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Abstract

:

Physiotherapy is the treatment to recover a patient’s mobility and limb function after an injury, illness, or disability. Rehabilitation robots can be used to replace human physiotherapists. To ensure safety during robot physical therapy, the patient’s limb needs to be controlled to track a desired joint trajectory, and the torque due to interaction force/torque needs to be measured and regulated. Therefore, hybrid impedance and admittance with position control (HIPC) is required to track the trajectory and simultaneously regulate the contact torque. The literature describes two structures of HIPC: (1) a switched framework between admittance and impedance control operating in parallel (HIPCSW); and (2) a series connection between admittance and impedance control without switching. In this study, a hybrid adaptive impedance and position-based admittance control (HAIPC) in series is developed, which consists of a proportional derivative-based admittance position controller with gravitational torque compensation and an adaptive impedance controller. An extended state observer is used to estimate the interaction joint torque due to human stiff contact with the exoskeleton without the use of force/torque sensor, which is then used in the adaptive algorithm to update the stiffness and damping gains of the adaptive impedance controller. Simulation results obtained using MATLAB show that the proposed HAIPC significantly reduces the mean absolute values of the actuation torques (control inputs) required for the shoulder and elbow joints in comparison with HIPC and HIPCSW.
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1. Introduction


Physical therapy is a process whereby patients undergo rehabilitation to recover limb functionality and arm mobility after stroke or injury. Usually, physiotherapist doctors help patients to carry out physical therapy, as shown in Figure 1a. However, with developments in neuroengineering research, rehabilitation robots can be used to replace human physiotherapists, as shown in Figure 1b. Safe close-proximity human [1,2] and exoskeleton [3,4] interactions with robots can be achieved through two complementary strategies: (1) using smart actuators [5] with adjustable intrinsic properties, e.g., stiffness [6] and damping [7], and (2) by impedance control [8,9]. Impedance control provides safe and stable robot–environment interaction. The two main types of interaction controls that are widely used in robotics are impedance control, in which the input is either position or velocity and the output is force/torque, and admittance control, which is the opposite of impedance control [10]. During physical therapy with doctors, the physiotherapist controls the motion and regulates the interaction joint torque for safe movement with the patient’s arms [11]. Similarly, when a robotic manipulator makes contact with the environment (e.g., human) as shown in Figure 1b, controlling both the interaction force/torque and its motion is needed because human–robot interactions can be hazardous if safety is not considered [12,13]. Generally, when a robot interacts with a stiff environment, impedance control is more stable than admittance control, while the reverse applies when the robot interacts with a soft or free-space environment. However, if the robot interacts with an unknown environment or an environment with varying mechanical characteristics (i.e., stiff and soft properties at different points), it is difficult to choose between impedance control or admittance control application. In this case, a hybrid between impedance control and admittance with position control might yield more satisfactory results. Basically, there are two types of force control: admittance control (usually with a position controller such as PID/PD, fuzzy, and sliding mode) and impedance control. Admittance control with a position controller can only control the position and force without monitoring the manipulator’s impedance, whereas impedance control can regulate the interaction force/torque by monitoring the impedance. Therefore, a hybrid impedance control was proposed to combine the two fundamental force controls to simultaneously control both the position and interaction force/torque [14].



The literature presents two structures for hybrid impedance position control (HIPC). The first and most-used method is a parallel connection of the admittance with position control and impedance control, or, in some studies, only the position controller and impedance control. In this structure (hereafter HIPCSW), a switching mechanism is used to activate either the admittance or impedance controller at any given instant. Switching between the controllers is usually determined based on the nature of the environment: if the environment is soft, the admittance position controller is activated; if the environment is stiff, the impedance controller is activated. However, there are two main limitations in this switched framework. First, the knowledge of the nature of the environment must inform switching between admittance and impedance control. Second, there is a problem in designing the switching mechanism, as it may cause discontinuity in the control input if switching is not sufficiently fast, or it may result in chattering if the switching speed is too fast.




2. Related Work


This section presents some related work based on the two structures of hybrid impedance control. A discussion on the parallel structure with a switching mechanism, a series structure without the switching mechanism, an interaction joint torque sensorless estimation, and a conclusion will be provided.



2.1. Parallel Structure with a Switched Framework


Some related studies on the parallel framework with the switching mechanism have been reported. For example, a pioneering study [14] introduced hybrid impedance control, which is a hybrid between a position controller and an impedance controller combined in parallel and implemented within a single framework. Since the publication of reference [14], several other designs of hybrid impedance controls have been proposed, such as in reference [15], where the controllers are connected in parallel via a switch (i.e., HIPCSW). The switching occurs based on the nature of the environment to either admittance control for soft or noncontact environments and impedance for stiff environments. The switching mechanism was based on the duty cycle and switching period. A robust hybrid impedance control was developed [16], where the computed torque is applied in a hybrid with a PI controller for the regulation of torque and position tracking. An earlier study [17] developed a hybrid impedance control strategy that combines impedance and position control into one strategy for the rehabilitation of a patient’s wrist and forearm. Another study [18] proposed a hybrid impedance control where the controller concurrently achieves position motion tracking for rehabilitation and produces a force using an optimization process based on a musculoskeletal model. Recently, a hybrid impedance control mechanism for optimal environmental–robot interaction was presented in [19,20], which proposed an improved hybrid impedance control for variable stiffness environment interaction. Other parallel structured hybrid impedance control methods have been proposed elsewhere [21,22,23,24,25,26,27,28]. Adaptive hybrid impedance control was also proposed in [29,30,31,32,33].




2.2. Series Structure without a Switched Framework


The second structure is a series hybrid connection between admittance position control and impedance control. This framework [34] employs no switch, but the two controllers are combined to generate the control signal based on the proportion. Depending on the mechanical nature of the environment, a weighting factor is used to determine which controller is more dominant. When the environment is soft, the admittance position control contributes a greater percentage of the control signal, and when the environment is stiff, the impedance control prevails. Recently, reference [35] proposed a new hybrid impedance control without switching. The design is simulated and implemented on a two-dimensional manipulator. Herein, the admittance controller is connected in series with both the position controller and the impedance controller. The admittance controller generates a new desired trajectory when an external force/torque is applied. The new trajectory is used by the position controller and the impedance controller to respond to changes due to external contact force/torque. Impedance control regulates the interaction force to achieve robot compliance with different types of environmental properties. However, the magnitude of the interaction force/torque is unknown, and its values depend on inertia, damping, and the stiffness of the environment. Because in most cases, the actual values of inertia, damping, and stiffness are difficult to determine, the magnitude of the interaction force/torque can be estimated or measured using a force/torque sensor.




2.3. Interaction Force/Torque Sensorless Estimation


Most industrial robots come without embedded force/torque sensor(s). Incorporating such a force/torque sensor incurs extra cost. Visual servo control [36] is a promising alternative for manipulation but does not provide a complete perception of interaction force. To avoid the use of sensors, different methods have been proposed to estimate the interaction force/torque, e.g., extended Kalman filters [37,38,39,40,41], adaptive Kalman filters [42], extended state observers [43,44,45,46,47,48,49,50], disturbance observers [51,52], nonlinear observers [53], deep neural networks [54], model-based compensation techniques [55,56], task-oriented models based on dynamic model learning and a robust disturbance state observer [57], a sensorless force estimation method using a disturbance observer and the neural learning of friction [58], and extended Kalman filters [59].




