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Abstract

:

Several strategies for navigation in unfamiliar environments have been explored, notably leveraging advanced sensors and control algorithms for obstacle recognition in autonomous vehicles. This study introduces a novel approach featuring a redesigned joystick equipped with stepper motors and linear drives, facilitating WiFi communication with a four-wheel omnidirectional electric vehicle. The system’s drive units integrated into the joystick and the encompassing control algorithms are thoroughly examined, including analysis of stick deflection measurement and inter-component communication within the joystick assembly. Unlike conventional setups in which the joystick is tilted by the operator, two independent linear drives are employed to generate ample tensile force, effectively “overpowering” the operator’s input. Running on a Raspberry Pi, the software utilizes Python programming to enable joystick tilt control and to transmit orientation and axis deflection data to an Arduino unit. A fundamental haptic effect is achieved by elevating the minimum pressure required to deflect the joystick rod. Test measurements encompass detection of obstacles along the primary directions perpendicular to the electric vehicle’s trajectory, determination of the maximum achievable speed, and evaluation of the joystick’s maximum operational range within an illuminated environment.
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1. Introduction


The motion of four-wheeled electric vehicles can be controlled by distributing the driving and regenerative braking torques using a PID controller [1]. In a simple autonomous braking system for a four-wheel drive vehicle, a linear actuator activates the brake or a stepper motor attached to the master cylinder for quick operation when sufficient force is applied to completely depress the pedal. The regulation of acceleration performance at low speeds for actuated electric vehicles is solved by combining the advantages of the acceleration slip-based and maximum torque-based regulation methods [2]. Motion controllers separate control laws from specific actuator setups using virtual global control variables that act on road vehicles with steer-by-wire systems [3]. In [4], a vehicle speed estimator was proposed for a four-wheel-independently-actuated electric vehicle using a Global Positioning System and Beidou Navigation Positioning (GPS-BD) module and a low-cost Inertial Measurement Unit (IMU). The omnidirectional mobility requires active omni-wheels with barrel-shaped rollers arranged around its outer circumference, which is expected to be effective in suppressing vibration during vehicle movement [5,6].



1.1. Literature Background


Omni-wheeled transportation vehicles or mobile robot that can move to a target location in an arbitrary direction on the floor is important for ensuring that work can proceed quickly and effectively in a limited space. A unit able to move in an arbitrary direction using only one wheel was proposed in [7,8,9].



Finally, many case studies with omnidirectional wheeled mobile robotic vehicles based on LiDAR have been presented to solve the problem of autonomous navigation in narrow and cluttered environments with unknown and unidentified static and dynamic obstacles of any shape [10,11]. The trajectory tracking problem of an autonomous racing electrical vehicle using intelligent control was reported in [12,13,14]. Significant advances have been made in LiDAR SLAM, which can often provide more robust and simultaneous localization and mapping in indoor navigation systems using 3D spatial information directly captured by LiDAR point clouds, and have been employed in robots and automated guided vehicles for industrial applications [15]. The autonomous obstacle avoidance and trajectory planning control strategy with low computational complexity, high cost-effectiveness, closed-loop stability verification, and the ability to quickly plan a collision-free smooth trajectory curve has been used in the overall control system of autonomous mobile robots [16,17,18,19,20].



The resilient model predictive control (MPC) problem for adaptive cruise control (ACC) systems under sensor attack in autonomous vehicle control systems and intrusion detection mechanism was proposed for distinguishing abnormal data in [21]. In [22], a vehicular platoon control approach was proposed for maintaining the appropriate longitudinal distance from preceding vehicles and tested under Denial-of-Service (DoS) attack and external disturbances that increase service times in the communication network and cause additional transmission delays, which can increase the risk of rear-end collisions between vehicles in platoons and autonomous intelligent transportation scenarios.




