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            Abstract
          
        

        
          As the 4th industrial revolution progresses, smart factories will be able to offer customized and flexible manufacturing systems of great value. As manufacturing systems get smarter and include more automation, Automated Guided Vehicles (AGVs) are becoming one of the most important technologies in this process. However, in practice, AGVs usually requires magnetic or optical tape to guide them, this can be inconvenient and costly. LiDAR has been widely proposed to solve this problem. However, existing LiDAR for AGVs still experiences the deadlock problem, this is a problem caused by the difference in processing speed during data matching between the SLAM algorithm and LiDAR. Therefore, in order to solve this problem we must tackle it more actively than commercial LiDAR currently does. In this paper, we propose a LiDAR which has a horizontal field of view of 270°, an angular resolution of 0.1°, and a scan rate from 10 Hz to 30 Hz. This suggested LiDAR would then be able to compensate for distance errors using the reflectance of an object. Also, optimized technology for AGV applications has been developed and applied to the suggested LiDAR. Through these advances, it is possible to obtain high accuracy driving performance. In the future, the proposed technology is expected to promote more smart factory within the manufacturing industry.

        

        
          
            초록
          
        

        
          4차 산업 혁명이 진행됨에 따라 스마트 팩토리는 맞춤형 유연 제조 시스템을 제공할 수 있게 되었다. 제조 시스템이 더욱 스마트해지고 자동화가 포함됨에 따라 Automated Guided Vehicle(AGV)는 프로세스에서 가장 중요한 기술 중 하나가 되었다. 그러나 실제 AGV에는 일반적으로 자기 또는 광학 테이프가 필요하므로, 비용 및 불편함의 문제가 발생한다. LiDAR는 이러한 문제를 해결하기 위해 제안되었다. 그러나 기존 AGV 용 LiDAR는 여전히 교착상태 문제를 겪고 있고, 이는 SLAM 알고리즘 과 LiDAR 간의 데이터 매칭시 처리 속도 차이로 인해 발생하는 문제이다. 따라서 이 문제를 해결하기 위해 현재 상용 LiDAR보다 적극적인 대처가 필요하다. 본 본문에서는 수평 시야각 270°, 각도 분해능 0.1° , 스캔속도 10Hz~30Hz 의 LiDAR를 제안한다. 이 제안된 LiDAR는 물체의 반사율을 사용하여 거리 오차를 보상 할 수 있다. 또한 AGV 응용에 최적화된 기술이 개발되어 제안된 LiDAR에 적용되었다. 이러한 발전을 통해 높은 정확도의 주행 성능을 얻을 수 있다. 향후 제안된 기술은 제조업 내에서 뿐만 아니라 스마트 공장의 발전을 촉진 할 것으로 기대된다.
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      Ⅰ. Introduction
      As transport systems for the manufacture and warehouse field develop, AGVs are becoming more and more attractive. The most important characteristic of AGVs is their ability to move automatically indoors. AGVs operate as material transport systems that move independently under their own power while moving along defined paths. As such, it is important they are able to rapidly evaluate the external environment and analyze any data they collect about it. To this end, the interest in laser-based LiDAR sensors for AGVs is increasing. Early AGVs needed metal or magnet lines to guide where they drove. Later, AGVs have developed to use automatic driving system that work by adopting LiDAR technology. Recently, active automatic driving systems that do not use lines have been developed. [1], [2], [3] When using these systems, good obstacle detection is one of the most important requirements for the success of AGVs. For AGV obstacle detection, LiDAR needs to achieve precise detection at a distance of 30m and a range of 180 degrees. Generally, LiDAR sensor systems consist of a Pulse Laser Diode Driver, an APD (Avalanche Photo Diode) Detector, a high-speed signal processer, and an Optical system. A laser signal is transmitted and reflects back off the surfaces of objects in the surrounding environment before being collected back at the LiDAR and converted to electronic signals. The collected data can be converted to a flight time via a TDC (Time to digital converter). [4]

      In this paper, we designed a system consisting of a Pulsed Laser Diode Driver with over 70 W peak power, an APD Detector with a 490 MHz wide bandwidth, an optical system combined transmitter and receiver unit, and a signal processing board to improve the sensors detect-ability. Angular resolution is one of the important factors in an AGV system’s ability to detect obstacles. Smaller angular resolution gives better mapping resolution.

