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Abstract

:

Compliance actuation systems are efficient and safe, drawing attention to their development. However, compliance has caused bandwidth loss, instability, and mechanical vibration in robotic systems. Variable physical damping was introduced to address these issues. This paper presents a technique for obtaining variable damping properties using an electromagnetic brake. The relationship mapping of the voltage and the braking torque is studied and applied to the variable damping concept. A new model is proposed to demonstrate the actuation system performance gained by introducing physical damping. The experimental setup comprises an electromagnetic brake and a motor with an integrated controller for speed control and torque feedback. The motor provides the motion, while the electromagnetic brake replicates the damping through a friction mechanism. The variable damping concept was evaluated experimentally using a 1-degree-of-freedom rotational system. Experimental results show that the proposed concept can generate the desired mechanical damping with a high degree of fidelity.
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1. Introduction


In past decades, the concept of variable impedance actuators (VIA) has received greater attention from researchers, as many of the novel applications involving human-robot interactions and an unknown environment are not achieved by classical stiff actuators [1]. Considering the safety of robots, the concept of variable impedance control was introduced. In improving the safety, compliance, and efficiency of human-robot interactions, variable impedance control has been considered one of the main approaches [2]. In 1985, impedance modulation was proposed by Hogan to achieve the desired spring-damping dynamics [3]. This method is considered one of the most powerful compliant control approaches. Most robots developed in the past exhibited stiff dynamics because of the actuation approach actuated by electric DC or brushless motors coupled with a high transmission gear ratio and controlled with high-gain controllers [4,5]. These actuators work within a specific area to avoid human interaction, which can be dangerous because of their limited safety performance and, in turn, sets important limitations related to the safety and efficiency of these actuators or traditional stiff robots and their ability to interact with the environment. The introduction of physical compliance within a robot’s structure is a new and widely used trend in modern industry [6]. This approach has been used because of the incompatibility of the classical stiff and heavy manipulators with high-gain controllers for operation near the physical human interaction with the surrounding environment.



Friction dampers were studied in [7] for modal and optimal control; however, this approach neglects variations in friction parameters, as seismic dampers are not subject to persistent oscillations, and damper actuator dynamics were not considered in comparison to structural dynamics. In [8], the author explored electrorheological (ER) damper control, where damper dynamics were represented using a transfer function coupling dissipation torque to input voltage. Because the velocity change was not continuous, linear modeling was possible. As with robots with compliant joints that may have extremely dynamic movements, changes in speed and friction due to wear and heating must be accounted for [9,10,11]. A neural-network-based approach for adaptive vibration control using ER dampers that ignores damper actuator dynamics is presented in [12].



Dampers are categorized into three types based on the amount of power they need to operate (passive, active, or semi-active). Passive dampers offer a set amount of damping and are the most basic option; nevertheless, from a robotic aspect, they may not be effective when energy efficiency is needed or when the damping level must be varied to accommodate load configuration changes [13]. Purely active dampers, however, may need a large amount of energy to operate and are only valid within the closed-loop bandwidth of the controlled system [14]. In addition, in position, velocity, or torque-controlled actuators and compliant actuators with low joint physical damping show a clear antiresonance on the motor side [15]. Thus, a solution based solely on active damping will reach its limits across resonance, as the motor controllability is very low near this frequency. Unlike active systems, which can adjust the stiffness and damping components of the mechanical impedance, semi-active devices [16,17] can only control the latter component. Compared to active dampers, these types of dampening devices often need substantially less energy while retaining the adaptability of active dampers and providing inherent passivity and dependability [18].



The concern for safety in human-robot interactions has led to the development of a new actuator system with a semi-active damper and passive compliance. This system has been referred to as a variable physical damping (VPD) actuator [19]. Variable dampers are extensively deployed in robotics and mechanical systems. Recently, variable dampers have been employed in compliant actuators to improve the physical human-robot interaction [20,21,22,23,24]. Variable stiffness actuators were proposed to overcome the drawbacks arising from passive elasticity, i.e., unpremeditated oscillations that can lead to inaccuracies in stability and motion [25,26]. These issues are also addressed in other VIA strategies [22,27,28]. To overcome the limitations caused by physical compliance, friction-based semi-active dampers were introduced in the compliance actuators. The aforementioned information leads to the conclusion that using an actuation approach that can offer passive compliance and VPD (i.e., a semi-active damper) can form an effective means for the development of robots that can interact with their surroundings safely and robustly while still exhibiting good dynamic performance and accuracy. However, this idea is not easily realized, particularly when we consider the high integration density required in robotics systems.



