to follow a given trajectory or more generally, to perform a given task with a certain performance. The robot can be controlled by guidance (open-loop) and regulation [7]. Guidance can be used to follow a given trajectory by dividing it into segments, usually straight lines and circular segments. The guidance problem is solved by pre-calculating a smooth path from the initial to the given final configuration (see in Figure 13). This method of management has numerous disadvantages [30]. The biggest one is that it is often difficult to determine a feasible path to a given configuration, taking into account the kinematic and dynamic limitations of the robot, and the inability of the robot to adapt if some dynamic change occurs in the environment.



In 2015, the IEEE 1873-2015 standard was adopted for displaying two-dimensional maps for use in robotics. An XML record of local maps is defined, which can be topological, grid-based, and geometric. Although the map record in XML format takes up more memory space than other records, its main advantage is that it is “readable” and easy to debug and remove errors, if any. EKF is used as part of the methods for purposes such as SLAM, a method that simultaneously maps an unknown space and localizes a robot within that space [31,32]. The colored part of the image on Figure 14 represents the obstacle while the non-colored area is freely accessible by the two wheeled mobile robot.



SLAM is a process by which a robot creates a map of the environment and simultaneously uses that map to obtain its location. The trajectory of the robotic platform and the locations of objects (obstacles) in space are not known in advance. There are two formulations of the SLAM problem. The first is the online SLAM problem, where the current a posteriori probability is estimated. The second formulation is a complete (full) SLAM problem, which differs from the previous one in that it requires an a posteriori probability estimate for robot configurations during the entire trajectory.



The purpose of image segmentation is to simplify the image, dividing it into sub-regions or sets of pixels to make the content more understandable and easier for computer analysis [33]. In other words, the image of a complex scene is transformed by a segmentation process in order to extract the elements essential for a specific application and to remove irrelevant details from the image. The goal is therefore to separate objects of interest from the background by assigning a description to each pixel of the image so that pixels with the same description share the same specific visual characteristic as depicted in Figure 15.



In precision agriculture, fast and robust object recognition is necessary, as well as flexible adaptation of the robot to the environment. This problem is approached in this paper by applying 2D vision systems to a two-wheel mobile robot, which is trained to check the fruit maturity in a greenhouse environment. The camera was fixed and mounted so that it observes the entire scene. In order to recognize objects, algorithms of frame detection, edge detection, and matching with previously known shapes and colors were used.



This research is part of a larger project; the future research involves integrating these results into the larger system and implementing the proposed solutions in real-world Agriculture 4.0 applications. This may involve further testing, optimization, and validation of the proposed methods, as well as addressing any limitations or challenges that may arise during implementation. The research is focused on developing new methods and techniques; the future path may involve further refinement and development of the proposed methods, as well as evaluating their effectiveness and comparing them to other existing approaches.




5. Conclusions


In conclusion, the development of a self-balancing, two-wheel-driven, SLAM-based, unmanned system for Agriculture 4.0 applications has implemented a fuzzy-based two-wheel stability control, a SLAM-based map generation method, and a vision-based fruit classification algorithm. The use of these systems can reduce the manual labor required to monitor and control crops, thereby increasing efficiency and productivity in the agriculture industry. However, one of the major challenges faced in the development of these systems is maintaining their balance, especially when they navigate over uneven terrain. To overcome this challenge, fuzzy control was employed as a viable control technique to ensure that the system remains balanced. Fuzzy control is a type of control system that uses rules and reasoning based on fuzzy logic to make decisions. It has been used in several applications, including robotics and automation, due to its ability to handle complex and uncertain systems. The implementation of fuzzy control in the self-balancing, two-wheel-driven, SLAM-based, unmanned systems for Agriculture 4.0 applications resulted in the improved performance, stability, and accuracy of the system. The fuzzy control system uses feedback from the sensors on the system to adjust the speed and direction of the wheels, ensuring that the system maintains its balance. This has improved the accuracy and efficiency of the system’s movement, thereby reducing the risk of damage to crops and soil. Moreover, the use of SLAM-based mapping has further improved the performance of these unmanned systems. SLAM allows the system to create and update a map of its environment in real-time, thereby improving the system’s ability to navigate over uneven terrain. The integration of SLAM and fuzzy control further improved the accuracy and efficiency of these unmanned systems, making them an essential tool for precision agriculture. In summary, the use of self-balancing, two-wheel-driven, SLAM-based, unmanned systems for Agriculture 4.0 applications has revolutionized the way farming is performed. However, maintaining the balance of these systems has been a significant challenge. The integration of fuzzy control and SLAM-based mapping has improved the accuracy, stability, and efficiency of these systems, making them an essential tool for precision agriculture. Further research and development in this area are necessary to improve the performance and capability of these systems for future agriculture applications.