      We also develop a circuit and algorithm to compensate for walk error using reflectivity. In this paper, our sensor’s performance is verified by comparing it with commercial LiDAR in a 20 m x 20 m test space. [5], [6], [7]

    

    

  
    
      Ⅱ. Main Subject
      
        2-1 PRINCIPLES BEHIND LIDAR SENSORS
        LiDAR sensors exploit a high power pulse laser to rapidly obtain 3D spatial data that is calculated using the travel time of light between the sensor and the object. To calculate the travel distance of light we should know the travel time and the speed of light. The travel time means the round trip travel time between the sensor and object in equation (1). [8], [9], [10]
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            LiDAR sensor principle.
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        the speed of light : c,

        round trip distance of light : 2D,

        round trip time of light : Δt

        The only variable in equation (1) is time, so if it is possible to acquire the round trip time of light, the associated distance can easily be obtained. [11]

      

      
        2-2 ANALYSIS OF SIGNAL TRANSMISSION AND RECEPTION
        Most light energy emitted by the laser is lost. Due to the nature of light, energy remaining is inversely proportional to the square of the distance travelled and any reflected signal recorded is in proportion to the reflectivity of the detected object’s surface. Equation (2) shows a mathematical expression for transmitting and receiving a signal with a LiDAR sensor.
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        In equation (2), is the light energy of emission and is the light energy of return. The light source energy is in inverse proportion to the square of the travel distance R in atmosphere and is proportional to the area of the light source. The area of the light source entering the receiver is determined by the size and performance of the lens. The reflectivity of the material surface, Re, is proportional to the amount of energy that is reflected, which depends greatly on each individual object’s characteristics. Object detection is difficult if that object has high absorption and permeability of light.

      

      
        2-3 LIDAR SENSOR COMPONENTS
        A LiDAR sensor consists of a transmitter unit that shoots the laser at the targets using a high power pulse, a detector that detects the light signal reflected back from the targets, a signal processing unit that calculates the distance to the target, and an optical system for laser collimation and light collection.

        
          
          

          Fig. 2. 
				
          

          
            LiDAR sensor components
          
          

          

        

      

    

    

  
    
      Ⅲ. Design of LIDAR Sensor
      
        3-1 DESIGN OF PULSED LASER DIODE DRIVER
        In order to drive the PLD (Pulsed Laser Diode), a high voltage (45~300V) is generally switched and the current is charged through a charging capacitor. The charged current is used to operate the PLD by switching an avalanche transistor or eGAN MOSFET. Our PLD is operated by an OSRAM SPL PL90_3 laser diode. Table 1 shows the specification of the diode used in this paper. The PLD’s peak wavelength is 905 nm, and its normal peak output power is 75 W. [12], [13]

        
          Table 1. 
				
          

          
            Laser diode specifications
          
          

        

        
          
            
              	Part No
              	[nm]
              	[A]
              	Vop[V]
              	Popt[V]
            

          
          
            	SPL PL 90_3
            	905
            	30
            	9
            	75
          

        

        
          
            
              1 In standard operating conditions: Pulse repetition frequency = 1kHz, Pulse width=100ns, Peak current = 30A, Operating temperature = 25℃
            
          

        

        

        Figure 3 and 4 show the beam divergence of our laser diode in the vertical and horizontal. Typically, the beam divergence parallel to pn-unction is 9 ˚, perpendicular to pn-junction is 25 ˚. The aperture size used was 200×10.

        
          
          

          Fig. 3. 
				
          

          
            Far-Field Distribution Perpendicular to pn-Junction
          
          

          

        

        
          
          

          Fig. 4. 
				
          

          
            Far-Field Distribution Parallel to pn-Junction.
          
          

          

        

        Figure 5 shows a block diagram of the operation of the PLD. The required current capacity (IPS) can be expressed as an equation (3). Total Input Capacity can be expressed as the sum of the Pulse Forming Network (CPFN), MOSFET Capacity (CFET), and the parasitic Capacity (CSTRAY), required current can be obtained from the drive voltage (V) and frequency (f). [14], [15], [16]

        
          
          

          Fig. 5. 
				