It was proposed that magneto-rheological (MR) fluid dampers and variable friction dampers be used in a complaint system in parallel with a spring that could contribute damping to the system [29,30]. Some MR fluid dampers are also used in civil, structure, and automation suspension systems [31,32,33,34,35,36]. In addition, [37] presented a variable damping mechanism based on electrical inductance effects on a DC motor.



Furthermore, some damping modules have been developed using ER fluid [38,39]; the main drawback of these actuators is that they provide less friction. In addition, using an ER fluid brake requires many components, which makes the assembly more complex and difficult. Moreover, ER fluid brakes increase in size, weight, and cost. In [40], the author proposed a hybrid damping actuator that uses two motors and encoders that make the design bulky. Variable impedance actuation has been the subject of several studies, with an emphasis on software control [41,42,43,44,45,46,47,48,49,50] for mechatronic design [51,52,53,54].



On the basis of the preceding discussion, we suggest an electromagnetic (EM) brake with high friction, a simple design, low cost, and compact size for a variable damping actuation system. In this work, we demonstrate the successful implementation of a 1-degree-of-freedom rotational system of a variable damping actuator comprising its entire realization process. We analyzed the interaction torque, studied the relationship between the voltage and torque, and applied the concept to a variable damping actuator. Thus, the novelty and main contribution of this work is the development and subsequent experimental evaluation of an improved model by designing and developing an actuator incorporating an EM brake damper. The EM brake controls the brake force as it corresponds to the speed to replicate damping behavior. The EM brake adjusts the damping and provides the damping as desired. The implemented damper is a fast and strong friction mechanism with a large dissipative capacity that may be adjusted to change the apparent damping of the system.



This paper is organized as follows. Section 2 introduces the design concept, the operating principle, and the mechanical design of the variable damping actuator. Section 3 shows the EM brake characterization. Section 4 describes the experimental setup and discusses the results obtained from the improved model. Section 5 presents the results of different damping torque tests, while Section 6 summarizes the key findings.




2. The Variable Damping Actuator Concept


2.1. Operating Principle


A variable damping actuator using an EM brake provides variable damping properties by adjusting the brake friction torque. The experimental setup comprises a brake and a motor having a built-in encoder. The brake operates by applying a DC voltage across its terminals. When voltage is applied to the coil of the EM brake, the magnetic flux attracts the armature to the face of the brake, and the resistive friction force between the brake stator and the brake rotor is increased. The friction force is increased and decreased by varying the voltage across its terminal. At 0 V, the stator and rotor of the EM brake are not in mechanical contact, and the distance between them is 0.3 mm. The rotor is connected to the coupling, which is rotating, and thus, the torque is transmitted from the rotor to the brake.




2.2. Conceptual Design


To study the variable damping concept, the experimental setup comprised a motor and an EM brake. A conceptual design of the overall system is shown in Figure 1. The motor is driven by supplying the voltage source. The actuator used the SINFONIA EM brake NB-0.3 (Tokyo, Japan). The experimental setup was developed to validate the VPD concept.




2.3. Mechanical Design


The CAD design of the experimental setup to study the variable damping actuator system is shown in Figure 2. The motor is rotated by providing the voltage, while the EM brake provides the physical damping as controlled friction. In this arrangement, the EM brake is parallel to the motor. The developed mechanical setup of the assembled actuator is shown in Figure 3. The system comprised two main assemblies, the motor assembly and the EM brake assembly. An AK70-10 motor with a 10:1 reduction ratio was used, combined with a planetary gear solution.



The actuator generates a torque referred to as     τ   r e f    . This torque can be modeled by (1). The brake was integrated with the actuator with the help of a custom 3D-printed coupling. The 4040-type standard square-shaped aluminum extrusion was used to mount the motor and the EM brake. The motor and the EM brake were held firmly by 3D custom print mount holders. The entire system was mounted onto the aluminum extrusion and clamped tightly with the help of the clampers. The experimental setup to study the variable damping system was built, as shown in Figure 3. The actuator used a planetary geared motor to support the rotation of the system, while the EM brake was used to mimic the damping behavior. The actuator used an AK70-10 motor with a peak torque of 24.8 Nm, and 521 g of weight was used.