2.4. Conclusion


Based on the above review of the literature, most of the hybrid impedance controls are based on parallel connections between the two force controllers using a switch (HIPCSW), as shown in Figure 2a. However, the switching process between the controllers must be fast enough to avoid the discontinuity of the control signal, which can lead to unstable behavior. In addition, the switching process is based on a desired switching frequency and duty ratio, and in some studies, a selection matrix is used for the switching mechanism, i.e., the mechanical properties of the environment must be known a priori to correctly adjust the duty ratio or selection matrix in advance to switch to the appropriate controller at the time of contact. Meanwhile, the HIPC with a series connection between the two force controllers without switching [35], as shown in Figure 2b, uses high fixed stiffness and damping gains, which consume high control torque. Therefore, in this work, a hybrid adaptive impedance and position-based admittance control (HAIPC) is proposed to further improve the performance in reducing the control torque. A comparison between the control structures is given in Table 1.




2.5. Research Contributions


The proposed method combined the impedance and admittance controllers in series without switching to avoid possible instability and chattering. Similarly, the mechanical properties of the environment need not be known using HAIPC. However, for upper limb rehabilitation robots, the damping and stiffness of the contact force/torque not only depend on the moving posture but also differ from one patient to another depending on the stage of patient recovery. Hence, the performance of impedance control can be improved if the damping and stiffness adapt to the estimated patient’s interaction joint torque. Therefore, in this study, the interaction joint torque is estimated to update the stiffness and damping in hybrid adaptive impedance control. Hence, the system will adapt based on the magnitude of the estimated interaction joint torque, which varies from patient to patient. The proposed control method has advantages as follows: Adaptive impedance generates almost zero torque when the environment is soft and only increases to a high torque value when stiff contact is made between the human and the robot. In addition, feedforward gravitational compensation is added to the position-based admittance control to improve transparency against the effect of resistance from gravity, thereby reducing the effort needed from the patient to reach the desired position during the rehabilitation exercise at any point away from the equilibrium. Furthermore, the proposed control consumes less control torque, which allows the use of more compact actuators with a lower gear ratio and higher back drivability. The contributions of this work to the existing related work can be summarized as follows:




	
The proposed method used the sensorless estimated interaction joint torque based on the actuator input torque of the system to update the stiffness and damping constants in the impedance control. This implies that the control torque due to impedance control is zero during soft contact, unlike the HIPC, which has high constant stiffness and damping gains both during soft and stiff contacts. Thus, the proposed method has low starting control input torque.



	
The proposed method is adaptive and is designed based on series structure to avoid possible instability and chattering due to the switching process. Therefore, it combines the advantages of both HIPCSW and HIPC, namely low starting control input torque, the avoidance of instability and chattering effects, and low total control input torque consumption.



	
To the best of our knowledge, based on the literature review, the proposed method is the first to use the sensorless estimation of interaction joint torque in the adaptive algorithm to update the stiffness and damping constant in the impedance control.










3. Mathematical Modelling


The dynamic model is derived for simulation purposes. HAIPC is compared with the HIPC and HIPCSW using the same dynamic model of the upper extremity exoskeleton shown in Figure 3.



Nonlinear Model


The dynamic model of the system used in this study is derived from [60]. Figure 3 illustrates the upper limb wearable rehabilitation robot used, where    L 1    and    L 2    represent the lengths of the upper arm and lower arm. The distances between the upper arm and lower arm’s centers of mass and the shoulder and elbow joint’s center are described by    L  c 1     and    L  c 2    , and    θ 1    and    θ 2    represent the shoulder joint and elbow joint angular displacements, respectively. Table 2 gives the values of the system’s parameters.



The dynamic model of the 2DOF upper extremity exoskeleton system is generally represented as follows:


  M  ( θ )   θ ¨  + C  (  θ ,  θ ˙   )   θ ˙  + G  ( θ )  =  [       τ s         τ e       ]   



(1)




where   M  ( θ )   ,   C  (  θ ,  θ ˙   )   ,   G  ( θ )   ,    τ s   , and    τ e    are the mass/moment of inertia of the links and motors matrix, C is the centrifugal and Coriolis force, and G contains the gravitational terms, shoulder control torque, and elbow control torque. The matrices are given as follows:


  M  ( θ )   θ ¨  =  [       I 1  +  I 2  +  m 1   L  c 1  2  +  m 2   (   L 1 2  +  L  c 2  2  + 2  L 1   L  c 2    cos   (   θ 2   )   )       I 2  +  m 2   (   L  c 2  2  + 2  L 1   L  c 2   cos  (   θ 2   )   )         I 2  +  m 2   (   L  c 2  2  + 2  L 1   L  c 2    cos   (   θ 2   )   )       I 2  +  m 2   (   L  c 2  2   )       ]   



(2)






  C  (  θ ,  θ ˙   )  =  [      − 2  m 2   L 1   L 2    θ ˙  2   sin   (   θ 2   )      − 2  m 2   L 1   L 2    θ ˙  2   sin   (   θ 2   )        2  m 2   L 1   L 2    θ ˙  1   sin   (   θ 2   )     0     ]   



(3)






  G  ( θ )  =  [       m 1  g  L  c 1   cos  (   θ 1   )  +  m 2  g  (   L 1  cos  (   θ 1   )  +  L  c 2   cos (  θ 1  +  θ 2   )  )        m 2  g  L  c 2    cos   (   θ 1  +  θ 2   )       ]   



(4)







By substituting     M  ( θ )   ,   C  (  θ ,  θ ˙   )   , and   G  ( θ )    into Equation (1) and decoupling the system into shoulder and elbow equations separately, the following are obtained:


        τ   s   = (   I   1   +   I   2   +       m   1     L   c 1   2   +   m   2   (    L   1   2   +   L   c 2   2   + 2   L   1     L   c 2   cos  ⁡  (    θ   2    )    ) )     θ  ¨    1   +   ( I   2   +   m   2   (    L   c 2   2   + 2   L   1     L   c 2     cos  ⁡  (    θ   2    )    ) )     θ  ¨    2          − 2     m   2   L   1     L   2       θ  ˙    1       θ  ˙    2   sin  ⁡      θ   2       − 2     m   2   L   1     L   2       θ  ˙    2   2   sin  ⁡      θ   2       +   m   1   g   L   c 1     cos  ⁡      θ   1              +   m   2   g (   L   1     cos  ⁡      θ   1       +   L   c 2     cos  ⁡      θ   1   +   θ   2       )      



(5)