          

          
            Block diagram of PLD operation.
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        The PLD circuit was designed as shown in Figure 5, where	= 500pF, =120pF, = 200pF, frequency = 10kHz, and input voltage is approximately 67 V.

      

      
        3-2 DESIGN OF APD DETECTOR
        Figure 6 shows the charging and discharging pulse when the input voltage is 67.7 V and the Pulse Repetition Frequency (PRF) is 10kHz. The voltage and frequency were measured using a LecCroy Co. WaveSurfer104MXs-B.

        
          
          

          Fig. 6. 
				
          

          
            PLD operating pulse.
          
          

          

        

        In this system, it is necessary to detect the PLD’s emission signal when it is reflected back from the target. In this study, an I/V convertor was designed for converting a light signal to a voltage signal. Figure 7 shows the APD Detector Block Diagram. The detector was designed using an APD which has a peak wavelength of 905 nm. However, the APD has the disadvantage of changing characteristics according to temperature, therefore, it becomes important to maintain an optimized M (multiplication factor). We suggest a temperature compensation circuit to control the APD bias voltage consistently according to the value from an external temperature sensor, this will enable us to maintain the optimum M value. [17], [18], [19], [20]

        
          
          

          Fig. 7. 
				
          

          
            APD Detector Block Diagram.
          
          

          

        

        Figure 8 shows a temperature compensation method using a differential amplifier. The amplifier is used to compare the value from the temperature sensor (TMP36) and the APD Bias voltage. A reference voltage is applied to V+ of the op-amp. A voltage from the TMP36 sensor is applied to V- of the op-amp. The temperature compensation circuit equation can be expressed as shown below. [21] Equation (6) can be induced from equation (4) and (5).

        
          
          

          Fig. 8. 
				
          

          
            Vctrl output circuit for comparing temperature sensor voltage Vcen and reference voltage Vref.
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        Figure 9 shows the designed temperature compensation circuit for the APD bias. It is based on equation (6) and compares the external temperature sensor’s output voltage and the reference voltage to adjust the Ctrl voltage, this makes it possible to maintain the optimum M value according to temperature.[22]

        
          
          

          Fig. 9. 
				
          

          
            Proposed Temperature Compensation Circuit for APD-bias.
          
          

          

        

        
          
          

          Fig. 10. 
				
          

          
            APD Bias Voltage versus Temperature.
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        The output voltage of the proposed APD Bias circuit can be represented as shown in expression (7). [23]

      

      
        3-3 DESIGN OF LIDAR OPTICAL SYSTEM FOR AGVs
        The optical system of the LiDAR sensor consists of elements such as the optical system of the transmitter unit at the top of the rotating mirror, the optical system of the receiver unit at the bottom of the rotating mirror, a PLD, a reflector, a lens, and a detector.

        Figure 11 shows the proposed LiDAR sensor’s optical system. It was designed to obtain a 270° FoV (Field of View) using a rotating mirror. The laser aperture of the Pulsed Laser Diode is 200 µm x 10 µm, Beam Divergence is 25° (Fast Axis) and 9° (Slow Axis). The equation for collecting parallel laser beams is shown in equation (8).

        
          
          

          Fig. 11. 
				
          

          
            Proposed Lidar Sensor Optical System.
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        Sb is the beam size on the target, d is distance between the lens and target, Sc is the chip size of the laser, and f is the focal distance of the lens. In this paper, the focal distance of the lens must be 30 mm according to equation (8) in order to achieve a radial angle of 5 mrad (i.e. a 100mm beam size at 10 m) and must be at least 27 mm to correspond to a 25° radial angle. Therefore, the focal distance adopted was 30nm and the beam size on the target was designed to be 50nm at 10m using a small collimation lens. [24],[25]

        Figure 12 shows a simulation of the beam size on a target at 10 m using the designed lens. The beam was measured to be 50 mm in width and length in the actual measurements, this matches the simulation results.

        
          
          

          Fig. 12. 
				
