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Abstract

:

The continuous growth of the urban electric vehicles market and the rapid progress of the electronics industry create positive prospects towards fostering the development of autonomous robotic solutions for covering critical production sectors. Agriculture can be seen as such, as its digital transformation is a promising necessity for protecting the environment, and for tackling the degradation of natural resources and increasing nutritional needs of the population on Earth. Many studies focus on the potential of agricultural robotic vehicles to perform operations of increased intelligence. In parallel, the study of the activity footprint of these vehicles can be the basis for supervising, detecting the malfunctions, scaling up, modeling, or optimizing the related operations. In this regard, this work, employing a prototype lightweight autonomous electric cargo vehicle, outlines a simple and cost-effective mechanism for a detailed robot’s power consumption logging. This process is conducted at a fine time granularity, allowing for detailed tracking. The study also discusses the robot’s energy performance across various typical agricultural field operation scenarios. In addition, a comparative analysis has been conducted to evaluate the performance of two different types of batteries for powering the robot for all the operation scenarios. Even non-expert users can conduct the field operation experiments, while directions are provided for the potential use of the data being collected. Given the linear relationship between the size and the consumption of electric robotic vehicles, the energy performance of the prototype agricultural cargo robot can serve as a basis for various studies in the area.
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1. Introduction


According to the United Nations (UN) organization, the world population is projected to exceed 9.7 billion by 2050 and 10.4 billion by 2100 [1]. Scientists affiliated to the Food and Agriculture Organization (FAO) [2] estimate that there is a need to enhance agricultural productivity, which should be increased by 60% to meet the escalating nutritional demands of the Earth’s population. This goal must be pursued despite the ongoing degradation of natural resources, encompassing both a decline in quality and quantity, necessitating simultaneous environmental protection. To address these challenges, the agricultural sector is urged to undergo a transformation, becoming more productive, intelligent, and efficient. The advances in Information and Communication Technologies (ICTs) offer significant opportunities for improvements in agricultural production [3]. This aligns with the principles of Smart Agriculture and Precision Agriculture [4]. Robotics and Autonomous Systems (RAS) technologies could positively contribute to the transformation of the agri-food sector [5,6,7].



As many field operations are still heavily based on human labor, agricultural production remains susceptible to increased uncertainties, mainly stemming from socio-economic instabilities and pandemics. A notable illustration is the agricultural sector in Europe, where a pronounced shortage of labor has been exacerbated, particularly during the recent COVID-19 pandemic [8,9]. Autonomous farm vehicles are proposed as a solution to challenges in agriculture stemming from a heavy reliance on human labor [10]. Autonomous farm vehicles can achieve comparable outcomes to the conventional ones, at more compact and economic design specifications, as they do not have to carry a human operator, who may weigh more than the machine itself. Robots operate tirelessly, excelling in repetitive tasks at a constant quality level, while humans do not. Furthermore, typical agricultural activities, such as driving tractors on inclined terrains with the risk of overturn [11,12] or engaging in spraying tasks with potentially harmful herbicides and insecticides, pose safety concerns for human operators.



The large size versions of advanced agricultural machines are quite expensive and thus quite unreachable for many farmers with limited financial resources [13]. Conversely, smaller autonomous machines present a viable alternative solution for accomplishing farm tasks, potentially through cooperative operations [14,15], involving fleets of machines with homogeneous or even diverse characteristics [5]. These smaller units also reduce soil erosion and compaction [16] and provide improved maneuverability between the plant rows [17]. Furthermore, if these machines are electric powered, there are environmental advantages, since electric machines do not generate polluting emissions [18]. Considering the skepticism of finding efficient alternative to fossil fuel power sources for modern vehicles [19,20,21], this study is focused on the electric solutions for small cargo robots. The adoption of electric robotic vehicles can minimize their energy demands by exploiting solar photovoltaic units and batteries for their operation, thus being in line with the recent directions for sustainability and agroecology [22]. In essence, combining agrivoltaics with electric robotic vehicles offers diverse advantages that extend beyond energy demand reduction, fostering a more environmentally friendly and resource-efficient approach to agriculture [23]. This integration, utilizing solar photovoltaics and batteries, not only demonstrates synergy with agrivoltaics but also has broader sustainability implications [24], as it addresses financial constraints faced by farmers by providing a cost-effective and accessible alternative to larger, conventional agricultural machinery [25]. Indeed, a careful selection of components and methods can minimize the footprint of robotic operations in agriculture [26].



On the other hand, too small-sized robots result in very limited usefulness for activities other than crop or soil monitoring [12]. Small-to-medium-sized systems, at least pairing the potential of a farm worker, able to perform several tasks, are seen as the most viable alternative, as they reduce the required financial investment [27] and promote a new production paradigm with significant environmental and social advantages [28]. For the impact of robotics in agriculture to be more easily understood, the agricultural operations should be expressed in terms of actual required workforce (e.g., in work hours per harvested unit of product) for a given level of implemented technology [29]. In this regard, small agricultural robots can be seen as simplified versions of human companions, able to perform useful operations, in the sense of assistive robotics, especially taking under consideration the World Health Organization (WHO) finding [30] that one in seven people experience disability to some extent, and, apparently, many of them are farmers. Consequently, the International Federation of Robotics (IFR) records a growing interest in robots, covering a wide range of activities, as reflected by the recent increase in their sales.