1.2. Contributions


This study is presents a new analog joystick with stepper motors to control the driving movement of an electric vehicle equipped with Mecanum 4 omnidirectional holonomic wheels for the obstacle detection scenario proposed in [23,24]. The joystick is equipped with stepper motors, and uses a Raspberry Pi as the main controller for the electronic components and for connecting and communicating by WiFi. To control the stepper motor in the joystick, and Arduino controller is used to send signals such as positions and stopping or mtion of the joystick to the motors every 30  μ s. The analog digital converter can collect signals from force-flexible sensors located on the joystick and communicate with the Arduino board. The PLC receives information about the distance from obstacles, the force applied to the joystick, the movement of the joystick, and the calculated direction and speed of the vehicle. When the motors are activated and the joystick is in position, the vehicle is ready to move. If an obstacle is recognized, the joystick cannot move due to an internal function that does not allow the vehicle to move in front of an obstacle. Based on the conducted tests, the system can detect obstacles more effectively in the main directions. Haptic feedback and wireless control are the main advantages of the proposed system, allowing for bidirectional data transmission. Information on the movement commands and surroundings is sent to the controlled target, and the haptic effect is used to convey the information to the user. The operator’s sense of touch is affected by signaling specific states of the controlled object. The application of the haptic feedback control technique in the prototype system was developed at the Silesian University of Technology, Gliwice, Poland.



The rest of this paper is organized as follows: Section 2 introduces the electric vehicle and analog joystick system; Section 3 describes the joystick design and linear drive; the experiments and the results obtained by experimental tests are discussed in Section 4; finally, Section 5 closes the paper with our conclusions.





2. Description of the Joystick System and Electric Vehicle


This research involves and electrical vehicle equipped by Swedish omnidirectional wheels that communicates with the joystick by WiFi and has a battery managed by a PLC controller [23,24]. The LiDAR (RPLiDAR A1M8 360 Degree Laser Scanner) uses the Raspberry Pi 4 minicomputer to identify the space of obstacles and send data to the PLC via WiFi. The laser measurement system is used in places with no direct sunlight, and is based on triangulation using a 2D laser scanner developed by Slamtec. The device can scan and rotate 360° clockwise in the environment within a maximum range of distance of 12 m. The resulting 2D point cloud can be used for mapping, localization, and generating a contour map of individual objects or the vehicle’s surroundings. The operating frequency of the RPLiDAR A1M8-R6 is 5.5 Hz sampling 360 points per revolution. The RPLiDAR A1M8-R6 3D laser scanner uses the UART serial interface for communication. The LiDAR was selected for its low cost and simple and accurate scanning of environment. The Raspberry Pi 4 has 4 × 1.5 GHz, 4 GB RAM, WLAN, BT, built-in Bluetooth/Wi-Fi support, ARM Cortex-A72 Quad Core CPU with 1.5 GHz, 2× microHDMI, 40 GPIO (General Purpose Input Output) pins, and audio and composite video output. In this system, the joystick is not tilted by operator but by two independent drives. The basic haptic feedback effect is involved in controlling the electric vehicle, and information received by force sensors and limit switches is inserted in the analog joystick for obstacle detection. In particular, the increase in the minimum value of the pressure force applied to the joystick rod allows it to be deflected as the vehicle approaches the obstacle. The resistance of the joystick changes depending on the distance between the vehicle and the obstacle. The minimum force is read by FSR force sensors mounted on the joystick and compared with the vehicle’s spatial response collision. A second Raspberry Pi 4 minicomputer plays the role of controller in the joystick component, determining the deflection of the joystick in the direction of the force applied by the user or towards the zero position of the joystick. The direction and speed of the vehicle are depend directly on the angle joystick deflection. A noticeable disadvantage of the implemented system is the low level of force generated by the drivers; these consist of two high-speed DC motors with a worm gear, with the rotational motion converted into linear motion through a belt-toothed transmission. This low amount of pull prevents the joystick from returning to the zero position when the operator applies more force, but is not enough to steer the vehicle. To prevent this situation, additional haptic effects are introduced in the form of stick vibrations. The intensity and frequency of vibrations reports the response of the vehicle to the surroundings. Despite the clearly haptic effect, the stick is unable to return to the zero position. The second disadvantage of previous solutions involves reading the current tilt position of the stick. The ultrasonic sensors mounted under the joystick socket read the distance to the element connecting the toothed belt with the rod pulley and calculate the resulting deflection of the stick. This measurement is subject to the presence of noise, which introduces instability in the operation of the joystick. To eliminate this noise, it is necessary to replace the linear drives used to tilt the joystick while providing accurate information about the inclination.