          

          
            Collimation beam Simulation (a) and Measurement (b).
          
          

          

        

        Figure 13 shows the simulation result for a system without a collimation lens in the transmitter unit. In this simulation, at least 1 hundred million rays are needed to give a sufficient spread of beam results to detect the target. This shows how the collimation lens is an essential element of this system.

        
          
          

          Fig. 13. 
				
          

          
            Simulation results without Collimation Lens.
          
          

          

        

        Figure 14 shows the simulation results with the collimation lens. In this simulation, the beam size on the target is 50 mm x 50 mm at 10 m. The collimation lens is a N-BK7 plano- convex lens. Its EFL (Effective Focal Length) is 20mm, this makes it possible to detect targets 20 mm from laser.

        
          
          

          Fig. 14. 
				
          

          
            Simulation results with Collimation Lens.
          
          

          

        

        Figure 15 shows the simulation results for the receiver unit’s lens. The simulation results show that an EFL of 30mm gives the best efficiency.

        
          
          

          Fig. 15. 
				
          

          
            Correction Lens in Receiver Unit.
          
          

          

        

        Based on these simulations, we attached a lens for collimation to the transmitter unit. Also, the receiver unit and the lower part of system, is designed as an integral structure that includes the light collection lens. The proposed LiDAR sensor’s optical system has a structure designed to allow easy control of up, down, left, and right movements.

        Figure 17 shows the reflection of laser by surface type. The results of measurements of laser signals are different from different types of surfaces such as from mirrors or glass. If the detection object surface is a mirror, it can be effectively measured only when the angle of incidence of the laser is perpendicular to the surface. If the angle of incidence of the laser is not perpendicular, the diffuse reflectance is greatly reduced. Also, precise measurement in the case of transparent objects such as glass is difficult due to light refraction. When measuring a transparent object, multiple signals could be detected such as reflection signals that have come from inside or through the transparent object. Also, we may detect diffusion and reflection signals from the surface of an object that is not totally transparent. Due to the above, uncertain measurement result can occur, as shown in Figure 17. In order to prevent this problem, it is necessary to perform some processing to reduce the transparency and reflectivity of objects that have an unstable surface type in the LiDAR environment. A walk error is a distance error cause by the reflectivity of the target. Ideally, a distance measurement should be made regardless of any differences in reflectivity. However, in the case of laser sensors, distance errors occur while converting the analog signal to a digital signal. In order to solve this problem, we developed a feed forward compensation algorithm technology that experimentally obtained the distance error relationship according to the signal size and converted it into a look-up table.

        
          
          

          Fig. 16. 
				
          

          
            Suggested Optical System for LiDAR sensor in AGVs.
          
          

          

        

        
          
          

          Fig. 17. 
				
          

          
            Reflection of laser by surface type
          
          

          

        

        Figure 18 shows a graph of pulse amplitude versus pulse width and distance error, as well as the compensation equation. The size and width of signal have a certain ratio. Therefore, if the width of the signal can be measured, the size of the signal increases and can be inferred even if the saturation region exists. In addition, it is possible to know the degree of distance error that occurs through measurement.

        
          
          

          Fig. 18. 
				
          

          
            A graph showing amplitude of pulse signal versus pulse width and distance error, as well as compensation equation.
          
          

          

        

      

      
        3-4 PROPOSED SIGNAL PROCESSING
        The LiDAR sensor for AGV SLAMs uses an MCU which is based on the ARM Cortex-M4. It analyzes the TDC to obtain a distance using the trigger signal of the BLDC, the stop signal of the APD Detector, as well as using the Motor and Pulsed Laser Diode Driver.

        Figure 20 shows △t, the time difference between transmitting a signal and receiving a signal. After this, the TDC passes the gathered data to the gate for the time period between the start and stop signals. We can measure △t by counting the number of gates. △t is calculated by the flight time method, which converts the gathered data into distance values and stores them in memory. The TDC calculation process is performed periodically during the scanning operation, and as the direction irradiated by the scanning structure is changed to a certain angle, the distance data set of the LIDAR coordinate system generated based on the LIDAR sensor was extracted and designed. The distance dataset of the coordinate system is extracted from the combined data. [26]

        
          
          

          Fig. 19. 
				