The continuous progress in the electronic industry offers devices of amazing characteristics at affordable prices, fostering the expansion of robots. Many innovative systems are widely available, cost-effective, and sufficiently efficient to support robotic constructions of convincing role and size, combining elements far more economical than those seen a few years ago. A notable example is the Thorvald robotic platform [31] that has evolved to an enterprise offering multipurpose agricultural electric vehicles [32]. Apart from the recent advancements in the electronics industry enabling vehicles with at least semi-autonomous capabilities at feasible costs, progress in the civilian automotive sector and battery technology further promotes the prospect of electric agricultural vehicles [33,34]. The future trajectory of agricultural robots is anticipated to pivot towards battery-powered systems instead of combustion-based engines [35], contributing significantly to the overall sustainability of agriculture. Hence, the outlook for smart electric robots engaged in agricultural tasks is promising, aligning with the prevailing trend towards sustainable and efficient solutions [36]. The integration of machine learning and artificial intelligence (AI) technologies enhances the capabilities of robotic systems by enabling sophisticated processes such as fruit harvesting [37] and weed detection [38]. The incorporation of machine-learning algorithms allows robotic systems to intelligently identify and harvest fruits with precision, optimizing the efficiency of harvesting operations. Similarly, in weed detection during weeding processes, AI algorithms empower robotic systems to distinguish between crops and weeds, facilitating targeted and precise weed removal without harming the cultivated plants. This integration of machine learning and AI not only signifies the technological strides in agricultural robotics but also underscores the potential for increased automation, accuracy, and sustainability in farming practices [39].



It must be noted that not all agricultural robotic operations are too complex, demanding high-precision equipment. This fact further facilitates the perspectives of the expansion of robotics in agriculture. A notable example is the fruit transportation process, which is much simpler than the fruit collection process itself [18]. Nevertheless, this fact does not make the latter process a less important one, as any potential damage during transportation could have a negative impact on the final fruit quality [40]. This process also remains labor-demanding and harsh to be accomplished by humans, who could be better hired to collect the fruits [18]. Furthermore, recent studies indicate that the optimization of the tray transportation pattern between fruit collection points and trucks, using robot-aided methods, can drastically improve the logistics of the overall harvesting process [41,42].



The forthcoming adoption of electric robotic vehicles in agriculture is directly related to their energy footprint. Therefore, initiatives aimed at modeling, predicting, optimizing, or minimizing their energy usage become of great importance. For instance, the development of accurate models for predicting the energy consumption of agricultural robots can contribute to the reliable estimation of the energy demand during the field operations and result in optimizing the size and location of the smart power grids and the power needed by agrivoltaic installations. Furthermore, the accurate incorporation of the agricultural terrain characteristics (e.g., mud, rocks, vegetation, and inclination) into the behavior models of robots can contribute to optimizing vehicle mission planning in terms of time and energy efficiency.



Despite the aforementioned benefits of investigating the power characteristics of the electric agricultural robots, little progress has been made toward this direction and priority shifting is required. Indeed, numerous studies are directed towards the potential of enhancing the intelligence of robotic vehicles to perform agricultural operations, mainly focusing on (or improving) a single characteristic [43,44]. The examination of literature reviews dedicated to agricultural robotic vehicles [12,27,43,44,45] reflects the focus of the researchers on improving the intelligence of robots, but it also verifies that only a limited number of works address the energy performance assessment of the robotic platforms [46,47,48]. The existing scientific landscape indicates that, for the moment, researchers place more emphasis on immediate concerns and challenges, such as functionality and accuracy, rather than delving into the complexities of energy-related aspects, as agricultural robotics, especially in the context of electric vehicles, is still in its nascent stages. In contrast, considerable attention is already paid to the energy efficiency of autonomous vehicles designed for urban environments [49,50,51,52], a fact that further highlights the identified research gap and the need for studies providing a deeper investigation of the energy performance of agricultural robotic systems. Therefore, works focused on the energy dynamics, consumption patterns and the overall performance of the agricultural robotic systems are expected to increase soon. Potential research efforts should provide insights for optimizing the energy consumption, improving the overall efficiency, and ensuring the long-term viability of agricultural robotic systems within the context of evolving agricultural practices and alleviating the environmental considerations.



Willing to contribute toward this direction, this article examines meticulously the energy performance of a typical electric agricultural robotic vehicle throughout characteristic working scenarios under a wide variety of agricultural field terrains. The aim of this work is to provide a deeper understanding of the energy dynamics associated with similar robotic systems, focusing specifically on a smaller model used in practical and typical agricultural applications such as fruit transport. The specific autonomous electric cargo robot [18] exhibits autonomous functionality, thus being able to operate without continuous human intervention. Furthermore, the robot is powered by batteries, signifying its reliance on clean electrical energy for its functioning. This combination of autonomy and battery-powered operation marks the robotic vehicle as an advanced and sustainable solution for common agricultural tasks. The development of a robot having the latter characteristics is important but not sufficient for the objectives being set if not paired with a suitable power behavior monitoring mechanism. For this reason, the present work also describes a simple, flexible, and cost-effective mechanism for a detailed robot’s power consumption logging at a fine time granularity, allowing for the detailed tracking and analysis of power usage during the diverse scenarios. In many applications, the battery management system (BMS) operates as an independent unit, without communicating with external systems, and its purpose is to protect the battery without meticulous data gathering or storing [53]. Therefore, an additional strong motivation to implement and utilize the aforementioned mechanism was the absence of experimentation and the deficiencies of commercial counterparts. The former is inadequate while the latter are mostly of closed nature, providing little to no flexibility for customizations of the parameters being measured (e.g., on the data format, the sampling rate, or the point of application) and potentially leading to vendor lock-in phenomena.



In greater detail, the power consumption mechanism being implemented and used combines mostly cost-effective and easy-to-find hardware and software components of a well-documented and open nature that allow for rapid prototype development, efficient measurement collection, and accurate reproducibility. Earlier versions of this mechanism have been used in previous works of our research team [18,54], but not to an extent that fully exploited its potential, while its functionality was further complemented in order to support a flawless measurement collection process. The specific monitoring mechanism exploits many components that already exist on the cargo robot to support its autonomous and adaptive behavior (e.g., microcontrollers, sensors, and storage units). Hence, negligible additional financial cost was necessary for establishing it.



