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Abstract

:

The development of multirotor vehicles can often be a dangerous and costly undertaking due to the possibility of crashes resulting from faulty controllers. The matter of safety in such activities has primarily been addressed through the use of testbeds. However, testbeds for testing multirotor vehicles with suspended loads have previously not been reported. In this study, a simple yet novel testing platform was designed and built to aid in testing and evaluating the performances of multirotor flying vehicles, including vehicles with suspended loads. The platform allows the flying vehicle to move with all six degrees of freedom (DOF). Single or three-DOF motions can also be performed. Moreover, the platform was designed to enable the determination of the mass properties (center of mass and moments of inertia) of small multirotor vehicles (which are usually required in the development of new control systems). The applicability of the test platform for the in-flight performance testing of a multirotor vehicle was successfully demonstrated using a Holybro X500 quadcopter with a suspended load. The test platform was also successfully used to determine the mass properties of the vehicle.
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1. Introduction


In recent years, multirotor flying vehicles such as quadrotors have gained considerable popularity due to a variety of advantages that they possess, including reliability, simplicity, economy (cheap and easy to manufacture), and agility, among others. This has allowed them to find diverse uses in both civilian and military applications, such as in agriculture, search and rescue missions, reconnaissance missions, inspection (pipeline, risk zone inspections), and aerial mapping. Studies have thus continued to strive to advance this technology.



The development of a multirotor vehicle can be complex, time-consuming [1], and dangerous [2]. A typical development process for a multirotor vehicle usually involves modeling, system design, design of the vehicle controller, simulation, and actual flight testing of the vehicle [1,2,3]. During the development process, the simulation phase is important, as it can be used to ascertain whether the controllers are functioning correctly. This reduces the risk of dangerous and costly crashes (resulting from faulty controllers). It thus provides a safe and cheaper way for testing controller performance. While simulations serve an important role in the development process, it is known that the performance of the controllers in simulations differs from that in real flight [1]. This can be due to a variety of reasons, including the inability to completely simulate all flight conditions correctly and the likely existence of errors in any simulation. A solution to this problem is to perform flight tests in a testbed, which is a safe way to test the controllers in more realistic conditions. Most of the published articles in regard to multirotor testbed are related to hardware in the loop (HIL) flight tests. These tests are, however, not considered to be real flight tests, as the sensors that provide the vehicle states are not real [2,4,5,6].



A number of published works have addressed the matter of multirotor testing beds. In [7,8], the authors reported the development of one-axis test platforms that have been used for control testing, including tuning of the PID controllers. Since these testing platforms enable rotation about a single axis and no translations, they possess limited functionality. Testbeds inspired by the design of the gyroscope have been reported in [9,10,11,12,13,14,15]. These testbeds include 3-DOF designs in [9,10,11,12] that allow for rotation about the pitch, roll, and yaw axes; and 4-DOF designs with the additional DOF of elevation [13,14,15]. Six-DOF testbeds for control tests have been developed, such as those documented in [1,3,16,17,18]. These test beds allow for motion similar to motion in free flight, within some test limits, to avoid crashes. Additional information on these test beds is summarized in Table 1.



The test beds reported in [1,3,7,8,9,10,11,12,13,14,15,16,17,18] have been used for the safe (prevention of crashes and damage and loss to property) development of multirotor vehicles. These testbeds were designed for testing vehicles without attached suspended loads. Vehicles with suspended loads have numerous important applications, such as load delivery, mine detection, and rescue missions. However, the suspended load under such a vehicle creates pendulous motions that have an adverse effect on the performance of the vehicle. These motions need to be damped, and there are a variety of techniques to achieve this. One such method (of interest to this work) is an indirect control approach through cable angle feedback on the load motion to the multirotor vehicle. This technique, generally referred to as cable angle feedback (CAF) control, was pioneered by [19,20,21,22] and has since been used by numerous researchers; see [23,24,25,26]. A search in the literature for test platforms designed for testing vehicles these types of vehicles (vehicles with attached suspended loads) yielded no results. An alternative solution reported in the literature [27,28,29,30] is unrestricted flight (free flight) tests for testing vehicles with suspended loads. These tests included tests for multivehicle collaborative swing load transportation [29], anti-swing controllers [27,30], and swing load trajectory tracking [28] (see Table 1 for summarized details of these tests). While these tests were reported to be successful, there still remained a risk of crashing due to a variety of reasons, such as faulty controllers. There thus appears to be a gap in the literature for testbeds for testing multirotor vehicles with suspended loads. The work in this article sought to address this gap through the development of a testbed for multirotor vehicles with suspended loads. The proposed test platform is expected to help designers to test and optimize new controllers for multirotor flight vehicles in a safe environment. The proposed testbed has good mobility; therefore, it can be used to conduct both indoor and outdoor flight tests. The testbed was also designed to aid in the determination of physical parameters, including the center of mass along the yaw axis, and the moments of inertia about the pitch, yaw, and roll axes, which are usually required in the development of new multirotor vehicles.
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Table 1. Information on testbeds for multirotor flying vehicles reported in the literature.