Linear Drives and Stepper Motor


The aim of this work is to introduce linear drives with stepper motors into the joystick system operating as the haptic feedback control. A linear drive is a set of elements, i.e., motor, controller, power supply, and mechanical components, that transfers energy and motion from the engine to the working machines and devices. In addition, the assemblies of mechanical devices convert the rotational motion of the engines into progressive movement or straight-line motion. The stepper motor is powered by electrical current pulses. The angle of rotation of the roller and its angular speed are directly proportional to the number and frequency of sending control pulses. The main advantage of using stepper motors is that it becomes possible to control the position in an open feedback loop. The linear drives ensure appropriate movement of the rod joystick by setting the accuracy and force. The linear drives are responsible for tilting the stick, and should be characterized by greater force while maintaining similar linear displacement and speed. The specific linear drive model selected for incorporation into the joystick frame consisted of aluminum and wooden plywood boards, with the assembly elements made of plastic and produced by 3D printing. New drive units are used in the joystick and control algorithms of the entire system, and the stick deflection and communication between individual joystick components were measured and analyzed.





3. Linear Drive Parameters and Control Elements


In the first stage, the parameters of the linear drives such as the speed and self-locking were selected based on the stroke or stroke length, which refers to how far the linear actuator moves and is equal to the fully extended length minus the fully retracted length. For the linear drive implemented on the joystick, the force pressure applied on it is an essential parameter for controlling the position within the linear unit. The position and the stick deflection angle are detected by ultrasonic sensors. The linear drive with a stepper motor mounted in the joystick is able to read the position directly at the control engine, assuming that there is no loss of steps. A linear drive with a ball screw gear driven by a stepper motor with a feed speed of 50 mm/s was selected. The ball screw gear is characterized by its resistance to movement, and was able to remain independent of the stick in the zero position despite the application of force by the operator during testing, as shown in Figure 1a.



Before implementing the selected drives in the joystick, the control elements were selected and drive startup tests were carried out to check the capabilities of the motors (Figure 1a). For the control in the joystick, the Stepper Motor Driver HY-DIV268N-3A 12-40V 3A was selected as the controller operating in microstep control mode and supplied by the voltage available in the joystick, which was 12 V with a maximum operating current equal to 3 A (Figure 1b). The microstep control resolution and power supply current of the controlled motor are set by switches SW1 ÷ SW6 in the configuration of the controller housing. The EN signal is responsible for activating the motor, the DIR signal is set for the direction of motor rotation, and the PUL signal is responsible for the pulses that control of the motor movement, as shown in Figure 1b.



3.1. Joystick Design


The joystick’s structure is made of aluminum profiles with a base made of wooden plywood (Figure 2a,b). The power supply, Raspberry Pi 4 minicomputer, and auxiliary electronic components are located at the back of the joystick. Two linear drives independently swing the rod in two axes through the rods. Inside the stick are the FSR force sensors and a motor generating vibrations for additional haptic effect. A 3D model of the joystick was created in Autodesk Inventor 2022 to simulate the joystick frame, linear drives, stepper motor controllers, stick with cables, socket, and base, and other assembly elements and to verify their correct execution (Figure 2a). New linear drives were required in a vertical position in the joystick structure, and were assembled along with additional new elements and connections with the rod strings. For this purpose, three-dimensional models were realized, followed by real elements produced via 3D printing.



The Fused Deposition Modeling (FDM) technique, popularly called 3D printing, was used for the production of components such as the belt-and-gear transmission, gears, and elements of both the vehicle (Figure 2b) and the joystick (Figure 3a). For this purpose, all elements were printed using the MK3S Prusa 3D printer and Ultra PLA material, as shown in Figure 3a–c. The manufactured straight adapter was glued to the block of the linear drive responsible for the tilting of the joystick in the left–right direction. The straight adapter and its the connector transmit the movement of the drive on the rod’s cable, allowing for the cable’s inclination. The side adapter was arranged with the block of the linear drive responsible for tilting the joystick in the front–back direction. The side adapted and connector transfer the movement of the drive to the rod, allowing for free variation of the rod’s inclination. All of the realized elements were then assembled into the joystick structure. The wooden plywood board was located on the base of the joystick stick socket. The limit switches designed to limit the movement of the actuators were installed and mounted on the joystick, screwed into the drive blocks. Finally, the cables and electronic accessories were sorted out by making a dedicated board.