Moreover, in this study, two distinct types of batteries, namely, lead–acid and Li-Po batteries, were tested in each operational scenario. This approach aimed to compare their energy impact on the overall energy efficiency of the robotic system. Notably, Li-Po batteries demonstrated higher efficiencies and significantly lower voltage fluctuations compared to the sealed lead–acid counterparts, resulting in a slightly lower total power consumption. This outcome can be attributed to the reduced weight and internal resistance of Li-Po batteries. The advantages of Li-Po technology include a marked reduction in weight and size, enabling increased energy capacity and autonomy by adding more battery units. This capability positions Li-Po technology as a promising means to optimize energy efficiency and operational endurance in agricultural robotic systems.



Considering the correlation between the performance characteristics of electric machines and their size, particularly for low-speed operations, the power consumption profile will be relevant to larger applications of similar kinds of robotic vehicles. Consequently, the findings of this study offer valuable insights for examining larger electric vehicle configurations and exploring potential cooperative frameworks on a larger scale [50]. Due to the direct relationship between the energy consumption of electric robotic vehicles and their size, specifically their weight [50,55,56], the outcomes of this research can be considered a reliable pilot case. Therefore, the outcomes can serve as a foundational model for designing larger configurations close to the conventional ones that are currently being used. Furthermore, the measurement approach discussed in this study is highly flexible, based on open and well-documented hardware and software components. The system follows a well-designed and simple architecture, thus making it easily accessible and expandable so as to support further metrics or robotic platforms. Consequently, the proposed setup can function as a flagship for the meticulous analysis of similar robotic activities, describing tools and methods that can be easily adopted by other researchers in the area.



Apart from this introductory section, the rest of this work is organized as follows. Section 2 highlights the underlying mechanism and the methodology behind the measuring process capturing the robot’s energy footprint. Section 3 provides analytical performance results for diverse use case scenarios. Section 4 discusses the performance of the robot from the power consumption perspective. Finally, Section 5 contains concluding remarks and plans for the future.




2. Materials and Methods


2.1. Experimental Cargo Robot Details


This section provides the necessary details of the electric cargo robot being used in the experiments as background knowledge for facilitating the energy performance assessment objectives of this work. The latter prototype has a three-wheel chassis equipped with the necessary control and motion components, as depicted in Figure 1, and is capable of both manual and autonomous operation as a harvester companion cargo vehicle. The functionality of this robot is described in detail in [18] and is optimized to pair the potential of a typical farm worker, following a simple, robust, and modular design, based on popular electronic equipment. The basic motion control tasks are performed by an Arduino Uno microcontroller (low-level unit), connected with a more powerful Raspberry Pi credit card-sized computer (high-level unit), for intercepting user commands and/or implementing autonomous behavior characteristics via more composite sensing units, like an accurate global navigation satellite system (GNSS) receiver and a camera.



In this regard, the cargo robot can carry a plastic pallet bin full of fruits or vegetables, typically weighting between 10 and 20 kg, between the human collector and the truck, at the speed of a slow-waking man, i.e., at approximately 0.5 m/s. The robot utilizes two sealed lead–acid battery units of 12 V and 7.2 Ah each, allowing for continuous operations of approximately 3 h. The weight of the robotic vehicle, without cargo and batteries, is around 12 kg, its width is 60 cm, its length is 80 cm, its height (from ground to the top of the bin) is 50 cm, while it also has some of its sensing and controlling components at 70 cm above ground, approximately, for better perception of the surrounding environment when working autonomously. The cargo robot maneuvers utilizing a combination of differential steering, via its driving-side wheels, and tilting, via a third wheel, with both mechanisms to be properly synchronized.



More specifically, the robot can be set up to follow a specific speed and the conformance with this target value is guaranteed by a fine-tuned PID mechanism. It must be noted that it is the steering mechanism that defines the exact target values for the left and the right driving wheel speed, so that the PID works properly. Indeed, as explained in [18], for differential steering, calculations related to the geometry the robot allow for the vehicle to turn at a given speed, following an arc belonging to a circle of a preferred radius.



Let vo be the desired (and known) speed (i.e., the linear velocity) of the outer wheel, and ro and ri be the external and the internal radius of the circles followed by the outer and the inner wheels during this turn, respectively. The distance D between the driving wheels (which is also known) is expressed by the difference between ro and ri. As both wheels have the same orbital angular velocity and the linear velocity of the outer wheel remains equal to the one of the vehicle (as a whole) just before steering, the linear velocity of the inner wheel vi can be easily computed by the D and vo quantities for a preferred internal turning radius ri, by the following equation:


vo/ro = vi/ri or vo/(ri + D) = vi/ri or vi = vo · ri/(ri + D),



(1)







As described in [18], the direction of the non-driving wheel is also adjusted dynamically to conform to the above orbital behavior. More specifically, as the distance between the middle point of its driving wheel distance (D) and the third wheel is also known and equals to L, the angle to turn the third wheel θ is given by the following equation:


θ = arctan (L/(ri + D/2))



(2)







To transform the above directions into action, during turns the speed of the inner wheel (vi) is reduced according to Equation (1), while the speed of the outer wheel (vo) remains unchanged. These values determine the PID mechanism target speed for each driving wheel during turns, while this mechanism follows the same user-provided speed value in straight-line motion cases. The customized PID algorithm being implemented, utilizing pulse feedback from the side motors, adjusts through PWM signals and dedicated motor driving circuits the torque and the speed of each driving-side wheel to anticipate terrain anomalies. In parallel, the vertical axis of the non-driving wheel of the cargo robot is connected to an angle servomotor via a belt drive. Due to this arrangement, during turns, this third wheel synchronizes its angle to conform to the speed modifications of the side wheels according to the calculations provided by Equation (2).