Table 1. Information on testbeds for multirotor flying vehicles reported in the literature.





	
Number of Degrees of Freedom of the Testbeds

	
Summarized Details of the Testbed

	
Type of

Vehicle in the Test

	
Reference

	
Suspended Load






	
One DOF

	
Single axis test-bench used for PID controller tuning

	
Quadcopter

	
[7]

	
No Suspended load




	
Single axis control test bench

	
[8]




	
Three DOF

	
Gyroscopic test bench to test for stability tests including over or under actuated UACs as we control loop structures

	
Quadcopter

	
[9]




	
Simple test rig for testing the designed controller. Rotation about two of the three axes (pitch, raw and yaw) is fixed allowing for rotation on only either the pitch or the roll. Translation is also fixed in all direction except for vertical movement which is also fixable.

	
[10]




	
Gyroscopic 3 DOF test bench for analyzing control systems

	
[11]




	
3DOF test bench to test for modified PID controller for stabilization of a quadcopter. The bed allows for rotation about three axes with translation being restricted.

	
[12]




	
Four DOF

	
Test platform based on gyroscope motion with 3 side circles. Tuning of control parameters. Four axis motion tests including, elevation, pitch, yaw and roll tests.

	
Multi-rotor UAV

	
[13]




	
3DOF test platform where rotation about all axes is allowed whereas translation is restricted, and a 1 DOF test platform complementing the first platform

	
Quadcopter

	
[14]




	
Development of a variable DOF flight control system for a quadcopter.Separate test for pitch, yaw roll and elevation through use of lockable universal joints and roller bearings allowing of up to 4 DOF.

	
[15]




	
Six DOF

	
Test bed to safely test designed UAV. Test platform allows for rotation about the pitch and roll axes and translation along three axes through linear guides.

	
Quadcopter

	
[16]




	
Test platform to test a developed hovering algorithm

	
[17]




	
Testbed designed to evaluate performance of bother attitude and position controllers for multicopter vehicles. Testbed designed to allow 6DOF motion of the multicopter

	
[1]




	
6 DOF test platform to emulate actual free flight to aid in the design and control of UAVs. In the platform the UAV is attached to the end effector of an articulated manipulator

	
[18]




	
Quadcopter test bench for 6 DOF flight controller testing. Utilizes a 6 axes torque-force sensor to simulate the position of the vehicle

	
[3]




	
Unrestricted free flight

	
Implementation of an anti-swing controller on a quadcopter with a suspended load. Test conducted indoor in a cage

	
Quadcopter

	
[27]

	
Suspended load




	
Proposed trajectory tracking controller for a single load carrying quadcopter. Experiments conducted indoor in a cage

	
[28]




	
Development of a collaborative control and transportation of a swing load using multiple multicopters. Experiments conducted indoor

	
[29]




	
Test of controller for a quadcopter with suspended load through window. Test conducted using Astec Hummingbird quadcopter to validate proposed control. Actual test with no testbed

	
[30]










2. Proposed Test Platform


As previously mentioned, the development of a multirotor vehicle typically involves four phases: system design, controller design, simulations, and actual flight testing. In this work, a simple and cost-effective test platform is proposed to aid in the development of multirotor vehicles. The test platform was developed to enable indoor and outdoor flight tests of small multirotor vehicles (with mass ranging from 0.5 to 4 kg). The proposed test bed was also developed to aid in the determination of physical parameters which are required for the modeling of vehicle dynamics and simulation phases. These parameters include the vehicles center of mass (COM) along the yaw axis of the multirotor vehicle, and moments of inertia MOI about the pitch, roll, and yaw axes. What follows are descriptions of the various aspects and uses of the proposed test platform.



