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Abstract: 

This work investigates the performance of 2DOF (degree of freedom) PID (Proportional 

Integral Derivative) controller on upper limb rehabilitation robots in order to control 

elbow flexion and extension with a range of 0 to 115 degree. As simple PID is not able to 

ensure always promising performance like 0% overshoot with fast rise time and settling 

time while such a performance from the controller is inevitable for patient’s safety and 

convenience, PID has been modified and renamed as 2DOF PID controller. A new 

algorithm has been adopted to design 2DOF PID controller. This work has been carried 

out in simulation in order to measure the initial performance of the system before moving 

to hardware implementation. MATLAB & Simulink environment has been considered 

for simulation work. Sinusoidal trajectory is considered to evaluate the performance of 

the controller. However, the controller performance is satisfactory as both rising time and 

settling time have been found less than 1 second and overshoot and undershoot have 

exhibited zero percent. 
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I. INTRODUCTION 

   

The applications of exoskeleton robots are soaring 

up dramatically because of their functionalities and to 

reach the demand of the users or patients. In several 

areas where extensive amount of additional force is 

required to perform any onerous job, these robots 

have become very popular such as medical [3-5], 

military [6, 7], industrial [8-10] and consumer [11, 

12]. The main function of these robots are to enhance 

the muscle energy of upper limb or lower limb in an 

extensive amount in a mechanical form [2]. 

The exoskeleton robots can be classified into four 

different types according to their support on the 

muscles of human body [13]. Lower limb includes 

several body part such as incorporates hips, thigh, 

knee and ankle muscles [14] and that’s why the 

supporting exoskeletons are named as Lower limb 

exoskeleton. Similarly, upper limb exoskeleton 

supports the shoulder and elbow muscles [15], upper 

and lower integrated exoskeleton supports both upper 

limb and lower limb [16]. The fourth type of 

exoskeleton robots are such type of robots that can be 

used to support any other part of the body, for 

instance finger muscles [17].  

In literature, researchers show their interest on 

shoulder, elbow or both together when they want to 

pay attention specifically on upper limb exoskeleton 

robot. As these robots are electro-mechanical 

machine, they require a suitable controller that will 

assist them to work smoothly, accurately and 

precisely. As a result, a group of researchers show 

their interest on different type of control algorithms 

such as linear, linear and learning based control.  

Wen Yu et al consider a linear controller, 

model-free PID based impedance controller to 

operate another exoskeleton robot, EXO-UL7 where 

the parameters are chosen based on human 

impedance properties [19]. M H Rahman et al 

introduces with a physio-therapeutic robot, 

ETS-MARSE in order to overcome the impairment 

of upper extremity that is controlled by a nonlinear 

controller, Sliding Mode Control [18]. Apart from 

that, Hang Su et al propose a learning based 

controller, electromyogram (EMG) based neural 

network control approach to control with high 

accuracy, the motion of the upper limb exoskeleton in 

accordance with wearer’s motion intention [20].  

This work introduces a new type of PID, 2DOF 

PID controller with a view to controlling an existing 

upper limb exoskeleton system. The main function of 

this exoskeleton prototype to offer physio-therapy to 
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the patients who suffer from elbow impairment. In 

this work, the performance of 2DOF PID controller is 

investigated for its flexion and extension movements 

with the controller in simulation environment, 

MATLAB & Simulink where sinusoidal trajectory 

has been considered as the trajectory. This controller 

can be implemented on the prototype after 

satisfactory performance from the simulation work. 

II. ANALYSYING REHABILITATION 

TECHNIQUE 

The exoskeleton to move with similar trajectories 

of the natural human movement trajectories so that it 

safeguards the movements are comfortable and 

accurate for the user. From the survey of 

non-compulsory movements. The derivative of the 

acceleration can be written as the third order 

derivative of position x (t): 

 

                                        (t) =                        

(1)                                                 

                     

A parameter for smoothness can be accomplished 

for a trajectory x that starts at time  and finishes at 

time .  

 

                           (2)                                                       

 

Minimum jerk trajectory for an end-effector from 

one point to another is achieved by reducing the 

integral of squared jerks over time. This lets to the 

reducing of the function (3). 

 

                                     I(x) =                            

(3)                                                    

 

Here, T= Final time at which target position 

  = velocity 

  = acceleration 

  = need to be achieved  

 = Initial conditions: initial position 

 = initial velocity  

 = initial acceleration 

The minimum of this function is achieved upon 

utilizing calculus of variations. Firstly, equation (4) is 

defined for a trajectory x where δ is a random 

function such that  

 

= x (t) +                  (4)                                        

  

Suppose, 

F (                         (5)                                    

 

Limiting condition for the trajectory x to reduce I is 

given as the following: 

 

                                  (6) 

 

Integrating by parts, 

                     (7)                                               

 

Integrating by parts again 

                                            

To maintain the condition in equation (8), the 

following equation (9) is required, 

 

                                                           

 

It must satisfy for any random function  therefore 

for all t  

                          (10)                                      

 

It means, when the sixth-time derivative of the 

trajectory function x becomes zero, the minimum 

trajectory occurs. The well-established solution for 

this equation is a quantic polynomial i.e., a fifth-order 

polynomial (11) in which six constants 

 are to be determined. 