The control system was implemented on the VPD actuator experimental setup. The position of the motor is denoted as   θ .   The motor rotates with angular velocity     θ  ˙  ,   and the EM brake is adjusted to mimic the damping behavior as corresponds to the change in the angular velocity of the motor. To operate the system, the actuator was programmed once to receive the command, and the desired damping torque was achieved. The CANBUS shield was used for communication, while the motor was responsible for the rotation. The DC motor driver (PRIK-THAI V.2) was used to generate the PWM signal. The torque of the motor can be represented as (1):


    τ   r e f   =   K   p       θ   d e s   −   θ   a c t     +   K   d         θ  ˙    d e s   −     θ  ˙    a c t     +   τ   i    



(1)




where     τ   r e f     is the reference torque of the motor,     K   p     is the stiffness of the motor,     K   d     is the damping of the motor,     θ   d e s     is the desired position of the motor,     θ   a c t     is the actual position of the motor,       θ  ˙    d e s     is the desired angular velocity of the motor,       θ  ˙    a c t     is the actual angular velocity of the motor, and     τ   i     is the current torque computed from the motor current.



The reference torque of the motor is computed from the desired position, angular velocity, stiffness, and damping. After receiving the desired command, the motor controller returns the actual position, the angular velocity, and the current torque of the motor. Without any external load, the current torque is the result of the motor-gearbox friction (both static and viscous friction). In this paper, the current torque is one important feedback from the motor controller that indicates the combination of the motor-gearbox friction and the damping torque generated by the electromagnetic brake.





3. Electromagnetic Brake Characterization


This section provides the details of the EM brake characterization. The brake used was a SINFONIA (Tokyo, Japan) pancake-type EM brake NB-0.3. The rated voltage of the brake was 24 volts DC, the maximum speed at idling was 9500 r/min, and the max speed at engaging or braking was 8000 r/min. The installation space between the friction surface of the brake stator and the armature plate of the brake rotor was fixed at 0.3 mm so that the brake rotor could freely rotate when the magnetic field was deactivated. To study the characterization of the brake, the EM brake was integrated with a motor with the help of custom design 3D CAD coupling. In these studies, an AK70-10 motor served as a velocity source. A DC 24 V power supply was used as an input voltage source to the motor and brake.



The voltage torque profile is crucial for the variable damping mechanisms. A voltage signal is applied to the motor and the EM brake. In response to the activation of the magnetic field, the spring plate of the brake rotor undergoes deformation, and the brake rotor moves in an axial direction, bringing it into contact with the friction surface of the brake stator. The motor was rotated at constant velocities     θ  ˙  = 1 , 2 , 3 ,   a n d   4   r a d / s ,   and at each voltage, the output torque was observed 30 times to obtain the average value. The input voltage to the EM brake was progressively changed from 0 to 24 VDC as it was provided by the DC power supply (E3630A) manufactured by Hewlett-Packard (Roseville, CA, USA) (see Figure 4). This power supply could accommodate a maximum current of 0.5 A [55]. Figure 5 plots the braking torque as a function of the input brake voltage. The braking torque does not substantially change when the voltage is less than 5 V, but it can be linearly estimated when the input voltage is greater than 5 V. In addition, similar results are obtained for the torque against each input velocity.



The torque profile can also be verified by providing a PWM commanded to the PRIK-THAI V.2 (Bangkok, Thailand) drive circuit. The relationship mapping the PWM and the voltage was studied and applied to the brake. The PWM signal ranges from 0 to 255, where PWM 0 and 255 correspond to 0 and 24 V, respectively. The maximum voltage was controlled through the PWM signal from the microcontroller (Arduino UNO) (Ivrea, Italy). A major advantage of using PRIK-THAI V.2 was that the voltage was controlled automatically by a microcontroller, eliminating the need for manual adjustments. Torque varying against PWM was observed against rotational velocities     θ  ˙  = 1 , 2 , 3 ,   a n d   4   r a d / s  , and the output torque against each velocity was analyzed, as shown in Figure 6. Similar to the voltage–torque plot in Figure 5, the torque has no substantial change when the PWM value is less than 50 but can be linearly estimated when the PWM value is greater than 50. The PWM–torque plot is shown in Figure 6.




4. Variable Damping Experiment Verification


4.1. Experimental Setup and Procedure


To study the performance of the actuator, various experiments were conducted to validate the variable damping concept. The EM braking torque was controlled to mimic the behavior of the variable damper with a damping coefficient,   c  . The velocity of the motor increases linearly with time, as shown in Figure 7a. Torque increases with time in Figure 7b, but initially, it does not increase linearly with speed.



The initial chaotic behavior of the torque was due to the linear mapping of the PWM and torque. To clearly show that the torque does not change when the PWM is lower than a certain value, the torque is plotted against the PWM in Figure 8 (blue plot). The PWM signal at the start of the experiment had an unsubstantial effect on the brake. The braking torque can be estimated from (2). As per the conventional model of the braking torque in (2), a nonuniform region caused the torque to fluctuate. The region of chaotic behavior can be clearly seen in Figure 7b and Figure 8. This chaotic behavior destabilizes the system.