This research is based on simulations or modeling, and the validity of the results depends on the accuracy of the model and the assumptions made during the simulation. It is important to compare the results with the existing literature and validate the findings using additional experiments or simulations. The simulation results and early experimental results are promising. The realization of the experimental setup is in progress and the results will be published in the future.
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Figure 1. The fuzzy logic controller and its key components. 
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Figure 2. The block scheme and 3D CAD model of the self-balancing, two-wheel, mobile robot. 
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Figure 3. Steps of self-balancing two-wheel mobile robot fuzzy control development. 
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Figure 4. State-space model of the self-balancing, two-wheel-driven, mobile robot in LabVIEW block diagram. 
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Figure 5. Block diagram of the fuzzy logic-based controller in LabVIEW. 
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Figure 6. Front panel of the fuzzy logic-based controller with 3D model preview. 
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Figure 7. Block diagram of VRML model-based real-time model preview. 






Figure 7. Block diagram of VRML model-based real-time model preview.



[image: Machines 11 00467 g007]







[image: Machines 11 00467 g008 550] 





Figure 8. Simplified SLAM-based control scheme of the two-wheel mobile robot. 
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Figure 9. Navigation strategy of the two-wheel mobile robot in a greenhouse environment. 
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Figure 10. Two-wheel robot vision/classification front panel. 
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Figure 11. Two-wheel robot vision/classification code in LabVIEW. 
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Figure 12. Controller response to sinusoidal disturbance. 
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Figure 13. Controller response using manual control. 
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Figure 14. Generated map of the two-wheel mobile robot in a greenhouse environment. 






Figure 14. Generated map of the two-wheel mobile robot in a greenhouse environment.



[image: Machines 11 00467 g014]







[image: Machines 11 00467 g015 550] 





Figure 15. Original and segmented image from the vision subsystem. 
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Table 1. Fuzzy rules of the robot.






Table 1. Fuzzy rules of the robot.





	IF
	AND
	THEN





	If the robot is leaning forward by a large degree
	its speed is fast
	slow down the robot to maintain balance



	If the robot is leaning forward by a large degree
	its speed is medium
	slow down the robot slightly to maintain balance



	If the robot is leaning forward by a small degree
	its speed is fast
	maintain the current speed to maintain balance



	If the robot is leaning forward by a small degree
	its speed is medium
	maintain the current speed to maintain balance



	If the robot is leaning forward by a small degree
	its speed is slow
	speed up the robot slightly to maintain balance



	If the robot is leaning backward by a large degree
	its speed is fast
	slow down the robot significantly to maintain balance



	If the robot is leaning backward by a large degree
	its speed is medium
	slow down the robot moderately to maintain balance



	If the robot is leaning backward by a small degree
	its speed is fast
	speed up the robot slightly to maintain balance



	If the robot is leaning backward by a small degree
	its speed is medium
	maintain the current speed to maintain balance



	If the robot is leaning backward by a small degree
	its speed is slow
	speed up the robot slightly to maintain balance
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Table 2. The main components and models of the robot.
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	Module
	Model





	Chassis
	Custom-built aluminum and 3D-printed PLA



	Motor
	DC motor



	Motor driver
	L9110S dual bridge



	Controller
	ESP32s



	Sonar
	HC-SR04



	IMU
	MPU6050



	Temp./RH/Pressure sensor
	BME280



	Camera
	ESP32 Cam
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