2.1. Restricted Flight Testing for Indoor and Outdoor Controller Evaluation


The test platform was developed to enable the evaluation of controllers (and more specifically, controllers for vehicles with attached suspended loads) for small multirotor vehicles. The idea is to constrain a vehicle in such a manner that would allow it to fly freely within a defined space. This would provide for a way to evaluate the vehicle’s controller(s) in a safe manner which would otherwise be costly or (and) dangerous in the event of defects. The CAD model of the proposed test platform is shown in Figure 1, which includes three views (top, side, and front) and the isometric view.



In a typical test, the multirotor would be restricted using cables and confined to fly within a specific region. The type and size of the multirotor will determine how the multirotor is restricted on the test platform. This would also dictate the volume of the region within which the test flight would be restricted. A depiction of the region to which flight is confined is shown in Figure 2. In this particular setup, the multirotor is restricted by cables attached to the arms or the landing gear. The cables’ lengths are chosen to allow the multirotor to make limited vertical movements and limited pitch, yaw, and roll maneuvers without coming into contact with the test platform structure or the cables getting entangled. The multirotor is also attached to a retractable cable (from the top, as shown in Figure 2) to provide guidance in the vertical direction and to stop the vehicle from dropping to the ground in an emergency.



Indoor Flight Testing


Anti-swing controllers require information on the position of the multirotor and the swing load (via cable angle feedback). For outdoor applications, GPS can be used to determine the position of vehicle. However, in indoor tests (which is usually the case in the development stage), GPS signals are unreliable and in some case undetectable. Thus, another position sensor must be used. There are a variety of techniques that can be used to obtain the vehicle position data indoors. These include visual odometer systems that are based on images taken by a camera, such as the realsense T265 tracking camera, or an ultrasonic device, such as the beacons system [31]. In this work, the T265 was adopted. This camera should be connected to a companion computer to provide the vehicle’s position. The companion computer used in this work was the NVIDIA Jetson Nano Developer Embedded Development Board A57 depicted in Figure 3. A detailed procedure to configure the camera with the companion computer and the necessary software packages is given in [32].



The position of the suspended load, for both indoor and outdoor tests, can be extracted from knowledge of the swing angles and the specified cable length of the suspended load. The swing angles ɸL and ɵL, as described in Figure 4, need to be determined in real-time. Various methods have been employed, including the use of encoders or potentiometers mounted in a gimbal that is attached to the suspension cable [33], the use of joystick sensors (see [34]), the use of a camera and image processing [35,36], and the use of a VICOM motion capture system [37,38]. In this work the joystick sensor approach was utilized.





2.2. Test Setup for the Anti-Swing Controller’s Evaluation


The proposed test platform was used in the development of an anti-swing controller for a Holybro X500 quadrotor equipped with a Pixhawk controller. A suspended load was also attached to the quadcopter. To determine the position of the quadcopter during outdoor tests, a high precision real kinetic kinematics (RTK) GPS (with accuracy of up to 2 cm [39]) was fitted to the quadcopter. For indoor tests, the Realsense camera (with under 1% closed loop drift [40]) and Jetson nano A57 companion were fitted to the quadcopter. The camera was connected to the Jetson board through a USB cable, and the Jetson board was connected to the pixhawk through the telemetry cable, as shown in Figure 5. The swing angles were measured by a FrSky M9 Hall Sensor Gimbal joystick with a sensitivity of 2.5 mV/G [34]. Figure 6 shows an image of the Holybro X500 quadrotor ready for indoor and outdoor testing.




2.3. Determination of Multirotor Mass Properties


Modeling the vehicle dynamics of a multirotor vehicle requires knowledge of the center of mass (COM) and moments of inertia (MOI) of the vehicle. These include the MOI about the pitch, roll, and yaw axes. The test stand was developed to enable the determination of the COM about the yaw axis and the MOI about the yaw, roll, and pitch axes (defined in Figure 7) through experiments. What follows is a brief discussion on the determination of the COM along the yaw axis and the MOI about the three axes.



Determination of the COM along the yaw axis and the moments of inertia about the pitch and roll axes was performed by converting the vehicle into a physical pendulum and applying the physical pendulum theorem. The procedure is discussed in detail in [41]. On the other hand, determination of the MOI about the yaw axis was determined by using the bifilar pendulum method. The technique is described in detail in [42,43,44]. The test setups for determination of the COM and MOI of the X500 Holybro quadcopter are shown in Figure 8.