In situ measurements, utilizing both accurate real-time kinematics (RTKs)-assisted GNSS and conventional metering techniques, verified that the robotic vehicle can follow the turning directions with a satisfactory accuracy between 5% and 10% of the ri quantity, depending on the terrain conditions. In greater detail, the robot should follow specific geometrically defined paths (e.g., straight lines combined with semi-cycles of a specific radius) and its actual path traces, collected in real time, had to be compared against the predetermined ones, thus verifying the turning accuracy of its above-mentioned low-level motion control mechanism. Experiments performed in smooth terrains exhibited differences lower than 5% of the initial radius directions, while in rough terrains, these differences were increased and bounded by 10%.



It is worth noting that not all the functionality potential provided by the specific robotic vehicle was necessary for supporting the experiments described in this article, but its architecture allows for a wide range of modifications to better adapt to the energy footprint measuring requirements required herein. Toward this direction, the main controlling and monitoring functions of interest, as well as the additional arrangements being necessary throughout this study, are further explained in Section 2.2.




2.2. Highlighting the Mechanism for Activity Capturing


The task of extracting reliable results of the performance of the robotic vehicle under a wide set of diverse conditions presupposes the existence of a mechanism allowing for fast and accurate repetitions of the testing scenarios. This mechanism should be easy to use and preferably not require drastic changes in the normal behavior of the robot. These specifications are satisfied by extending the standard controlling functionality, i.e., the software at the remote operator’s mobile/tablet device and the sensing elements on the robot. The proposed performance evaluation mechanism establishes a well-defined synergy between a low-level mechanism performing accurate high-granularity measurements (via the arduino microcontroller and pairing sensing equipment), a high-level mechanism for more composite measurements of their storage and management (via the raspberry pi single-board compact computer), and last, but not least, a smart phone device running a suitable application allowing a human to orchestrate the whole process in a simple and comprehensive manner. Details of the overall control and monitoring mechanism of the electric robotic vehicle, as properly updated, are given in Figure 2.



More specifically, a power metering module, based on the INA219 chip [57], connected with the Arduino Uno via its I2C pins, provided accurate battery voltage and current consumption readings every 0.1 s. Figure 3a depicts the aforementioned chip while Figure 3b illustrates a characteristic code part injected into the arduino microcontroller logic for periodically extracting (and later averaging every 0.1 s) these measurements. While the robot control commands, passed to the low-level microcontroller via the /dev/ttyACM0 interface, the /dev/ttyAMA0 interface of the raspberry pi, accepts the periodic information flow containing the status of the vehicle, Python scripts, like the one presented in Figure 3c, facilitate the handling of this microcontroller-originated logging information on the Raspberry Pi. In parallel, an assistive RTK-GNSS system provided accurate position verification during the experimental process, utilizing two ZED-F9P modules [58], one installed on the robot (rover) and one fixed (base station), providing RTCM correction messages via two pairing radio modems connected with the corresponding ZED-F9P units via their serial interfaces.



The electric robotic vehicle behavior can be easily controlled and inspected via an in-purpose implemented mobile application using the MIT App Inventor environment [59]. This application was further modified to support the selection and execution of user-defined scenario files. Algorithmically speaking, an additional countdown timer is used to wait for the necessary interval between the consecutive commands that are sent to the robot. The whole scenario has the form of a text file, each line of which corresponds to a specific action of the robotic electric vehicle. The first parameter in each line denotes the time moment that the specific command must be invoked. The granularity of a second is considered enough for the scenarios being planned. Each line command is translated into a TCP/IP request to the listening entity of the robot, i.e., the Raspberry Pi. The option to cancel a scenario under execution is also provided to save time and prevent excessive electromechanical stress and energy losses in case of failures/miscalculations. Prior to prompting for scenario execution, the user should activate the file logging operation and deactivate it after scenario completion. An instance of the corresponding code blocks, the application’s interface, and an indicative scenario file are depicted in Figure 4a, Figure 4b, and Figure 4c, respectively.



The monitoring readings of interest were gathered at the flash memory of the Raspberry Pi unit for further processing, while short-period averages were posted to the user’s smart phone for fast inspection. In greater detail, the detailed readings were stored into .log and .gps files in the Raspberry Pi micro-SD card. A typical log file is depicted in Figure 5, containing as record fields the system timestamp, the requested speed for the robot, the corresponding turning radius, an indication if it should turn to the right or to the left or to move straight, the target and actual speed for each of its driving wheels, and, finally, the battery voltage and the overall current consumption. All of this information is recorded at a frequency of 10 times per second.



Similarly, a typical .gps file record, as can be seen in Figure 6a, contains the system timestamp and the latitude and longitude information of the robot at any given time. The .gps file is appended with new data once per second. The presence of an RTK-GNSS provides high positioning accuracy with a divergence lower than 2 cm, and thus, for assistive purposes, the potential activity scenarios of the robot can be better verified and documented rather than only relying on in situ visual inspection by a human observer. Indeed, the GNSS data being recorded can be later processed, resulting in traces that visualize the motion of the robot using the QGIS software (version 3.32) [60], as can be seen in Figure 6b, where a scenario case is depicted according to which the electric robotic vehicle was moving on asphalt terrain from the bottom left to the upper right.



Hence, the whole mechanism guarantees that a specific time sequence will be followed by the robot throughout the diverse terrain tests, which is quite difficult to be carried out by detailed manual commands given by humans, which are not famous for their ability to perform repetitive tasks at a constant manner.