3.2. Joystick Firmware Update: Python Programming Language


A program implemented by the Raspberry Pi 4 minicomputer that controls the joystick’s movement was written in the Python programming language. The beginning of the main executable file contains the one-time execution instructions intended to establish communication with other components of the system and call the initialization function that configures most of the pins on the Raspberry Pi I/O module. The block diagram of the program is presented in Figure 4.



In particular, the main program code performs the following task:




	
FSR sensor readings using an analog-to-digital converter



	
the value of the force applied to the stick in four directions



	
initialization of the most important variables



	
configuration of some pins of the minicomputer’s input–output module,



	
definition of functions, including configuration of the pins of the minicomputer’s input–output module, stick deflection conditions, vibration conditions, and calculation of the joystick’s operating parameters



	
data transmission support









3.3. Run Tests


The first test of the selected linear drive was carried out using the Arduino microcontroller to reach a specified linear speed of 50 mm/s. The first test program included transmission of a given number of pulses to the step-motor controller at fixed time intervals. The relationship between the period T of pulse transmission and the speed of the linear drive v was calculated using the equation


  v =  S  n · k · T   ,  



(1)




where v is the linear speed in mm/s, S is the jumping stroke (5 mm), n is the number of pulses for the full-step drive (200), k is the multiplier resulting from the microstep control function, and T is the period of pulses in s.



Despite increasing the microstep control resolution, it was not possible to obtain the target speed. After reaching a certain speed, the motor lost synchronization. For this reason, the program code was changed to include the movement of the motor, systematically reducing the pulse delivery period until it reached the target value. The declared speed of 50 mm/s was achieved with a microstep control resolution 16 times larger than the full step (16×). While maintaining a constant drive speed, the program decreased the sending period every 10 pulses from the initial 70  μ s to 31  μ s, for a total of 39 times. According to Equation (1), T = 31  μ s means that the speed was approximately equal to 50 mm/s. Then, based on the tests carried out using the Arduino microcontroller, commissioning tests were started in the intended target configuration involving direct cooperation of the stepper motor controllers with the Raspberry Pi.



The use of microstep control with the selected resolution (16×) resulted in control pulses being sent every 31  μ s. The minimum program execution time in the case of Raspberry Pi was approximately 100  μ s. However, the Arduino board executes the program in the given time increase of 8  μ s, ensuring much better control of the output pin states. The PWM signal was used for the direct implementation of cooperation between the Raspberry Pi and the controller stepper motor, which can act to control the pulses. The Raspberry Pi can generate a PWM signal in either the software or hardware. Drives with the ability to achieve the expected parameters were selected.



The Raspberry Pi module is necessary for proper operation of the entire haptic feedback system due to the possibility of communication via WiFi. Therefore, the Arduino microcontroller module is used as an intermediary element for communication and control between Raspberry Pi and the stepper motor controller.



The Python program software on the Raspberry Pi implements the ability to tilt the joystick stick and sends information about the joystick orientation and axis deflection to the Arduino. For this purpose, this information is implemented using four digital signals (high and low state); in particular, four pins of the Raspberry Pi I/O module were configured as output and assigned for each direction of driving. The movement of a given drive continues as long as the appropriate state is assigned to the pin. These signals are due to the different voltage levels in the modules (5 V in the Arduino and 3.3 V in the Raspberry Pi) sent through the logic converter. The communication in the other direction is carried out using UART serial transmission, which is used to transmit information about the position of the linear units of both drives, as reported in the program code in Supplementary Materials PC1. Another function is included in the Arduino; a force F of at least 85%, but not greater than the minimum value, should be applied as the minimum force Fmin to deflect the stick at a given moment and to keep the stick of joystick in an intermediate position. The tilting function of the joystick is associated with a change in the conditions of vibration due to the additional haptic effect. The operator should be alert to different types of vibration, such as:




	
continuous vibration with intensity of 100%, which is not dependent on the deflection of the joystick because the vehicle is next to the obstacle



	
intermittent vibration at 40% intensity when the vehicle is at certain distance from the obstacle, the stick is in the zero position, and the force F applied by the operator is inadequate to deflect the stick and set the vehicle’s speed