       τ e  =  (   I 2  +  m 2   (   L  c 2  2  + 2  L 1   L  c 2   cos  (   θ 2   )   )   )     θ ¨   1  +  (   I 2  +  m 2   (   L  c 2  2   )   )     θ ¨   2  + 2  m 2   L 1   L 2    θ ˙  1 2  sin  (   θ 2   )                                                            +  m 2  g  L  c 2   cos  (   θ 1  +  θ 2   )       



(6)







Thus, from Equations (5) and (6), the shoulder and elbow angular equations can be represented as follows in the inverse dynamic model:


          θ  ¨    1   = (   τ   s   − (   ( I   2       +   m   2       L   c 2   2   + 2   L   1     L   c 2     cos  ⁡      θ   2         )     θ  ¨    2   − 2     m   2   L   1     L   2       θ  ˙    1       θ  ˙    2   sin ⁡ (   θ   2   ) − 2     m   2   L   1     L   2       θ  ˙    2   2   sin ⁡ (   θ   2   )        +   m   1   g   L   c 1     cos  ⁡      θ   1       +   m   2   g (   L   1     cos  ⁡      θ   1       +   L   c 2     cos  ⁡      θ   1   +   θ   2       ) ) / (   I   1   +   I   2   +   m   1     L   c 1   2   +   m   2   (   L   1   2   +   L   c 2   2          + 2   L   1     L   c 2   cos ⁡ (   θ   2   ) ) )      



(7)






         θ ¨   2  = (  τ e  − (   (   I 2  +  m 2   (   L  c 2  2  + 2  L 1   L  c 2   cos  (   θ 2   )   )   )     θ ¨   1  + + 2  m 2   L 1   L 2    θ ˙  1 2  sin  (   θ 2   )                                                             +  m 2  g  L  c 2   cos  (   θ 1  +  θ 2   )  ) ) /  (   I 2  +  m 2   (   L  c 2  2   )   )       



(8)









4. Control Design


The proposed control is an HAIPC. The adaptive impedance control is designed to regulate the interaction joint torques applied by patients during interaction with the exoskeleton. It is expected that different patients would have different interaction joint torques depending on their level of recovery. The changes in interaction joint torque are used to update the damping and stiffness at the robot joints to produce efficient human–robot interactions and compliance. Meanwhile, admittance control with a genetic algorithm-tuned proportional derivative (GA_PD) controller with gravitational compensation is designed for desired trajectory position tracking. The proposed control is an improved work [35]. Figure 4 depicts the proposed control block diagram. In this work, the admittance with the GA_PD controller is the same for HAIPC, HIPC, and HIPCSW, as well as the gravitational compensation terms.



In Figure 4, the upper-limb control system is given by the following:


  M  ( θ )   θ ¨  + C  (  θ ,  θ ˙   )   θ ˙  + G  ( θ )  = τ +  τ  e x t    



(9)




where the input control torque  τ  to the system is given by the following:


  τ =  τ  p d   +  τ i  −   τ ^   e x t    



(10)




where    τ  p d   ,    τ i  ,   and     τ ^   e x t     are the admittance-based proportional derivative (PD) position control torque, adaptive impedance torque, and estimated interaction joint torque produced by human contact, respectively. Hence, after the dynamic model is obtained, the next task is to design a control law that involves position control with gravity compensation (PCGC), interaction joint torque estimation, adaptive impedance control, and stability analysis.



4.1. PCGC Design


In this work, an admittance-based PD position controller with gravitation torque compensation is used for the desired position tracking of the upper limb. Optimal values of the PD gains for proper trajectory tracking are obtained by GA optimization. The admittance control based on the estimated interaction joint torque generates a desired reference trajectory that is tracked by the position controller (GA-PD) to guide the patient’s upper limb along the desired trajectory.


   τ  p d   =  K p   (   θ d  − θ  )  +  K d   d  d t    (    θ ˙  d  −  θ ˙   )  +  τ  G  ( θ )     



(11)







The feedforward equations for gravity compensation at the shoulder and elbow joints are given in Equations (12) and (13).


   m 1  g  L  c 1   cos  (   θ 1   )  +  m 2  g  (   L 1  cos  (   θ 1   )  +  L  c 2   cos  (   θ 1  +  θ 2   )   )  =  τ  s G    (   θ 1  ,  θ 2   )   



(12)






   m 2  g  L  c 2   cos  (   θ 1  +  θ 2   )  =  τ  e G    (   θ 1  ,  θ 2   )   



(13)




where    τ  s G    (   θ 1  ,  θ 2   )    and    τ  e G    (   θ 1  ,  θ 2   )    are the gravitational torque compensators at the shoulder and elbow, respectively. With this feedforward compensation, transparency can be achieved, which makes it easier for the patient to move their limbs in a vertical direction against gravity. These gravitational compensation terms are added to the position controller, as shown in Equation (11). Furthermore, the admittance control equation is represented as follows:


   M a     θ ¨   d  +  D a    θ ˙  d  +  K a   (   θ d  −  θ r   )  =  τ  e x t    



(14)







The desired angular position    θ d    is given by the following:


    θ d  =    K a  − 1       (  τ  e x t     −  M a     θ ¨   d  −  D a    θ ˙  d  ) +  θ r    



(15)







Thus, the gravitational compensation position controller is updated by substituting Equation (15) into Equation (11).


   τ  p d   =  K p   (   (   K a  − 1      (   τ  e x t   −  M a     θ ¨   d  −  D a    θ ˙  d   )  +  θ r   )  − θ  )  + +  K d   d  d t    (    θ ˙  d  −  θ ˙   )  +  τ  G  ( θ )     



(16)







Therefore, the gravitational compensation position controllers for the shoulder and elbow are given as Equations (17) and (18):


       τ  s p d   =  K p   (   (   K a  − 1      (   τ  e x t   −  M a     θ ¨   d  −  D a    θ ˙  d   )  +  θ r   )  −  θ 1   )  +  K d   d  d t    (    θ ˙  d  −   θ ˙  1   )                                                                    +  τ  s G    (   θ 1  ,  θ 2   )       



(17)






       τ  e p d   =  K p   (   (   K a  − 1      (   τ  e x t   −  M a     θ ¨   d  −  D a    θ ˙  d   )  +  θ r   )  −  θ 2   )  +  K d   d  d t    (    θ ˙  d  −   θ ˙  2   )                                                                    +  τ  e G    (   θ 1  ,  θ 2   )       



(18)








4.2. Interaction Joint Torque Estimation


The system has no embedded torque sensor to measure the interaction joint torque at the shoulder and elbow joints. Therefore, an extended state observer is used to estimate the unknown interaction joint torque. Generally, for a stiff contact, the equation of the environmental interaction torque at a joint is given by the following:


  K  (   θ d  −  θ e   )  =  τ  e x t    



(19)







This implies that   K  (   θ 1  −  θ e   )  =  τ  e x t     for the shoulder and   K  (   θ 2  −  θ e   )  =  τ  e x t     for the elbow. Consider the joint model in Equation (7), i.e., for the shoulder, as a second-order system represented as follows:


   θ ¨   ( t )  =  τ  e x t   + b u  ( t )   