It should be noted that the accuracy of both the MOI and COM were limited by the measurements taken, including distances between points, time period measurements, and other length measurements. The methods presented here are reliable, of sufficient accuracy, and alternatives to the analytical solutions and the use of CAD models which would be impractical for complex geometries [42].





3. Test Results and Discussion


The proposed test platform was used in the development of an anti-swing controller for a Holybro X500 quadrotor with a suspended load. Some of the physical parameters needed in development include the center of mass of the quadrotor and the moments of inertia of the quadrotor (about the pitch, roll, and yaw axes). These parameters were obtained using the proposed test platform. In addition, the ability of test platform to evaluate the performance of an anti-swing controller on the quadcopter in a safe environment was demonstrated. What follows is a presentation and discussion of results from tests to determine the above-mentioned physical parameters and the use of the test platform for safely testing the performance of an anti-swing controller currently in development.



3.1. Determination of the Quadcopter’s Mass Properties


The center of mass of the quadcopter was determined by considering the dependence of the time period on the location of the pivot. The quadcopter was suspended (at 15 points) on the testbed, as indicated in Figure 8a. The time periods were then determined for different pivot points, as described in [41]. The results are reported in Table 2 and plotted in Figure 9.



The results in Figure 9 indicate that the minimum time periods occurred when the pivot points were at 167 and 437 mm. Consequently, the center of mass was located at 302 mm, corresponding to the center of the minimum period locations (and center of the two sections of the curves). The coordinates and the center of mass were plotted in the quadcopter image in Figure 10 for better visualization.



Determination of the moments of inertia of the quadcopter, about the pitch and roll axes, requires knowledge of the mass of the vehicle, the distances from the pivot to the center of mass, and the periods of oscillation of the quadcopter about the two axes (pitch and roll) (see [41]). The mass or the quadcopter was measured, and the distances between the pivot points and the COM were extracted from the previous experiment. The time periods of oscillation for the quadcopter about the pitch and roll axes were also determined based on the test setup shown in Figure 8b. The results from the experiments are reported in Table 3.



The moments of inertia about the pitch axes could then be computed as discussed in [41], and the moments of inertia about the axis through the COM (but parallel to the later axes) could be determined by applying the transfer of axis formula as follows:


  I =  I ¯  + m  d 2   



(1)







In Equation (1),   I ¯   refers to the inertia about the axis through the COM and d refers to the distances between the COM and the pitch and roll axes (i.e., dp and dr as listed in Table 3). The results for the moments of inertia are reported in Table 4.



To determine the moment of inertia about the yaw axis, the procedure outlined in [42,43,44] was utilized. This required suspending the quadcopter as indicated in Figure 8c and then measuring the distances D and L (described in Figure 11) along with the time period of oscillation of the quadcopter (suspended as a bifilar pendulum). The moment of inertia about the yaw axis was then computed, and the results are reported in Table 5.




3.2. Flight Testing of Holybro X500 Quadcopter


The Holybro X500 quadcopter with an attached suspended load was constrained on the testbed as shown in Figure 12. The quadcopter was able to move and rotate in any direction with appropriate limits on the motion. and without any part of the vehicle coming in contact with the testbed or the restraining cables becoming entangled. The limits on the movement of the vehicle were deliberately chosen to enable it to fly freely within a prescribed region while ensuring that it would not crash in cases of loss of control.



For the test, the quadcopter was made to hover with the restraining cables still loose. A disturbance was then applied to the suspended load (this was done four times for the test). The disturbance entailed displacing the suspended load. The data of the swing angle and the quadcopter angles, including the roll angle, pitch angle, and yaw angle, were recorded and are plotted in Figure 13, Figure 14, Figure 15, Figure 16, and Figure 17, respectively. These results are some of the data that could be used to evaluate the performance of the quadcopter. It should be noted that those data are for the case of the quadcopter without the anti-swing controller.



Figure 13 and Figure 14 show the in-plane and the out-of-plane load swing angles, respectively. The swing load was disturbed four times at approximately 5, 16, 27, and 35 s. These times of disturbances are apparent in Figure 13. In Figure 15, Figure 16, and Figure 17, the roll, pitch, and yaw angles of the quadcopter are plotted. The swing load disturbances are apparent in the quadcopter roll angle figure (Figure 15). The pitch and yaw angles (Figure 15 and Figure 16) appear to have been approximately constant, alluding to the fact that the swing load was displaced in such a way as to cause the vehicle’s angular movement to be vastly in the roll direction.