    τ   b r a k e   = m ( P W M )  



(2)




where     τ   b r a k e     is the braking torque,   m   is the slope of the VPD system, and   P W M   is the signal provided to the brake.



Before studying the performance of the variable damping actuator, we needed to study the torque behavior that changes with different velocities; for this reason, experiments for two motor damping coefficients,     k   d   = 1   N m s / r a d   a n d     k   d     =   4   N m s / r a d  , were performed. The speed was commanded to the motor through Arduino UNO. The actual velocity was retrieved from the motor through the Arduino. Then, the desired torque was computed, and the corresponding PWM was commanded to the brake. The brake creates a frictional force and generates the rotating torque. Initially, the damping coefficient (    k   d    ) of the motor was set to 1   N m s / r a d  . From the experiments, it was observed that for the lower motor damping coefficient (    k   d   = 1   N m s / r a d ) ,   the actual and desired velocities differ, and a large velocity error can be observed in Figure 9a.



Figure 9b shows that for     k   d   = 1   N m s / r a d  , although a larger velocity error is observed, the torque fluctuation is low. To track the desired value of velocity, the motor damping coefficient (    k   d    ) must be high enough to reach the desired velocity. In the second experiment, the motor damping coefficient was set to     k   d   = 4   N m s / r a d .   The result in Figure 9c shows that for     k   d   = 4   N m s / r a d  , the velocity tracking is very good, and the velocity error is small, but fluctuations in the torque are high, as observed in Figure 9d. From the experiments, we conclude that a compromise must be made between speed and torque. The braking torque can be estimated from (3).


    τ   r e f   =   k   d   (     θ  ˙    d e s   −     θ  ˙    a c t   )  



(3)







Equation (3) shows that the lower motor damping value (    k   d   = 1   N m s / r a d  ) has an unsubstantial effect on the velocity when the difference in velocity is larger, but the higher motor damping value (    k   d   = 4   N m s / r a d  ) results in a minimal difference in velocity. Differences in velocities are seen in Figure 9a,c.




4.2. Improved Model


This section provides an improved model for the variable damping actuator by eliminating the region where the torque is essentially constant. We introduced the corrected mapping of the PWM signal and torque. The signal where the torque is essentially constant is represented as   P W   M   0     in (4), whereas     τ   b a s e     is the offset value of the torque. The improved model (5) has the advantage of starting the torque at the point where the torque does not fluctuate. To clearly describe the improved model, a graphical representation is depicted in Figure 8 (using an orange color).


  τ −   τ   b a s e   = m   P W M − P W   M   o      



(4)






  τ = m   P W M − P W   M   o     +   τ   b a s e    



(5)







To verify the improved model experimentally, two brake damping coefficients,   c = 0.1   N m s / r a d   and   c = 0.25   N m s / r a d  , were taken, and experiments were performed. The experimental results show that the velocity increases linearly with time, as shown in Figure 10a, and the region of nonuniformity was removed, as shown in Figure 10b.





5. Damping Torque Validation


This experimental setup aims to produce variable damping and validate the concept through step and sinusoidal response. To validate the variable damping concept, experiments were performed for the damping coefficients   c 1 = 0.1   N m s / r a d , c 2 = 0.25   N m s / r a d ,   and   c 3 = 0.4   N m s / r a d  . In each case, the system successfully generated the desired damping with high fidelity. Figure 11 shows the generated variable damping torque plot.



5.1. Step Reference


To determine the actuator performance against the positive and negative step responses, the torque response is plotted in Figure 12. The ideal torque varies from 0.2 to 0.6 N·m, while in the real system, the torque slightly fluctuates, and the system’s output response is delayed. The fluctuation in the torque is due to the stick-slip effect. Similar fluctuations and delays were also observed in [38]. In the intervals of 0 to 2 s, the damping coefficient of the brake was zero; in 2 to 4 s, the damping coefficient was set to c = 0.25 Nms/rad; and finally, in 4 to 6 s, the damping coefficient was again set to c = 0 Nms/rad. Ideally, when there is no damping coefficient, the torque must be zero. A small amount of torque (i.e., 0.2 N·m) was observed because of the friction in the gearbox system. The speed of the system was held constant at 2 rad/s during the experiment. A delay of 200 ms was observed to change the signal from a positive step reference to a negative step reference. Sampling data points were collected every 20 ms and 200 ms. Fluctuations in the torque were observed for the data points of the 20 ms sampling period. No significant difference was observed between the systems except for the fluctuations. A small delay was observed in the negative step response signal for the system with a 200 ms sampling period. The experimental results proved that the system successfully tracked the ideal torque trajectory.