(20)




where    τ  e x t     and   u  ( t )    are the applied interaction joint torque and the total control joint torque. Note that for a better estimation of the interaction joint torque, the gravitational compensator is not included in the total control torque used in the observer. The state space joint angle equations are as follows:


    θ ˙  1   ( t )  =  θ 2   ( t )   



(21)






    θ ˙  2   ( t )  = ρ u  (  θ , t  )  +  τ  e x t    



(22)







State space equations can be extended to include the environmental interaction joint torque as a new state variable given as    θ 3  =  τ  e x t    , which yields the following:


    θ ˙  1   ( t )  =  θ 2   ( t )   



(23)






    θ ˙  2   ( t )  = ρ u  (  θ , t  )  +  τ  e x t    



(24)






    θ ˙  3   ( t )  =   τ ˙   e x t    (  θ , t  )   



(25)







Thus, the extended state observer can be designed as follows:


      θ ^  ˙   1   ( t )  =   θ ^  2   ( t )  +  K 1   (    θ ^  1   ( t )  −  θ 1   ( t )   )   



(26)






      θ ^  ˙   2   ( t )  =   ϑ ^  3   ( t )  +  K 2   (    θ ^  1   ( t )  −  θ 1   ( t )   )  + ρ u  (  θ , t  )   



(27)






      θ ^  ˙   3   ( t )  =  K 3   (    θ ^  1   ( t )  −  θ 1   ( t )   )   



(28)




where the estimated and actual system states are     θ ^  1   ( t )  ,   θ ^  2   ( t )  ,   θ ^  3   ( t )      and      θ 1   ( t )  ,  θ 2   ( t )  ,  θ 3   ( t )   , respectively. The observer gains are    K 1  ,  K 2  ,  K 3    for the shoulder and    K 4  ,  K 5  ,  K 6    for the elbow, and the observer error is given by      e ^   ( t )  =   θ ^  1   ( t )  −  θ 1   ( t )   . The observer gains were designed for the shoulder and elbow joints separately based on the general assumption that the observer poles should be placed four to ten times to the left of the s-plane of the closed-loop poles for fast response (i.e.,    ω  o b s   =  (  4 − 10  )   ω c   ). Thus, in this work,    ω  o b s   = 6 ×  ω c      is selected to calculate the gains for the shoulder and elbow joints as follows:



   K 1  = 3  ω  o b s   ,    K 2  = 3    ω  o b s    2  ,    K 3  =    ω  o b s    3    for shoulder joint and    K 4  = 3  ω  o b s   ,      K 5  = 3    ω  o b s    2  ,    K 6  =    ω  o b s    3    for elbow joint.



Therefore, the observer gain matrix is given as follows:


  L =    [           K 1       K 2       K 3      0     0   0                 0   0   0         K 4       K 5       K 6               ]   T   



(29)








4.3. Adaptive Impedance Control


The dynamic model of the robot in Equations (5) and (6) with control torque and estimated interaction joint torque can be expressed as follows:


  M  ( θ )   θ ¨  + C  (  θ ,  θ ˙   )   θ ˙  + G  ( θ )  = τ +  τ  e x t    



(30)




where  M  is the mass and moment of inertia matrix,  C  is the centrifugal and Coriolis torque, and  G  is the gravitational torque. The terms  τ  and    τ  e x t     are the system input torque and interaction joint torque, respectively. The interaction joint torque is estimated in Section 4.2, and it will be used as the human interaction joint torque in the admittance control and adaptive impedance algorithm to update the damping and stiffness gains. A recursive least-squares algorithm (RLS) was used to tune the damping and stiffness (  D   and   K  ) constants of the impedance controller based on changes in the interaction joint torque    τ  e x t    . The adaptive algorithm was developed to update the parameters of the impedance control online based on changes in the interaction joint torque for different patients. The impedance control is shown as Equation (31).


   M i   (     θ ¨   d  −  θ ¨   )  +  D i   (    θ ˙  d  −  θ ˙   )  +  K i   (   θ d  − θ  )  =  τ  e x t    



(31)




where    M i   ,    D i   , and    K i    are the inertia, damping, and stiffness coefficients of the impedance controller, respectively. In this study, the inertia    M i    was set at zero, and the damping and stiffness were updated based on the adaptive algorithm using the estimated interaction joint torque. Therefore, for the adaptive formulation, the impedance control is reduced to Equation (32). Since    M i  = 0   in the adaptive formulation, the impedance control reduces to Equation (32).


   D i   (    θ ˙  d  −  θ ˙   )  +  K i   (   θ d  − θ  )  =  τ  e x t    



(32)







The human–robot interaction is assumed to be stiff; therefore, the environmental interaction joint torque is given by the following:


   τ  e x t   =  K e   (   θ d  −  θ e   )   



(33)







However, in this work, the environment is unknown; therefore,    τ  e x t     is estimated using the extended state observer and is used in the adaptive algorithm to update the damping and stiffness. The interaction between the human limb and the exoskeleton changes from soft contact to stiff contact. Soft contact occurs when a human does not contribute external torque during position control. Therefore, the human limb is passive, and the exoskeleton gives the control torque to drive the joint to a certain desired position. After reaching the desired position, the patient applies an external interaction joint torque to generate muscular contraction during the exercise. In this case, referred to as the active mode, the interaction between the exoskeleton and human is stiff. The adaptive impedance controller law is as follows:


   τ  e x t   =  D ^   e ˙  +  K ^  e =  σ ^   ( t )   φ T   ( t )   



(34)




where    σ ^   ( t )  =  [   D ^     K ^   ]      is the estimation vector,    φ T   ( t )  =    [  e    e ˙   ]   T      is the regression vector,    e ˙  =  (    θ ˙  d  −  θ ˙   )   , and   e =  (   θ d  − θ  )   .



A cost function is defined to minimize the error between measured estimated interaction joint torque and the predictive impedance control parameters to estimate the optimal values of the stiffness and damping constants, as follows:


  E =   ∫  0 t     (   τ  e x t   −  φ T   ( t )   σ ^   ( t )   )   2  d t    



(35)







Thus, the value of  E  can be minimized by taking the derivative of Equation (35) based on the least-square method, as follows:


    ∂ E   ∂  σ ^   ( t )    = − 2   ∫  0 t   φ T   ( t )   (   τ  e x t   −  φ T   ( t )   σ ^   ( t )   )  d t = 0  



(36)







The adaptation process to update the stiffness and damping parameters can be achieved if     ∂ E   ∂  σ ^   ( t )    = 0  . Therefore, Equation (36) can be minimized to    τ  e x t   =  φ T   ( t )   σ ^   ( t )    by dividing both sides of Equation (36) by   − 2   ∫  0 t   φ T   ( t )  d t  . Therefore, by using the measured estimated interaction joint torque from the observer and the error and the derivative of the error from the system outputs used in    φ T   ( t )  =    [  e    e ˙   ]   T   , the stiffness and damping constants would be updated. The adaptable performance can be measured based the cost function in Equation (35), and the stiffness and damping constants in the estimation vector    σ ^   ( t )    can be estimated using the following RLS method:


   σ ^   ( t )  =  σ ^   (  t − 1  )  + J  ( t )   [   τ  e x t   −  φ T   ( t )   σ ^   (  t − 1  )   ]  + q p β  ( t )   (   σ ^   (  t − 1  )  −  σ ^   (  t − 2  )   )   



(37)






  J  ( t )  = p β  (  t − 1  )  + φ  ( t )   φ T   ( t )  + q  (  1 − p  )  I φ  ( t )   



(38)






  β  ( t )  = p β  (  t − 1  )  + φ  ( t )   φ T   ( t )  + q  (  1 − p  )  I  



(39)







  β  ( t )    is a covariance 2 by 2 matrix with initial value   β  ( 0 )  =  β 0   I 2   , where    β 0    is a large positive number. Similarly, the constant terms  p  and  q  can be chosen such that 0 <  p  < 1 and  q  > 0.