4. Conclusions


In this work, a simple but novel 6-DOF test platform was designed and built for testing the performance of multirotor flying vehicles. This test platform was designed to perform a variety of tasks, including flight training and experimental determination of the mass properties of any small multirotor vehicle (such as the moments of inertia and center of mass). Moreover, the test platform can be used for multirotor controller in-flight performance testing (including vehicles with suspended loads).



The test platform was successfully used to determine the mass properties of a Holybro × 500 quadcopter. The applicability of the test platform for the in-flight performance testing of a multirotor vehicle was also successfully demonstrated with a Holybro × 500 quadcopter with a suspended load. Based on the tests, it is the authors’ opinion that this simple and cost-effective novel test platform is a powerful and useful piece of equipment for flight testing multirotor vehicles in a safe manner.
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Figure 1. CAD model of the multiuse indoor test platform for multirotor testing: (a) Top view; (b) isometric view; (c) front view; (d) side view. 
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Figure 2. Region in the test platform where the flight of the multirotor is restricted. 
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Figure 3. Position sensing equipment: (a) Realsense T265 tracking camera. (b) Jetson nano A57 companion computer. 
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Figure 4. Description of the swing angles. In-plane swing angle (ɸL) and out-of-plane swing angle (ɵL). 
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Figure 5. Descriptions of the connections of the pixhawk to the camera and the companion computer: (a) connections of the tracking camera to the companion computer and Pixhawk board; (b) telemetry pins on the pixhawk. 
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Figure 6. X500 Holybro quadcopter with a jetson computer, an RTK GPS, and a relasense camera installed for indoor and outdoor testing. 
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Figure 7. Axes about which the moments of inertia were to be determined. 
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Figure 8. Test setup for determination of the mass properties of the X500 Holybro quadcopter: (a) determination of the COM; (b) determination of MOI about the pitch and roll axes; (c) determination of the MOI about the yaw axis. 
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Figure 9. Axes about which the moments of inertia were to be determined. 
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Figure 10. Location of the quadcopter’s center of mass. 
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Figure 11. Depiction of a quadcopter bifilar pendulum. 
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Figure 12. Restricted quadrotor with a suspended load in the test platform. 
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Figure 13. In–plane load swing angle ɸL (as described in Figure 4). 
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Figure 14. Out–of–plane load swing angles ƟL (as described in Figure 4). 
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Figure 15. Quadcopter roll angle. 
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Figure 16. Quadcopter pitch angle. 
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Figure 17. Quadcopter yaw angle. 
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Table 2. Results from experimental to determine the COM.
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	Number
	Coordinate (mm)
	Time Period T (sec)





	1
	0
	1.226



	2
	30
	1.1808



	3
	61
	1.1324



	4
	92
	1.1036



	5
	121
	1.0776



	6
	151
	1.0588



	7
	181
	1.0588



	8
	210
	1.094



	9
	319
	1.3096



	10
	408
	1.058



	11
	437
	1.046



	12
	468
	1.0624



	13
	499
	1.0896



	14
	528
	1.1292



	15
	559
	1.166
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Table 3. Results from experimentation used to determine the moments of inertia.
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	Description of Item
	Symbol
	Value





	Total Quadcopter mass
	m
	1.585 kg



	Distance between pivot at the pitch axis and COM
	dp
	57.62 mm



	Distance between pivot at the roll axis and COM
	dr
	57.816 m



	Period of oscillation about the pitch axis
	Tp
	1.026 s



	Period of oscillation about the roll axis
	Tr
	1.055 s
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Table 4. Results from experimentation used to determine the moments of inertia.
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Description of Item

	
Symbol

	
Inertia Values (kg·m2)




	
Pitch Axis

	
Roll Axis






	
Axis through Pivot point

	
I

	
0.023899

	
0.025326




	
Axis through COM

	
   I ¯   

	
0.018636482

	
0.020027499
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Table 5. Moment of inertia of the X500 quadcopter about the yaw axis.
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	Description of Item
	Symbol
	Value





	distance between the two suspension cables (see Figure 9)
	D
	0.146 m



	length of the suspension cable (see Figure 9)
	L
	1.066 m



	Period of oscillation about the yaw axis
	T
	3.7608 s



	Moment of inertia about the yaw axis (axis through COM)
	Iyaw
	0.02788 kg·m2
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