5.2. Sinusoidal Reference


The sinusoidal response of the system was verified at a high frequency,   f = 0.5   H z  , and a low frequency,   f = 0.1   H z  . The damping coefficient was set to 2 Nms/rad for both experiments. The high frequency is probably equivalent to being struck with a hammer. The hammer hitting time can be assumed to be 2 s. The response of the system on tracking the sinusoidal references during 2 s periods (for 0.5 Hz) and 10 s periods (for 0.1 Hz) was validated experimentally, and the system performances at low and high frequencies are shown in Figure 13 and Figure 14, respectively. The position of the system changed sinusoidally. The velocity, which is the time derivative of the position, also varied sinusoidally. During these experiments, the EM brake was actuated to behave as a rotary damper, and the data were recorded for two periods. The result shows that the system can track the ideal torque with good performance.



The actual velocity obtained from the motor controller was computed from the encoder position and contained fluctuation. It is worth noting that the velocity profile is smoother at the higher frequency (Figure 14), where the motor is controlled to change the position continuously. At the lower frequency (Figure 13), the stick-slip effect causes an uneven velocity profile. The actual torque observed from the experiment is the combination of the variable damping torque generated by the EM brake (based on the non-smooth velocity) and the nonlinear motor-gear box friction, which is the major source of the torque discrepancy (especially under the significant effect of stick-slip phenomenon at the lower frequency).





6. Conclusions and Future Work


This paper introduced the novel concept of voltage and PWM mapping for a variable damping actuator. The actuator incorporated an EM brake. The actuator’s mechanical design and the mechatronic components were explained in depth. The system’s dynamic responses and torque were characterized through experimental tests. A single-degree-of-freedom rotational system was used to test the proposed variable damper mechanism. The measured characteristics of the damper aligned with the design calculations, validating the design approach through experimentation. In addition, the results confirmed that the unit is fast and powerful enough to achieve the desired damping. Further work will concentrate on integrating the variable damping actuator into a macro–mini linear actuator [38] for active body weight support systems.
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Figure 1. Schematic of the variable damping actuation system. 
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Figure 2. CAD design of the experimental setup to study the variable damping actuator system. 
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Figure 3. Developed variable damping actuator using an electromagnetic brake. 
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Figure 4. Experimental setup for the electromagnetic brake characterization using a power supply system. 
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Figure 5. Electromagnetic braking torque increases with the voltage observed at different rotational velocities. 
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Figure 6. Electromagnetic bake torque varies against the PWM commanded to PRIK-THAI V.2 drive circuit. 
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Figure 7. (a) Velocity increases linearly with time. (b) Torque varies against time. The torque does not change substantially from 0 to 5 s. After 5 s, the torque can be linearly estimated. Linear approximations are shown by the dashed lines. 






Figure 7. (a) Velocity increases linearly with time. (b) Torque varies against time. The torque does not change substantially from 0 to 5 s. After 5 s, the torque can be linearly estimated. Linear approximations are shown by the dashed lines.



[image: Robotics 12 00080 g007]







[image: Robotics 12 00080 g008 550] 





Figure 8. The torque increases with PWM. The chaotic behavior in the torque can be observed in blue when the PWM is less than 50. When the PWM value is greater than 50, the torque tends to be linear. Linear approximation is shown by the dashed line. 
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Figure 9. (a) Velocity of motor at     k   d     = 1 Nms/rad. (b) Torque of motor at     k   d     = 1 Nms/rad. (c) Velocity of motor at     k   d     = 4 Nms/rad. (d) Torque of motor at     k   d     = 4 Nms/rad. 
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Figure 10. Improved Model. (a) The velocity increases linearly with time. (b) The torque varying against time shows linear trends. 
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Figure 11. Damping torque validation. Torque–velocity plot for three damping levels. 
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Figure 12. Torque response to positive and negative step commands. 
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Figure 13. Sinusoidal response of the system at low frequency   f = 0.1   H z  . (a) Sinusoidal position of the system. (b) Velocity tracking following a sinusoidal reference of the system at 0.1 Hz. (c) Torque tracking following a sinusoidal reference of the system at 0.1 Hz. 
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Figure 14. Sinusoidal response of the system at high frequency   f = 0.5   H z  . (a) Sinusoidal position of the system. (b) Velocity tracking following a sinusoidal reference of the system at 0.5 Hz. (c) Torque tracking following a sinusoidal reference of the system at 0.5 Hz. 
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