The above PCGC control design was implemented for HAIPC, HIPC, and HIPCSW for a fair comparison of the three controllers, in addition to using the same method for estimating the interaction joint torque. The three controllers differed only in impedance control. Furthermore, HAIPC used adaptive impedance parameters and in-series connection without switching, whereas HIPC and HIPCSW used fixed impedance parameters. HIPC uses in-series connection without switching, and HIPCSW uses parallel connection with switching.




4.4. Stability Analysis


If the values of    M i   ,    D i   , and    K i    are constant positive symmetric definite matrices, the system will be asymptotically stable. However, in this work, only    M i    is assumed to be constant.    D i    and    K i    are continuously updated based on the estimated interaction joint torque in the adaptive algorithm. Therefore, the stability condition is needed for time-varying stiffness and damping coefficients. The stability analysis presented is in accordance with the stability proven in [61]. From Equation (31), a new control input can be expressed as follows:


  u =    θ ¨   d  +  M i  − 1   ( −  D i   (    θ ˙  d  −  θ ˙   )  −  K i   (   θ d  − θ  )  +  τ  e x t   )  



(40)







Thus, the input torque in Equation (30) can be expressed as follows:


  τ = M  ( θ )  u + C  (  θ ,  θ ˙   )   θ ˙  + G  ( θ )  −  τ  e x t    



(41)







The following Lyapunov function is considered in this work for the stability analysis of Equation (31):


   V 1   (  e ,  e ˙  ,    t   )  =  1 2    e ˙  T   M i   ( t )   e ˙  +  1 2   e T   K i   ( t )  e  



(42)




where   e =  θ d  − θ  . Taking the derivative of Equation (42) along the trajectories of Equation (31) with a constant    M i    and    τ  e x t   = 0   yields the following equation:


    V ˙  1   (  e ,  e ˙  ,    t   )  =   e ˙  T   M i   ( t )   e ¨  +  e T   K i   ( t )   e ˙  +  1 2   e T    K ˙  i   ( t )  e  



(43)







Based on the assumption that    M i    is constant and    τ  e x t   = 0   from Equation (31), we obtain the following:


   M i   e ¨  = −  D i   ( t )   e ˙  −  K i   ( t )  e  



(44)







Substituting Equation (44) into Equation (43) yields the following:


    V ˙  1   (  e ,  e ˙  ,    t   )  =   e ˙  T   (  −  D i   ( t )   e ˙  −  K i   ( t )  e  )  +  e T   K i   ( t )   e ˙  +  1 2   e T    K ˙  i   ( t )  e  



(45)







Simplifying Equation (45) yields the following:


    V ˙  1   (  e ,  e ˙  ,    t   )  ≤ −   e ˙  T   D i   ( t )   e ˙  +  1 2   e T    K ˙  i   ( t )  e  



(46)







Thus, Equation (46) is a negative semidefinite for    K i   (t); therefore, it can be concluded that the system is stable only when the    K i   ( t )    values are either decreasing or constant starting from the origin. This is because if    K i   ( t )    increases with time, the system will become unstable.





5. Results and Discussion


This section presents the simulation setup and the results. Two different therapy exercises are conducted. The first exercise is isotonic exercise, which helps provide the patient with the most useful muscular contraction improvements for regular joint function. The second exercise is active assistive exercise, which helps the patient to build up strength in their limbs. In all cases, the results of the proposed HAIPC are discussed, and its performance is compared with those of HIPC and HIPCSW.



5.1. Setup


This section presents the simulation setup of HAIPC, HIPC, and HIPCSW. The performance of the proposed HAIPC was compared with those of HIPCSW [15] and HIPC [35] to evaluate the effectiveness of the proposed control. The desired interaction joint torque is represented in Equation (47), which represents the physical human–robot interaction joint torque at the shoulder and elbow joints. In real time, the magnitude of the interaction joint torque is unknown; therefore, in this work, its values are estimated using ESO along the joint angular position. However, for simulation purposes, a known human interaction joint torque is used, as given in Equation (47). The magnitude of the interaction joint torque differs from patient to patient depending on the level of recovery and frequency of therapy. In these simulations, two desired interaction joint torques applied by the patients at different time intervals with magnitudes of 3 and 2.25 Nm are considered. Herein, the human–robot interaction is of two modes: passive mode, assuming no interaction force (zero torque) applied from the human; and active mode, where different magnitudes of torque are applied.


    τ   e x t   =      0.0   N m   0 ≤ t < 7   Passive Mode     3.0   N m   7 ≤ t < 9   Active Mode     0.0   N m   9 ≤ t < 14   Passive Mode     2.25   N m   14 ≤ t < 16   Active Mode     0.0   N m   16 ≤ t < 20   Passive Mode       



(47)







The passive mode runs when the patient’s limbs are completely driven by the exoskeleton’s motors during physical therapy along the desired angular trajectories. In this case, the input control torque is closer to admittance position control because there is soft contact between the exoskeleton and human limbs. The adaptive impedance control torque is almost zero during soft contact. On the other hand, the active mode is when the patient can apply some torque during therapy to strengthen their arms or for muscular contraction. In this study, the robot first moves the human upper limb to a certain position within the limits of the joint movements. The patient will then be asked to apply some torque to move their joints. Based on Equation (47), the patient performs an exercise by applying torque to move their limbs together while the exoskeleton applies weight in the up–down direction, thereby switching from passive mode to active mode.




5.2. Simulation Results


The simulation was conducted using MATLAB/Simulink 2019a with a fixed step size of 0.001 s. The same GA_PD gains for motor 1 and motor 2 were used for HAIPC, HIPC and HIPCSW in the simulation with values of    K p  = 600  ,    K d  = 100   and    K p  = 570  ,    K d  = 70 ,    respectively   . Similarly, the admittance control gains used were    M a  = 1  ,    D a  = 2    M a   K a     , and    K a  = 10   for the HAIPC, HIPC, and HIPCSW. In addition, the impedance control gains for HIPC and HIPCSW were    M i  = 0  ,    D i  = 2 × 0.7 ×    K i     , and    K i  = 200  . Also,    M i  = 0   for HAIPC and    D i    and    K i    are updated online based on active mode interaction joint torque.