2.3. Activity Scenario Description


Typical robotic field operation scenarios are selected in order to better reveal and capture the dynamics of the vehicles. These scenarios include mainly straight-line circuits at a constant speed on horizontal and inclined surfaces, and U-turns. The same robotic vehicle field operation scenario is repeated under diverse terrain, cargo, and speed conditions. Finally, the standard sealed lead–acid batteries are replaced with Li-Po batteries of equivalent capacity and voltage in order to study the impact of this power source change on the energy footprint of the robotic vehicle.



In greater detail, the discussed field operation scenarios include the following:




	
The “ramp” scenario: a straight-line circuit from idle with an increase in speed of 10% (i.e., of the maximum speed) every 15 s until the robot reaches its maximum speed;



	
The “steps” scenario: a straight-line movement with two levels of speed, 40% and 80% of the robot’ s maximum speed, namely, 0.3 m/s and 0.6 m/s, respectively;



	
The “U-turn” scenario: where the robot moves constantly with 80% of its maximum speed, namely, 0.6 m/s, and performs two U-turns, forming an “S” symbol with its movement;



	
The “inclined” scenario: a straight-line circuit at a constant speed, 40% and 80% of the robot’s maximum speed, i.e., 0.3 m/s and 0.6 m/s, respectively, initially on flat and then on 10% inclined asphalt terrain.








The “ramp”, “steps”, and “U-turn” scenarios have each been conducted in three different kinds of terrains, including asphalt, grass, and rough field. Furthermore, all the above scenarios have been conducted with a typical cargo that weighed 15 kg or without cargo. In all of these scenarios, the power consumption was measured in order to highlight the differences between the various cases. Additionally, for the scenarios (or scenario segments) with a constant target speed, such as the “steps” scenarios, the average power, in Watts, was calculated, as it was consumed during the robot’s motion throughout each of these scenarios (or segments).



Apart from the above testing action classification, the standard pair of sealed lead–acid 12 V batteries of 7.2 Ah each powering the robot were replaced with 3-cell Li-Po batteries of 11.1 V and 4 Ah each, and the most indicative experiments were repeated. This battery type alteration was an equivalent voltage and capacity arrangement, as a sealed lead–acid batteries are recommended to be discharged up to 50% of their total capacity, i.e., each of the ones being used to provide up to 3.6 Ah to the robot, while a Li-Po battery is typically discharged up to 80% of its total capacity, which is translated to 3.6 Ah available for the robot as well.



As with the diverse terrain scenarios, for comparing the two battery types, i.e., the sealed lead–acid and the Li-Po ones, the power consumption and the battery voltage were measured to analyze their energy impact. Under constant target speed conditions, the average power and voltage were calculated to study the efficiency of the two battery types. Furthermore, the voltage deviation was calculated to deduce which battery type exhibited more voltage fluctuations, because the voltage fluctuations typically reduce the battery life expectancy and may have a negative impact on the system electronics operation.





3. Experimental Deployment and Results Evaluation


3.1. Applying the Testing Scenarios


In accordance with the testing scenario specifications explained in Section 2.3, field experiments were performed on asphalt, grass, rough, and inclined terrains, with and without cargo, as depicted in Figure 7. Furthermore, the performance of the electric robotic vehicle running on Li-Po batteries instead of sealed lead–acid ones was also evaluated, as depicted in Figure 8. In all cases, the corresponding activity was coordinated via the in-purpose implemented mobile application, while the resulting log files were collected from the Raspberry Pi memory card for further post-processing.




3.2. Results Visualization and Analysis


During the experiments of the described scenarios, data were gathered in the corresponding .log files. These data were further post-processed and analyzed to study the energy footprint of the electric robotic vehicle during the various scenarios. For all scenarios, the voltage and current being measured were used to calculate the instantaneous power consumption in Watts, thus resulting in time diagrams with the X-axis in seconds. Additionally, for the better assessment of the differences between sealed lead–acid and Li-Po batteries, voltage diagrams were created, highlighting the behavior of each battery type.



Finally, for a more fluent performance comparison, statistical average values of power consumption were calculated during the scenarios, or sections of them, characterized by constant target speed levels. Similarly, voltage deviation was calculated to compare the voltage fluctuation intensity that was experienced during the electric robotic vehicle’s motion for each battery type, i.e., the sealed lead–acid and Li-Po ones.



In this regard, Figure 9 presents the comparative power consumption diagram with (indicated by red color) and without cargo (indicated by blue color) for the ramp scenario, using lead–acid batteries, in asphalt terrain (a), grass terrain (b), and rough field terrain (c). As depicted in Figure 9, scenarios involving cargo exhibit higher power consumption compared to those without it, as the added weight imposes a greater load on the batteries.



Figure 10 presents the comparative instantaneous power consumption variation with (red color) and without (blue color) cargo for the step scenarios using lead–acid batteries on asphalt terrain (a), on grass terrain (b), and on rough field terrain (c). Steps scenarios are ideal for capturing the energy behavior of the robot at constant conditions for different speed settings, i.e., at 0.3 m/s and 0.6 m/s. As it can be inferred via the inspection of the corresponding to the above scenarios average data provided in Table 1, Table 2 and Table 3, the average power calculated for the cases with cargo loaded on the robotic vehicle is higher than without cargo, in both speeds, as expected.



Figure 11 presents the power consumption for the U-turn scenarios in asphalt terrain (a), grass terrain (b), and rough field terrain (c). Red color indicates scenarios with cargo and blue color indicates scenarios without cargo. The robot makes two turns of a 0.5 m radius that last 8 s each. The first occurs in the time interval between 11 and 19 s, and the second in the time interval between 22 and 30 s. As depicted in Figure 11a through Figure 11c, no extreme fluctuations are observed during the period that the robot turns, which is quite difficult to distinguish from the straight-line consumption pattern. Some occasional peaks, especially on rough field terrain with cargo, are more likely to be attributed to surface imperfections than to the turn actions themselves. A small rise in consumption is observed, though, at the beginning of each different action, especially with cargo on rough field terrain, which drops afterwards.