          

          
            Signal Processing Part Block Diagram.
          
          

          

        

        
          
          

          Fig. 20. 
				
          

          
            Distance Measurements by the TDC.
          
          

          

        

        
          
          

          Fig. 21. 
				
          

          
            Sensor Signal Processing Block Diagram.
          
          

          

        

        A motor driver was designed to control the BLDC motor by controlling the PWM pulse. This PWM signal is input into the motor driver to allow an interrupt to operate at certain intervals using an optical interrupt signal from the encoder. As a result of the control of the BLDC, the motor rotates at a constant speed of 15 Hz and increases the stability of the LiDAR’s point data acquisition. Also, the measurement time of each distance is determined by the encoder signal that is attached to the motor. To obtain distance data and scanning data point by point, the encoder signals are used to generate the laser trigger signal. [27]

        Designed using SCIOSENSE's TDC-GP22 chip to measure the time difference between start and stop signals, the acquired time difference is converted into distance information and stored in memory. [28] The stored data in memory is converted to a predefined protocol form for transmission to the Viewer software. A point data set of 1208 bytes per layer is sent to a PC. One layer is composed of Inform data, High bit data, and Low bit data, and the distance value can be determined by calculating the upper and lower bits. It is designed to know the number of defined LiDAR Points through the number of indexes of Inform data. Figure 22 shows the defined protocol of the LiDAR point cloud data. [29]

        
          
          

          Fig. 22. 
				
          

          
            Defined Protocol of LiDAR Data.
          
          

          

        

        Figure 23 was produced by organizing the TDC to analyze signals that were reflected off a target, the MCU processes 32 bits of distance data, and Ethernet communication handles cloud data transmission of the points.

        
          
          

          Fig. 23. 
				
          

          
            Produced Signal Processing Board for LiDAR sensor.
          
          

          

        

      

    

    

  
    
      Ⅳ. Environment and Experimental Results
      The tested commercial LiDAR for AGVs has a maximum measuring distance of 20 m and a field of view of 300˚. However, the proposed LiDAR for AGVs has a maximum measuring distance of 30 m and a 270 ˚field of view mode. Commercial LiDAR for AGVs has a 0.5˚ angular resolution and a 25 Hz scan rate. However, the proposed LiDAR for AGVs has a 0.1˚angular resolution and a 10 Hz to 30 Hz adaptable scan rate. Both systems use infrared lasers (905 nm).

      The performance of both sensors was verified by experiments indoors. The commercial LiDAR for AGVs was tested at 0.5 angular resolution, the proposed LiDAR for AGVs was tested at 0.1 angular resolution. Figure 24 shows the indoor field test conditions. The size of the room was 20m x 20m as measured by the proposed sensor.

      
        
        

        Fig. 24. 
				
        

        
          Field Test Conditions.
        
        

        

      

      
        
        

        Fig. 25. 
				
        

        
          Indoor space for sensor experiment.
        
        

        

      

      Distance data was obtained using the Viewer for Point Cloud data measured by commercial LiDAR for AGVs, as shown in Figure 26.

      
        
        

        Fig. 26. 
				
        

        
          Point Cloud Data from commercial LiDAR for AGVs. The LiDAR for industrial AGVs used in this experiment is from AkuSense Inc., a leading provider of sensor application solutions. The model name used is AKU-LS-D20-300.
        
        

        

      

      Figure 26 shows the Point Cloud Data from the commercial LiDAR for AGVs, its angular resolution is 0.5°, this leads to undetected areas due to the reflectivity and color of certain objects. Our LiDAR sensor has 0.1° angular resolution, improving its detection ability by more than 5 times when compared to the commercial sensor, as shown in Figure 27.

      
        
        

        Fig. 27. 
				
        

        
          Point Cloud Data from Proposed LiDAR for AGV.
        
        

        

      

      Sensor accuracy at 1 m increments was tested for distances from 1 m to 10 m. A coated white board was used as the target. Each distance from 1 m to 10 m was measured 1000 times. A Leica laser distance finder was used to determine any error. Figure 28 shows the experiment setup and laser distance finder’s specification. Table 2 shows the average errors and accuracies.