5.2.1. Case I: Isotonic Exercise


In this exercise, the robot will first move the patient’s limb to a certain desired position in the passive mode, i.e., position control. Then, the patient will be asked to apply an interaction joint torque, as described in Equation (47), to move their limbs together with the exoskeleton weight. The addition of feedforward gravity compensation makes the human exoskeleton transparent against gravity at the equilibrium position. The transparency of the system makes it easier for the patient to move their hand upward during the active mode without having to counter the gravitational torque. In this case, the patient initiates the active muscular contraction exercise independently to recover joint functionality. During this exercise, the patient switches from the passive mode to the active mode. In the active mode, the patient will lift their limb together with the exoskeleton upward from the equilibrium position for a few seconds and then return to the same position by switching from the active mode to the passive mode. Figure 5a,b shows the desired step angular position tracking for the shoulder and elbow joints, respectively. From these figures, it can be observed that, at first, the shoulder joint moves from 0° to 31.51° (0.55 rad) and the elbow joint from 0° to 42.97° (0.75 rad). After 7 s, the patient switches to the active mode and lifts their limb together with the exoskeleton upward for 2 s, as seen in the shaded area (i.e., 7–9 s), and then returns to the equilibrium position, thereby switching back to the passive mode at 11 s. After some rest, the patient repeats the process again from 14 s to 16 s. In real time, the applied interaction joint torque during the active mode is unknown and needs to be measured. However, in the simulation, the known human desired interaction joint torque in Equation (47) was applied, and an ESO was used to estimate the interaction joint torque.



Healthy people can move their shoulder and elbow joints to around 135 degrees. For patients at the first stage of rehabilitation, we choose reference angular positions to be between 0 to 60 degrees. The desired angular position is generated when a contact interaction joint torque is applied. The admittance controller based on the interaction joint torque for compliance generates a new trajectory (desired). Thus, the reference is the trajectory position when there is no interaction joint torque between the human and exoskeleton (i.e., in passive mode), and when there is interaction joint torque, a desire trajectory is generated for compliance (i.e., in active mode). Both reference and desired trajectories are to be tracked by the patient’ joints under passive and active modes, respectively.



It can be observed from Figure 5a,b that the controllers have good position tracking performance. The black line represents the reference angular position input    θ r   , which is used by the admittance controller to generate the desired angular position    θ d    based on the estimated interaction torque. The desired angular trajectory    θ d    is tracked by the HAIPC, HIPC, and HIPCSW controllers. The position tracking error of the three controllers is shown in Figure 6a,b. The mean absolute error (MAE) was used as a tracking performance index in this study. In addition, for this discussion, the MAE values were rounded up to two decimal places; however, the actual values are given in Table 3. The MAE values in degrees for HAIPC, HIPC, and HIPCSW for the shoulder and elbow positions were measured and recorded as 0.14° and 0.13° for HAIPC, 0.12° and 0.11° for HIPC, and 0.20° and 0.26° for HIPCSW. From the results, HIPC performed slightly better than HAIPC in accurate tracking, but both HIPC and HAIPC performed much better than HIPCSW. Based on the results, the HIPC provides better position tracking than the proposed HAIPC and HIPCSW. Nevertheless, in all cases, the tracking errors produced by all three controllers are not significant and might not result in injury or discomfort to the patient.



Similarly, the performance of the three controllers was measured on the basis of the desired interaction joint torque tracking, which was estimated using ESO. Initially, during the active mode, a desired interaction joint torque of 3 Nm was applied by the patient to move the joints to approximately 15.5°. In the second attempt, the joints were moved from the equilibrium position to about 12.05° with 2.25 Nm. Figure 7a,b shows the desired human interaction joint torque tracking. It was found that HIPCSW has the lowest tracking error compared to HAIPC and HIPC. The interaction joint torque tracking error is shown in Figure 8a,b. The MAE values obtained for the interaction joint torque of the shoulder and elbow joints are 0.23 Nm and 0.28 Nm for HAIPC, 0.23 Nm and 0.28 Nm for HIPC, and 0.23 Nm and 0.27 Nm for HIPCSW, respectively. From the obtained results, all the methods produce good torque tracking performance for the desired interaction joint torque. The intermediate results of the estimator occur at the points of interactions (i.e., at 6 s and 14 s), which show some transient behavior with overshoot. This occurs due to the fast tracking effort of the estimator which was based on the selection of    ω  o b s   = 6 ×  ω c   . If a smaller value of the observer frequency was used (i.e.,    ω  o b s   = 4 ∗  ω c   ), there would be less overshoot but with a slow estimation response.



Furthermore, the performance of the proposed HAIPC as compared to HIPC and HIPCSW was assessed on the basis of the mean absolute value (MAV) of the control input torque. Figure 9a,b shows the control input torque of the three controllers without the gravitational compensator. For similar performance in position and torque tracking, it can be observed that the HIPC and HIPCSW have the highest MAV. In addition, the HIPCSW shows a chattering effect, which is a result of high-frequency switching between the two controllers. The MAVs of the HAIPC were 1.26 Nm and 1.21 Nm for the shoulder and elbow joints, respectively. Similarly, the MAVs of the HIPC and HIPCSW controllers were 1.47 Nm and 1.41 Nm and 8.15 Nm and 13.63 Nm for the shoulder and elbow joints, respectively. The MAVs show that the proposed HAIPC has less control torque consumption compared to HIPC and HIPCSW. The percentage reductions in MAV for shoulder and elbow joints compared with HIPC were 13.7% and 14%, respectively. Similarly, high percentage reductions in MAV were observed as compared to HIPCSW by 84% and 91%, respectively. The highest percentage reduction in MAV recorded compared with HIPCSW was because of signal chattering resulting from the high switching frequencies, as observed in Figure 9a,b. This is a disadvantage of the method, as aforementioned in the Introduction section. The superiority of the proposed control was found based on the control input torque consumption. The HAIPC has the smallest MAV for control input torque to produce similar desired performance results compared to HIPC and HIPCSW.



Figure 10a,b shows the values of the adaptive parameters, which are only high when an external torque is applied by the human, and they reduce to small values close to zero when the human interaction joint torque is zero. This shows that the adaptive impedance control only contributes significant torque during the active mode and reduces torque to small values during the passive mode. Thus, the proposed HAIPC approach does not require switching because it yields similar positions and torque tracking results as those obtained using HIPCSW. In addition, the chattering effect has been avoided, which might seriously affect the patient or cause discomfort, as the patient wearing the exoskeleton will feel the vibrations. A summary of the results obtained from Case I is given in Table 3.