Figure 12 presents power consumption in 10% inclined asphalt terrain. The robot moves in a straight line with a constant speed in the first scenario (a) at 40% of its maximum speed and, in the second scenario, (b) at 80% of its maximum speed. In Figure 12a, the inclined surface starts at the 60th second and, in Figure 12b, at 35th second, i.e., at the exact moments that a rise in power consumption is observed, it is stabilized to its maximum (i.e., to 10%) between the 95th and 150th second, and between the 55th and 85th second, respectively, and then drops again until horizontal.



Figure 13a presents the power consumption of the robotic vehicle with lead–acid (blue color) and Li-Po (red color) batteries in the steps scenario without cargo at 0.3 m/s and at 0.6 m/s on asphalt terrain.



As can been seen in Figure 13a and Table 4, Li-Po batteries provide lower power consumption due to their reduced weight and their lower internal resistance. Sealed lead–acid batteries weigh 2.1 kg each, resulting in a 4.2 kg total battery weight, while Li-Po batteries weigh 0.63 kg each, resulting in a 1.26 kg total weight, merely 30% of the sealed lead–acid batteries’ weight. Additionally, Li-Po batteries display less voltage drops, as can been seen in Figure 13b and Table 5 from the voltage deviation calculation. These voltage drops have a significant negative impact on battery life cycle and may cause disturbances in the system’s electronics. Figure 13c presents the current consumption for this specific scenario.



Figure 14a presents the power consumption of the robotic vehicle with lead–acid and LiPo batteries in the steps without cargo scenario in the grass terrain. The diagram and Table 6 prove that LiPo batteries provide less power consumption because of their reduced weight and their lower internal resistance. In most cases, LiPo batteries exhibit lower voltage sags as well as less power consumption and voltage deviations than the lead–acid ones because of their lower weight and internal resistance, as can be seen in Figure 14b, Table 6, and Table 7, respectively.



As can be seen in Figure 15a and Table 8, LiPo batteries provide lower power consumption than lead–acid in the steps with the cargo scenario in the rough field terrain. Typically, LiPo batteries have a flatter voltage discharge curve compared to lead–acid batteries, which means their voltage remains relatively stable, as can be seen in Figure 15b, as well as displaying less power and voltage deviations, as is presented in Table 8 and Table 9, respectively. However, at lower speeds (40% of the maximum), the load on the batteries might be relatively light, which could lead to voltage deviations, impacting a lot on the power deviation, as can be seen in Table 8.



Figure 16a presents the power consumption with lead–acid and LiPo batteries as the robot moves in straight line in a 10% inclined asphalt terrain with 80% of its maximum speed and without cargo. The inclined surface begins at 42 s, where power consumption starts rising and the battery voltage starts dropping. The inclined surface ends at 105 s, where the power consumption and the battery voltage drop again to the flat surface levels. As expected, voltage in LiPo batteries is relatively more stable than in lead–acid ones (Figure 16b) and the LiPo batteries provide less power and less voltage deviation due to their reduced weight and internal resistance, as can be seen in Table 10 and Table 11, respectively.





4. Discussion


In the existing literature, there are numerous studies discussing strategies for developing intelligent vehicles. However, there is a lack of studies focusing on the energy efficiency of electric robot vehicles in the agricultural sector. Therefore, there is a need for a more comprehensive examination and analysis of the performance of existing robotic vehicle structures that align with contemporary trends, particularly those moving towards electrification, intelligence, and autonomy. In this regard, the work being presented discusses the applicability and the usefulness of a simple and cost-effective mechanism for detailed power consumption logging on a lightweight electric cargo vehicle, and reports on the corresponding footprint capturing performance during a variety of typical operation scenarios. The specific robotic vehicle is a prototype able for either manual or autonomous operation, according to specific directions and scenarios.



Widely available and well-documented components, such as Arduino microcontrollers and Raspberry Pi board computers, along with accurate sensors and smart phone/tablet compatible software, were utilized in the present work, offering a fluent, friendly, and easy-to-modify environment to execute the necessary experiments. This is a satisfactory solution to the problem of many existing robotic vehicles that do not provide detailed performance measurements, such as power and voltage metrics, or which do not offer enough data space for storing them. It is worth noting that almost no additional cost was needed for the deployment of the proposed mechanism, as it utilizes components that already existed on the cargo robot for its autonomous operation. Nevertheless, especially the low-level part of its functionality (i.e., as explained in Figure 2) can be easily replicated by other researchers utilizing cheap independent microcontrollers such as a second Arduino Uno one or a cheaper NodeMCU that offers Wi-Fi connectivity with the main computer (i.e., the Raspberry Pi) unit.



Results indicate that the power consumption of the robot always remains modest, i.e., between 1 and 2 W/kg, even during extreme conditions. The roughness of the terrain has a smaller impact than initially expected on the power draw, while its target speed direction and especially the surface inclination remain the dominant factors increasing the amperage consumption. It is worth noting that the consumption at idling of the robot used in this study, as reflected at the beginning and at the end of the power traces presented in Section 3.2, typically ranging from 8 W to 10 W, was not negligible. This is due to the needs of its control logic, but this consumption is a constant quantity that can be easily anticipated or modeled via processing. Under this assumption, the impact of the cargo load on the power consumption of the robot was in accordance with its gross weight, as expected.