      
        
        

        Fig. 28. 
				
        

        
          Experiment setup and laser distance finder’s specification.
        
        

        

      

      
        Table 2. 
				
        

        
          Average of Error and Accuracy at each distance.
        
        

      

      
        
          
            	Distance [mm]
            	Number of measurements.
            	Error [cm]
            	Accuracy [%]
          

        
        
          	100
          	1000
          	0.120
          	99.880
        

        
          	200
          	1000
          	0.119
          	99.941
        

        
          	300
          	1000
          	0.176
          	99.941
        

        
          	400
          	1000
          	0.249
          	99.938
        

        
          	500
          	1000
          	0.329
          	99.934
        

        
          	600
          	1000
          	0.324
          	99.946
        

        
          	700
          	1000
          	0.398
          	99.943
        

        
          	800
          	1000
          	0.450
          	99.944
        

        
          	900
          	1000
          	0.456
          	99.949
        

        
          	1000
          	1000
          	0.672
          	99.933
        

      

      

      Figure 29 shows error and accuracy graphs. According to Table 3, an average error of 0.12 cm occurred at a distance of 1 m. A 0.672 cm average error occurred at 10 m. From 1 to 10 m, the total average error was about 0.33 cm. The accuracy of the distance measurements was 99.88 % at 1 m and 99.93 % at 10 m, the average of accuracy of the distance measurements was about 99.93%. The proposed LiDAR sensor system for AGVs shows an improvement in the reliability of the measured distance.

      
        
        

        Fig. 29. 
				
        

        
          Error and Accuracy vs Distance Graph
        
        

        

      

      Figure 30 shows a real AGV model for testing AGV obstacle avoidance. It was developed with LiDAR sensors. It is equipped with LiDAR sensors and performs obstacles avoidance based on the LiDAR sensor data.

      
        
        

        Fig. 30. 
				
        

        
          Real AGV model for SLAM Test.
        
        

        

      

      A mapping experiment was conducted with our LiDAR sensor attached to a real AGV. Figure 31 shows the path of the AGV. Map data was acquired while the AGV was moving on its path.

      
        
        

        Fig. 31. 
				
        

        
          State of time sequence map during experiment mapping.
        
        

        

      

      An autonomous driving test was conducted using the map obtained by the LiDAR sensor on the AGV. This demo AGV experiment confirms that it is possible to locate and autonomously drive to a designated destination by comparing map information with measured information of the proposed 2D laser sensor. As the proposed LiDAR has 5 times better scan resolution than commercial LiDAR, our LiDAR was able to obtain 5 times the amount of data every frame. In addition, the minimum detection size of object is 5 times smaller from the same distance. When the AGV moves and passes between objects, the AGV will hit the objects unless the LiDAR sensor mounted on the AGV detects the exact edge of the object. While driving, it compares the information mapped by the AGV with the information scanned by LiDAR to determine if the AGV should avoid the object. If angular resolution is not precise, errors occur while driving. Figure 32 shows the different detection points of the same object using 0.1 angular resolution and 0.5 angular resolution from the same distance.

      
        
        

        Fig. 32. 
				
        

        
          Difference in detection points using 0.1 and 0.5 angular resolution.
        
        

        

      

    

    

  
    
      Ⅴ. Conclusion
      In this paper, a LiDAR sensor for AGV’s was proposed that uses simultaneous localization and SLAM. The designed and manufactured LiDAR sensor technology consists of a PLD with a pulsed repetition frequency of 10 kHz, an APD detector with temperature compensation and a –100 V to –300V range, an optical system with integrated transmitter and receiver unit, a LiDAR sensor with a FoV of 270° and an angular resolution of 0.1°. The LiDAR sensor output data is sent to a PC via an Ethernet connection. The proposed LiDAR sensor system was attached to a real AGV for performance evaluation. The system’s average distance error was found to be 0.33cm, the average of accuracy was 99.93 %. These results show that the proposed sensor’s detection ability give a more than 5 fold improvement compared to commercial LiDAR sensors
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