Consequently, the linear drives were positioned to produce sufficient tensile force to “overpower” the operator. The operator was notified when the stick reached an intermediate position through intermittent vibrations at 100% force. The communication between the Raspberry Pi and Arduino microcontroller is included in the joystick tilt. In this case, a pin is assigned to activate the drive motors to obtain a holding torque. The stick can be moved by the operator in the right, left, north, and south directions independently to overcome the resistance of the movement of the screw gear in the drives, which is an undesirable effect in the system. When the operator applies a force that is more than the Fmin value while being sufficient to overcome the resistance during movement, the motors are activated. The Arduino nano microcontroller was used between the Raspberry Pi minicomputer and stepwise engine controllers due to the limited space in the back of the joystick. Therefore, an Arduino module was assigned to each drive for calibration and position drives in the zero position, as the joystick does not use an absolute system measuring position and the control system could previously terminate its operation in any stick position. First, the transmission of the left–right axle reaches the switch end position, stops for 300 ms, and then drives away in the opposite direction for half of the drive’s range of motion. After waiting five seconds from startup, the front–rear axle drive performs a reference travel at the same time to avoid overlap. The location of the drive that tilts the stick is stored in the counter variable and counted based on the number of sent control pulses. Every 50 ms, the Arduino scales the drive position value from 0 to 100 and sends this value via serial communication to the Raspberry Pi master unit, as shown in the fragment of the program code in Supplementary Materials PC2.





4. Experimental Results


The electronic equipment and Arduino microcontrollers worked on a prototype board in the vehicle, as shown in Figure 5a. The joystick was equipped with the stepper motors and Raspberry Pi and connected to the electric vehicle via WiFi. To control the stepper motor in the joystick, the Arduino controller was used to stop or move the joystick. The analog digital converter can collect signals from force-flexible sensors located on joystick and communicate with the Arduino microcontroller. The PLC receives information about the distance from the obstacle, force applied to the joystick, user’s decision to move the joystick, and calculated direction and speed of the vehicle.



The advantage of this solution is the ease of changing the configuration and connections in the electronic system. Therefore, a dedicated soldered board was made. A universal tile measuring 9 × 15 cm was used as support containing two Arduino microcontrollers embedded in pin sockets, enabling their possible replacement in case of damage. In a similar way, a logic converter was installed to enable communication between the Raspberry Pi and Arduino modules. A transistor and resistors soldered onto the board were used to control the operation of the vibration motor located in the joystick knob and the analog-to-digital converter that processes the signal from the force sensors. The analysis and detection of obstacles was performed in the vicinity of the vehicle operating in the described haptic feedback control system. The RPLiDAR A1M8 laser scanner in the vehicle has the role of detecting obstacles with variable width and the maximum distance received by the joystick. During the tests, the vehicle reached a maximum speed of approx. 0.5 m/s starting from the same place. The obstacles that the vehicle approached consisted of a wooden base and white polystyrene boards with height of 17 cm and various widths of 1, 2, 3, 4, and 5 cm, as shown in Figure 5b. During the tests, an obstacle was placed in a fixed position in a lighted room. In the first stage, the movement of the vehicle was perpendicular to the obstacle in four main directions (0°, 90°, 180°, 270°) (Figure 5c) In the second stage, the vehicle approached perpendicular to the obstacle directions (30°, 150°, 210°, 330°). These directions result from the structure of the vehicle. The RPLiDAR module is located above the structural frame (12 cm from the ground) and below the plate on which the entire structure is located. This plate is mounted on narrow supports that constitute an obstacle to the operation of the scanner precisely in these directions.