It must be noted that, due to the electromechanical design and the control arrangements being followed (i.e., to lower the speed of the inner driving wheel and to turn properly the tilting wheel according to the geometry of the robot and the sharpness of the turn), the prototype robotic vehicle was keeping its consumption at very reasonable levels during the scenarios including turns. This is an important advantage compared with a typical tracked or skid steering wheeled vehicle. Indeed, the analysis of power consumption vs. steering radius for either tracked or wheeled robots utilizing the common skid steering method indicated a very high consumption (i.e., of four or five times more) during turns of a small radius [61], such as the ones necessary in the agricultural terrains while maneuvering between plant rows, which is translated into elongated periods of high consumption, given the low speed of the agricultural vehicles while maneuvering. On the other hand, the wheeled layout being used offers better energy autonomy and less electromechanical stress for the components comprising the electric cargo vehicle, which typically doubles or triples its net weight while loaded.



In addition, a main drawback of electrically powered robots is their limited operational time due to the restricted storage capacity of electrical energy. This issue is exacerbated in agriculture due to difficulties in accessing charging points, as these robots often operate in areas distant from the local power infrastructure, making the efficiency of the battery crucial. Two of the most prominent battery types are lead–acid and lithium-ion-polymer (Li-Po) ones. Lead–acid batteries have the lowest cost, but, at the same time, they provide the lowest energy density per unit mass due to their higher weight [62]. They are mainly used in situations where cost is essential, and the operating distance and weight are not so important [63]. On the other hand, Li-Po batteries are the most expensive ones, but they provide higher energy density, higher charging rates, and deeper discharge cycles, making them the most efficient ones in situations requiring high energy demands [53]. The results of the comparison between Li-Po and lead–acid batteries showed that the Li-Po batteries exhibit considerably less voltage fluctuations and lower total power consumption, due to their lighter weight and lower internal resistance, across all testing scenarios. The fluctuations can substantially negatively affect battery cycles and may lead to disruptions in the electronics of a system. Therefore, Li-Po batteries offer higher efficiency and overall performance in comparison to their lead–acid counterparts. The smaller weight and size provided by the Li-Po batteries can be exploited to increase the overall energy capacity of the electric cargo vehicle, and thus its autonomy, by adding more battery units, to easily match or to exceed the working hour profile of a human worker.



This study aimed to enhance the modeling of agricultural robot activities and provide essential guidelines for behavior assessment, particularly concerning power supply requirements. Therefore, the performance evaluation results can be used for creating accurate models for energy profile emulator and simulator implementations [48]. They can also serve as a basis for the successful performance estimation and optimization of autonomous electric robotic vehicles of considerably different size and role, due to the well-defined relation between size and consumption for this type of vehicles [50,55,56]. Apart from this, similar power data traces can be used for activity characterization and for optimal automatic operational setting adjustments if combined with machine-learning techniques in ways like those proposed in [64,65].




5. Conclusions


This work, utilizing a prototype lightweight autonomous electric cargo robot of open hardware and software philosophy, highlighted a simple and cost-effective methodology for accurate power consumption behavior capturing, at a fine time granularity, and analyzed the corresponding energy performance throughout a variety of characteristic activity scenarios. Due to the common tools being used, even non-expert users could conduct the experiments, while directions were provided for the potential use of the data being collected. Given the well-defined connection between the size and the consumption of the electric robotic vehicles, the energy performance evaluation practices and results collected for the agricultural cargo robot participating in the experiments can serve as a flagship case and a basis for further studies in the area, such as energy consumption profile modeling and optimization and energy demand prediction.
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Figure 1. The electric cargo robot used in the experiments. (a) Containing a typical cargo of oranges; (b) exhibiting its separate functioning modules. 
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Figure 2. Overview of the main control and monitoring mechanism of the electric robotic vehicle utilized in the experiments. 
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Figure 3. (a) The INA219 measuring circuit as incorporated into the robot; (b) a characteristic microcontroller code part for extracting current and voltage measurements; (c) a Python script for handling the microcontroller-originated logging information. 
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Figure 4. (a) An instance of the corresponding code blocks; (b) the application’s interface; (c) indicative scenario file. 
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Figure 5. A typical log file of the electric robot. 
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Figure 6. Position and tracing of the electric robot: (a) details of a typical .gps file instance; (b) the visualization of its movement in the QGIS environment. 
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Figure 7. Diverse scenario settings on the following: (a) asphalt; (b) grass; (c) rough soil; (d) inclined terrains. 
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Figure 8. Different power source settings, including: (a) sealed lead–acid batteries; (b) Li-Po batteries. 
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Figure 9. Power consumption with cargo (red color) and without cargo (blue color) for the “ramp” scenario in the following: (a) asphalt terrain; (b) grass terrain; (c) rough field terrain. 
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Figure 10. Power consumption with (red color) and without (blue color) cargo for the steps scenarios, using lead–acid batteries, on the following: (a) asphalt terrain; (b) grass terrain; (c) rough field terrain. 






Figure 10. Power consumption with (red color) and without (blue color) cargo for the steps scenarios, using lead–acid batteries, on the following: (a) asphalt terrain; (b) grass terrain; (c) rough field terrain.