5.2.2. Case II: Active-Assistive Exercise


The aim of this exercise is to allow the patient to strengthen their limb during therapy. During this exercise, the physiotherapist continuously moves the patient’s upper limb up and down in a sinusoidal manner for a fixed time. In the process, the physiotherapist asks the patient to apply some effort that sometimes deviates from the actual desired trajectory guided by the physiotherapist. At this time, the mode changes from passive to active. During this exercise, the physiotherapist does not resist the applied effort of the patient (compliance). The same idea is employed in this work with the wearable exoskeleton. First, the exoskeleton is in control of the patient’s limb (passive mode) in tracking a predefined trajectory. After some time, the patient applies some interaction joint torque at both the shoulder and elbow joints to strengthen their joints. In this study, for this exercise, the patient applied 2 Nm at 6 s to switch from passive mode to active mode and then returned to the passive mode at 10 s. Again, after some time under passive mode therapy, the patient applied 1.5 Nm to strengthen their arm again at 14 s. Figure 11a,b shows the sinusoidal trajectory reference tracking and exoskeleton compliance, as seen in the shaded area from 6 s to 8 s, and the same has been shown from 14 s to 16 s due to human interaction joint torque.



It can be deduced from Figure 11a,b that all three controllers performed excellently in tracking the sinusoidal position trajectory with good compliance to the human-applied external torque. However, to measure individual performance, MAE was used to calculate the trajectory tracking error. The MAE values for shoulder and elbow were 0.12° and 0.12° for HAIPC, 0.11° and 0.11° for HIPC, and 0.28° and 0.30° for HIPCSW, respectively. The MAE values indicate that HIPC has the lowest position tracking error for both shoulder and elbow joints, whereas HIPCSW has the highest MAE values. These can be clearly seen in Figure 12a,b. The interaction joint torque tracking control is shown in Figure 13a,b. A good tracking performance was recorded for all three controllers. The calculated MAE values of torque tracking error from Figure 14a,b are 0.18 Nm and 0.24 Nm for HAIPC, 0.18 Nm and 0.24 Nm for HIPC, and 0.18 Nm and 0.24 Nm for HIPCSW. The results show that the controllers had similar performances in torque tracking with approximately the same MAE for torque tracking error. However, HIPC provides the best results in position tracking compared to HAIPC and HIPCSW.



The main advantage of the proposed HAIPC control is that it consumes less control input torque, as shown in Figure 15a,b. The MAVs of the control input torques obtained using the data from Figure 15a,b were found to be 1.06 Nm and 1.01 Nm for HAIPC, 1.26 Nm and 1.20 Nm for HIPC, and 13.35 Nm and 23.48 Nm for HIPCSW. From the MAV, the proposed HAIPC reduced the control torque by 15.6% and 17% compared with HIPC for the shoulder and elbow joints, respectively. Similarly, HAIPC reduced the shoulder and elbow control input torque by 92% and 96%, respectively, compared with HIPCSW. These results show that the proposed method HAIPC is suitable for less control torque consumption. The highest percentage reductions found in comparison with HIPCSW result from the high-frequency chattering effect, resulting from the switching mechanism in HIPCSW. Figure 16a,b shows the adaptive parameters used to update the adaptive impedance controller based on the estimated human interaction joint torque measured by the ESO. It was observed that the values of the stiffness and damping increased at the points of contact (i.e., active mode), which were at 6 and 14 s of the simulation time. The parameters reduced to almost zero when there was no interaction torque, i.e., during the passive mode. A summary of the results obtained from Case II is given in Table 4 and the list of all symbols is provided in Table 5.






6. Conclusions


A hybrid adaptive impedance control (HAIPC) was proposed and implemented successfully on a wearable upper limb rehabilitation robot model in MATLAB. The proposed method uses the estimated interaction joint torque to update the parameters of the adaptive impedance controller. The performance of the proposed HAIPC was measured based on the MAE of position tracking and torque tracking and the MAV of the control input torque. The implementation was conducted based on two different exercises (i.e., Case I: isotonic exercise and Case II: active assistive exercise), and it was found that in both cases, the proposed HAIPC control outperformed the HIPC and HIPCSW in minimizing the control input torque. However, it was found that the HIPC performed better in minimizing the position tracking error as compared to the HAIPC and HIPCSW, with lower MAE values for both shoulder and elbow angular positions. The MAE values measured in degrees for shoulder and elbow positions under Case I were found to be 0.14° and 0.13°, 0.12° and 0.11°, and 0.20° and 0.26° for HAIPC, HIPC, and HIPCSW, respectively. Similarly, the HIPCSW exhibits slightly better torque tracking performance with the smallest MAE of torque tracking compared to HAIPC and HIPC. The MAE values for the shoulder and elbow were obtained as 0.23 Nm and 0.28 Nm for HAIPC, 0.23 Nm and 0.28 Nm for HIPC, and 0.23 Nm and 0.27 Nm for HIPCSW, respectively. The proposed method can be applied to other forms of rehabilitation exoskeletons. The main advantage of the proposed method was found in its ability to minimize the control input torque. The percentage reductions in MAV for shoulder and elbow joints compared with HIPC were 13.7% and 14%, and, as compared to HIPCSW, the proposed method reduced the control input torques by 84% and 91%. Similar results were obtained in Case II where the MAE values for shoulder and elbow trajectory tracking were obtained as 0.12° and 0.12° for HAIPC, 0.11° and 0.11° for HIPC, and 0.28° and 0.30° for HIPCSW, respectively. Also, the MAV of the control input torques obtained were found to be 1.06 Nm and 1.01 Nm for HAIPC, 1.26 Nm and 1.20 Nm for HIPC, and 13.35 Nm and 23.48 Nm for HIPCSW. This shows that the proposed HAIPC reduced the control torques for the shoulder and elbow joints by 15.6% and 17% and by 92% and 96%, as compared with HIPC and HAIPC, respectively. Furthermore, the proposed method has the combined advantages of both HIPC and HIPCSW, namely less control torque (i.e., current consumption), no chattering in the control signal, and less starting torque. In addition, an extended state observer was used for interaction joint torque estimation, which eliminated the need for a torque sensor. The disadvantage of this method was based on the complexity of the adaptive algorithm; however, it has good parameter estimation.



For practical implementation, the fine tuning of the control gains is required to compensate for the discrepancy between the real system and its mathematical model. Appropriate filters must be applied to reduce noise from sensor data for accurate estimation. The proposed control in this work was implemented on a 2DOF upper limb exoskeleton model via simulation. However, it can be extended and implemented both in simulation and in physical prototypes of higher DOF upper limb (i.e., shoulder, elbow, and wrist joints) and lower limb (i.e., hip, knee, and ankle joints) exoskeletons. Therefore, in our future work, a shoulder–elbow–wrist upper limb exoskeleton will be designed and fabricated for experimental studies of the proposed HAIPC. Torque sensors will be applied to validate the estimation of the interaction joint torque using this proposed extended state observer. Furthermore, the RLS algorithm used for the parameter adaptation of the impedance control parameters in this work usually comes with complexity and computational cost. Other simple algorithms such as least mean squares, recursive regularized least-squares, and stochastic gradient descent algorithms could be considered for future improvement.
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Figure 1. (a) Physical therapy with doctor [11] and (b) physical therapy with rehabilitation robot [13]. 
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Figure 2. (a) Parallel structure HIPCSW [15]: the impedance and admittance controls are connected in parallel via a switch. (b) Series structure HIPC [35]: the impedance and admittance controls are connected in series. 
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Figure 3. Schematic diagram of 2DOF upper-extremity exoskeleton for rehabilitation:    L 1    and    L 2    represent the distance from the shoulder to the elbow joints and the distance from the elbow to the wrist joints.    L  c 1     and    L  c 2     represent the distance from the shoulder joint to the arm’s center of mass CM1 and the distance from the elbow joint to the arm’s center of mass CM2.    θ 1    and    θ 2    represent the shoulder joint and elbow joint angular displacements. Motor 1 and motor 2 represent the joint actuators of the exoskeleton. 
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Figure 4. Hybrid adaptive impedance and position control (HAIPC): the admittance control generates desired trajectory    θ d    based on the estimated interaction joint torque     τ ^   e x t    . The PD position control provides the trajectory tracking and the gravitational compensator makes the system transparent against gravity. The observer estimates the interaction joint torque based on the control torque  τ  and angular position  θ . Adaptive impedance control regulates and controls the interaction joint torque. 
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Figure 5. Angular positions of (a) shoulder and (b) elbow. 
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Figure 6. Angular position errors of (a) shoulder and (b) elbow. 
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Figure 7. Interaction joint torques of (a) shoulder and (b) elbow. 