Measurements Results


The measurements were conducted in the lighted room of the laboratory, with the vehicle approaching obstacles of different sizes. The currently set speed and the direction of vehicle’s movement released by the direction of the joystick increased the accuracy of the performed measurements. The measurements of the actual distance value between the scanner and the obstacle were scaled from 0 to 100 in the PLC software and then expressed in centimeters. The vehicle detected an obstacle from a certain distance and then again from a closer distance. In the Figure 6a–d, the distribution of measurement points on a symmetrical plane oriented in the same way shows the detection of obstacles made of white polystyrene boards with a height of 17 cm and various widths of 2, 3, 4, and 5 cm. The rings visible in the graphs were determined on the basis of measurements points in the main driving directions (0°, 90°, 180°, 270° and 30°, 150°, 210°, 330°) of the vehicle when it approached the obstacles located in the room.



The uniform distribution of the driving directions (0°, 90°, 180°, 270°) in the measurements tests can be observed in Figure 6b,c along with the expected decrease in the distance from which the vehicle recognizes the obstacle as its width decreases. As shown in the graph in Figure 6a,b, for measurements with an obstacle width of 4 and 5 cm the outer edges of the rings have similar diameters, which decrease as the width of the obstacle decreases; as the maximum distance from the obstacle decreases, the vehicle becomes able to detect the obstacle. As the width of the obstacle decreases (Figure 6d), the inner diameter of the rings decreases as well, which means that the expected minimum distance from obstacle also decreases. Measurements with an obstacle of 1 cm width indicate that the system of vehicle is unable to repeatably detect such narrow elements in the vehicle’s surroundings. The highest intensity of intermittent measurements occurred for the obstacle with 4 cm width (Figure 6b). Measurements conducted in the main directions of driving were characterized by a greater difference between the maximum and minimum values of the distance to the obstacle in the individual driving directions. These values depended on the direction of travel of the vehicle. In addition, the system achieved the worst results in detecting obstacles for the 30° direction. The measurement points for this direction of travel are closest to the middle point of the graph. Thus, obstacles located in the front or right part of the vehicle have the greatest impact on scanning the surroundings. Comparing the test results, it can be concluded that the system detects obstacles more effectively in the main directions. The measurements tests for these directions were mainly located in the areas marked by the inner edge of the rings. It can be concluded that although the obstacles in the 30° direction had the greatest influence, the other obstacles interfered with the detection as well. Measurements conducted with the 1 cm obstacle in all eight tested directions indicate that the system is not able to repeatably detect such narrow elements in the vehicle’s surroundings.





5. Conclusions and Perspectives


In this activity, the new design of a joystick equipped with stepper motors and linear drives is proposed, with efficient wireless communication via WiFi with an electric vehicle with four omnidirectional wheels. The drive units are used within the joystick and control algorithms of the entire system, and the measurement stick deflection and communication between individual joystick components are analyzed. In this system, the joystick is not tilted through the operator, instead being based on two independent linear drives to produce enough tensile force/pressure to “overpower” the operator. Python program software on a Raspberry Pi is used to implement the ability to tilt the joystick and send information about the joystick orientation and deflection axis to an Arduino microcontroller. The basic haptic effect is the increase in the minimum value of the pressure force applied to the joystick rod that permits it to be deflected. Test measurements were conducted involving obstacle detection in a lighted room in the main directions perpendicular to the electric vehicle, along with the maximum speed reached and maximum distance received by the joystick. The main limitation of the realized electric vehicle system is due to the LiDAR used in the electric vehicle to obtain accurate information on the environment, which only works well in an illuminated room. Because LiDAR uses light beams to measure the locations of objects, it can be difficult to capture data in small or dark areas, and its accuracy is highly dependent on the quality and calibration of the system’s scanner. Thus, future works need to consider using new technologies based on sensors that can process of the data and recognise inconsistencies or inaccuracies.
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Figure 1. (a) Ball screw gear and (b) HY-DIV268N-3A stepper motor controller, showing the connection diagram of the controller with stepper motor and control unit. 
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Figure 2. (a) Design of the joystick, (b) joystick system, and (c) electric vehicle. 






Figure 2. (a) Design of the joystick, (b) joystick system, and (c) electric vehicle.



[image: Computers 13 00048 g002]







[image: Computers 13 00048 g003] 





Figure 3. (a) 3D model of an example element realized in Autodesk Inventor, (b) 3D model in the Ultimaker Cura slicer program, and (c) a printed prototype part of a belt and toothed transmission. 
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Figure 4. Block diagram of the main program’s operation. 
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Figure 5. (a) View of the back of