[image: Energies 17 01244 g010]







[image: Energies 17 01244 g011] 





Figure 11. Power consumption with (red color) and without (blue color) cargo for the U-turn scenario on the following: (a) asphalt terrain; (b) grass terrain; (c) rough field terrain. 
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Figure 12. Power consumption during the robot’s straight-line motion in 10% inclined asphalt terrain with constant speed: (a) 40% of the robot’s maximum speed; (b) 80% of the robot’s maximum speed. Blue color indicates without cargo scenario and red color with cargo scenario. 
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Figure 13. Comparative energy diagrams between sealed lead–acid (blue color) and LiPo (red color) batteries for the steps without cargo scenario in asphalt terrain: (a) power consumption in Watt; (b) battery voltage in Volt; (c) current consumption in Ampere. 
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Figure 14. Comparative power and voltage variations between lead–acid (blue color) and LiPo (red color) batteries for the steps without cargo scenario in grass terrain: (a) power consumption; (b) battery voltage. 
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Figure 15. Comparative energy diagrams between lead–acid (blue color) and LiPo (red color) batteries for the steps with cargo scenario in rough field terrain: (a) power consumption in Watt; (b) battery voltage in Volt. 
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Figure 16. Comparative energy diagrams between lead–acid (blue color) and LiPo (red color) batteries during the robot’s straight-line movement in 10% inclined asphalt terrain with 80% of its maximum speed and without cargo: (a) power consumption in Watt; (b) battery voltage in Volt. 
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Table 1. Power consumption statistics about the steps in the asphalt terrain scenario using lead–acid batteries.






Table 1. Power consumption statistics about the steps in the asphalt terrain scenario using lead–acid batteries.





	Steps in Asphalt Terrain
	P Average at 40% Speed
	P Average at 80% Speed





	Without Cargo
	19.4 W
	26.6 W



	With Cargo
	21.6 W
	31.1 W










 





Table 2. Power consumption statistics about the steps in the grass terrain scenario.






Table 2. Power consumption statistics about the steps in the grass terrain scenario.





	Steps in Grass Terrain
	P Average at 40% Speed
	P Average at 80% Speed





	Without Cargo
	22.9 W
	31.9 W



	With Cargo
	36.7 W
	49.0 W










 





Table 3. Power consumption statistics about the steps in the rough field terrain scenario.






Table 3. Power consumption statistics about the steps in the rough field terrain scenario.





	Steps in Rough Field Terrain
	P Average at 40% Speed
	P Average at 80% Speed





	Without Cargo
	20.8 W
	27.2 W



	With Cargo
	25.5 W
	35.5 W










 





Table 4. Power consumption comparison between lead–acid and Li-Po batteries in the steps without cargo in the asphalt terrain scenario.






Table 4. Power consumption comparison between lead–acid and Li-Po batteries in the steps without cargo in the asphalt terrain scenario.





	Steps without Cargo in

Asphalt Terrain
	P Average at 40% Speed
	P Average at 80% Speed





	Lead–acid Batteries
	19.4 W
	26.6 W



	Li-Po Batteries
	15.9 W
	21.2 W










 





Table 5. Battery voltage comparison between lead–acid and Li-Po batteries in the steps without cargo in the asphalt terrain scenario.






Table 5. Battery voltage comparison between lead–acid and Li-Po batteries in the steps without cargo in the asphalt terrain scenario.





	Steps without Cargo in

Asphalt Terrain
	V Deviation at 40% Speed
	V Deviation at 80% Speed





	Lead–acid Batteries
	0.028
	0.019



	Li-Po Batteries
	0.007
	0.006










 





Table 6. Power consumption comparison between lead–acid and Li-Po batteries in the steps without cargo in the grass terrain scenario.






Table 6. Power consumption comparison between lead–acid and Li-Po batteries in the steps without cargo in the grass terrain scenario.





	Steps without Cargo in Grass Terrain
	P Average at 40% Speed
	P Average at 80% Speed





	Lead–acid Batteries
	24.8 W
	33.7 W



	Li-Po Batteries
	23.7 W
	30.9 W










 





Table 7. Battery voltage comparison between lead–acid and Li-Po batteries in the steps without cargo in the grass terrain scenario.






Table 7. Battery voltage comparison between lead–acid and Li-Po batteries in the steps without cargo in the grass terrain scenario.





	Steps without Cargo in Grass Terrain
	V Deviation at 40% Speed
	V Deviation at 80% Speed





	Lead–acid Batteries
	0.049
	0.041



	Li-Po Batteries
	0.018
	0.014










 





Table 8. Power consumption comparison between lead–acid and Li-Po batteries in the steps with cargo in the rough field terrain scenario.






Table 8. Power consumption comparison between lead–acid and Li-Po batteries in the steps with cargo in the rough field terrain scenario.





	Steps with Cargo in Rough Field Terrain
	P Average at 40% Speed
	P Average at 80% Speed





	Lead–acid Batteries
	25.5 W
	35.5 W



	Li-Po Batteries
	24.6 W
	29.0 W










 





Table 9. Battery voltage comparison between lead–acid and Li-Po batteries in the steps with cargo in the rough field terrain scenario.






Table 9. Battery voltage comparison between lead–acid and Li-Po batteries in the steps with cargo in the rough field terrain scenario.





	Steps with Cargo in Rough Field Terrain
	V Deviation at 40% Speed
	V Deviation at 80% Speed





	Lead–acid Batteries
	0.085
	0.089



	Li-Po Batteries
	0.028
	0.019










 





Table 10. Power consumption comparison between lead–acid and Li-Po batteries in the steps with 80% speed without cargo in the inclined asphalt terrain scenario.






Table 10. Power consumption comparison between lead–acid and Li-Po batteries in the steps with 80% speed without cargo in the inclined asphalt terrain scenario.





	Steps with 80% Speed without Cargo in Inclined Asphalt Terrain
	P Average





	Lead–acid Batteries
	35.8 W



	Li-Po Batteries
	30.5 W










 





Table 11. Battery voltage comparison between lead–acid and Li-Po batteries in the steps with 80% speed without cargo in inclined asphalt terrain scenario.






Table 11. Battery voltage comparison between lead–acid and Li-Po batteries in the steps with 80% speed without cargo in inclined asphalt terrain scenario.





	Steps with 80% Speed without Cargo in Inclined Asphalt Terrain
	V Deviation





	Lead–acid Batteries
	0.090



	Li-Po Batteries
	0.040
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