Figure 7. Interaction joint torques of (a) shoulder and (b) elbow.



[image: Jsan 13 00024 g007]







[image: Jsan 13 00024 g008] 





Figure 8. Interaction joint torque errors of (a) shoulder and (b) elbow. 
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Figure 9. Total control torques for (a) shoulder and (b) elbow. 
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Figure 10. Adaptive parameters (a) estimated damping and (b) estimated stiffness. 
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Figure 11. Angular positions of (a) shoulder and (b) elbow. 
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Figure 12. Angular position errors of (a) shoulder and (b) elbow. 
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Figure 13. Interaction joint torques of (a) shoulder and (b) elbow. 
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Figure 14. Interaction joint torque errors of (a) shoulder and (b) elbow. 
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Figure 15. Total control torques of (a) shoulder and (b) elbow. 






Figure 15. Total control torques of (a) shoulder and (b) elbow.



[image: Jsan 13 00024 g015]







[image: Jsan 13 00024 g016] 





Figure 16. Adaptive parameters (a) estimated damping and (b) estimated stiffness. 
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Table 1. Comparison of the major differences between the related works.
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	Control Methods
	Advantages
	Disadvantages





	Parallel Structure

(i.e., HIPCSW)
	
	
Low starting control input torque.



	
Only one controller produced the control signal at a time depending on the nature of contact.



	
Admittance for soft contact and impedance for stiff contact.





	
	
Additional cost of switching mechanism.



	
Control input discontinuity if the switch is slow leading to instability.



	
Control signal chattering if the switch is fast.



	
High total control input torque due to chattering.








	Series Structure (i.e., HIPC)
	
	
No additional cost of switching mechanism.



	
No discontinuity or chattering in the control input.



	
Low total control input torque.





	
	
High starting control input torque.



	
Both admittance and impedance controls together produced the control signal during soft and stiff contact.















 





Table 2. Parameters of the system [60].
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	Parameters
	Symbols
	Values
	Units





	Mass of the Upper Arm Limb
	    m 1    
	2.25
	kg



	Mass of the Lower Arm Limb
	    m 2    
	1.47
	kg



	Upper Arm Length
	    L 1    
	0.34
	m



	Lower Arm Length
	    L 2    
	0.25
	m



	Distance from Shoulder to Upper Arm CM
	    L  c 1     
	0.17
	m



	Distance from Elbow to Lower Arm CM
	    L  c 2     
	0.125
	m



	Mass Moment of Inertia about the Shoulder Joint
	    I 1    
	0.2505
	kg × m2



	Mass Moment of Inertia about the Elbow Joint
	    I 2    
	0.0925
	kg × m2










 





Table 3. Case I results summary.
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Control Method

	
Position Tracking

MAE (Degree)

	
Torque Tracking

MAE (Nm)

	
Control Torque

MAV (Nm)




	
Shoulder

	
Elbow

	
Shoulder

	
Elbow

	
Shoulder

	
Elbow






	
HAIPC

	
0.1412

	
0.1388

	
0.2345

	
0.2783

	
1.2685

	
1.2112




	
HIPC

	
0.1232

	
0.1198

	
0.2352

	
0.2801

	
1.4692

	
1.4093




	
HIPCSW

	
0.2045

	
0.2610

	
0.2348

	
0.2755

	
8.1502

	
13.6272








MAE: mean absolute error; MAV: mean absolute value.













 





Table 4. Case II results summary.
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Control Method

	
Position Tracking

MAE (Degree)

	
Torque Tracking

MAE (Nm)

	
Control Torque

MAV (Nm)




	
Shoulder

	
Elbow

	
Shoulder

	
Elbow

	
Shoulder

	
Elbow






	
HAIPC

	
0.1258

	
0.1212

	
0.1829

	
0.2409

	
1.0625

	
1.0025




	
HIPC

	
0.1101

	
0.1075

	
0.1836

	
0.2413

	
1.2604

	
1.2000




	
HIPCSW

	
0.2784

	
0.2996

	
0.1820

	
0.2407

	
13.3488

	
23.4849








MAE: mean absolute error; MAV: mean absolute value.













 





Table 5. List of symbols of variables.
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	Parameters
	Symbols





	Centre of mass of link 1
	   C M 1   



	Centre of mass of link 2
	   C M 2   



	Inertia matrix
	   M  ( θ )    



	Centrifugal and Coriolis torque
	   C  (  θ ,  θ ˙   )    



	Gravitational torque
	   G  ( θ )    



	External torque
	    τ  e x t       



	Shoulder control torque
	    τ s    



	Elbow control torque
	    τ e    



	Proportional derivative (PD) position control torque
	    τ  p d     



	Impedance torque
	    τ i    



	Estimated interaction joint torque
	     τ ^   e x t     



	Shoulder joint observer gains
	    K 1  ,  K 2  ,  K 3    



	Elbow joint observer gains
	    K 4  ,  K 5  ,  K 6    



	Observer frequency
	    ω  o b s     



	Inertia constant of the impedance control
	    M i    



	Damping constant of the impedance control
	    D i    



	Stiffness constant of the impedance control
	    K i    



	Inertia constant of the admittance control
	    M a    



	Damping constant of the admittance control
	    D a    



	Stiffness constant of the admittance control
	    K a    



	Proportional gain of the PD controller
	    K p    



	Derivative gain of the PD controller
	    K d    



	Estimation vector
	    σ ^   ( t )    



	Regression vector
	    φ T   ( t )    



	Covariance matrix
	   β  ( t )    



	Proportional derivative
	PD



	Genetic algorithm proportional derivative
	GA_PD



	Extended state observer
	ESO



	Recursive least-squares
	RLS



	Hybrid adaptive impedance position control
	HAIPC



	Hybrid impedance position control
	HIPC



	Hybrid impedance position control with switch
	HIPCSW



	Mean absolute error
	MAE



	Mean absolute value
	MAV
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