 

                                     

 

    (12)                                        

 

        (13)                                        

 

The first three constants are determined when we 

take the initial conditions t=0 

 

                                (14)                                                       

 

                                  (15)                                      

 

                                 (16)                                      

      

The last three constants are obtained when we take 

the final condition t=T 

 

  (17)                                       

 

  (18)                                
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      (19)                             

 

In matrix from 

   (20)                                         

 

 

                       (21)                                                                                  

III. DYNAMIC MODEL    

The dynamic equations of motion for exoskeleton 

mounted on the Newton-Euler method which is 

utilized to get the equations of motion for each joint 

of the exoskeleton. Here,  is the actuation torque 

produces by the motor unit, i is the torque produced 

by inertia,  is the torque due to gravitational forces, 

 is the friction torque due to the user’s limb 

movements as shown in equation (22). 
                                                        

(22)                                                             

 

Torque generated by Coriolis and centrifugal 

effects is smaller due to the exoskeleton drives at low 

velocities and can be negligible 

The torque output of the brushless DC motors used 

in the exoskeleton joints According to the equation 

(23).  

 

                                 (23) 

 

Here,  = the output result of torque of the motor 

   = torque constant  

  I = electric current  

The torque constants for each joint motor in the 

proposed exoskeleton are given. The gearbox 

connected to each motor helps so that the output 

torque is higher when there is lower output velocity. 

The resulting torque of the gearbox is given. 

                       (24)                                                   

 

Output toque of the gearbox can be measured using 

the following Eqn. 

 

                                    (25) 

     

                           (26)                                          

 

Here, = gearbox reduction constant      

To find the output torque using Equation, 

 

                                                                   

(27)                                                       

 

 The inertial torque an exoskeleton consummates 

which is calculated by the following Equation (28), 

 

                    (28) 

 

Here, IS= inertia tensor of the segment s at the joint 

coordinate system 

α = angular acceleration of the joint 

N= total number of segments acting on the joint 

The parameters regarding inertia of the 

exoskeleton and the segments of the upper limb are 

illustrated in. 

   

Table. 1. Joint upper limb angle (Degrees) 

 

Joint Range 

Shoulder  q1 

q2 

q3 

(-250,800)  

(-1400,250) 

(-700,800) 

Elbow q4 (00,115) 

Forearm q5 (-900,900) 

 

The mass, center of mass and inertia tensor at the 

center of mass for every robotic segment are 

achieved from a CAD model of the 5-DOF 

exoskeleton in SolidWorks. Values of a regular adult 

are achieved from the literature for the parameters of 

the human upper limb parts (3). The wrist joint is 

supposed to be rigid at the normal anatomical 

position in the model is shown in figure 

 

Figure.1. Simulink design of elboe joint angle 

 The figure shows Simulink block diagram of the 

revolution of the intertie tensor is achieved by using a 

homogeneity transformation and the elbow joint 

angle the figure illustrates the function of the elbow 
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joint model which is the segment and the 

corresponding arm increases rapidly. Compared to 

the segment itself, the arm movement is less 

intensive. On the contrary, accelerations that the 

forearm produces may not be well designed as 

movements are certain, it can also contribute a part of 

the estimation error between the joint coordinate 

system which is shown in equation 

 

                     (29)                                                                          

 

Here, IR= inertia tensor that rotated into the 

orientation of the joint coordinate system 

= inertia tensor at the segment’s center of mass in 

the segment’s coordinate system 

R= rotation matrix related to the segment 

coordinate system to the joint coordinate system 

 

Now, translation of the inertia tensor includes 

utilizing the parallel axis theorem (30), 

 

      (30)                                                  

 

Here, IT= inertia tensor that translated into the 

origin of the joint coordinate system 

m = mass of the segment 

Pm= displacement vector from the center of mass 

of the segment to the origin of the joint coordinate 

system 

I3= the 3×3 identity matrix 

Finally, the inertia tensor of a segment regarding 

the joint coordinate system can be achieved by 

applying rotation first and then the translation: 

 

                           (31)

                                                 

 

By combining the equation with the function of the 

elbow joint, which proposes the movement of the 

upper limb in the Figure 2, the algorithm seems to 

work well with extremely low deflection accuracy 

and a high movement estimate, demonstrating the 

feasibility and effectiveness of the proposed capture 

and motion analysis algorithm. 

 

 
Figure. 2.  Dynamic Model of human upper extremity 

 

The movement of the segment which is the 

misalignment of coordinate frames. Although the 

source of the coordinate frame is not completely 

compatible with the global framework used in the 

proposed model, it can also bring some difference in 

the estimate between the common function. The 

proposed upper limb motion capture algorithm has 

been extensively tested by different movements of 

the four subjects. The precision of the proposed 

movement design of the upper end was taken into 

account in the exterior design.  

IV. CONTROLLER DESIGN: 

For this experiment, 2DOF PID controller has been 

considered in order to obtain some extra advantages 

like unwanted disturbances and smoothing the signal 

appropriately. This PID controller is named as 2DOF 

because additional algorithms improve the signals 

before reaching at proportional and derivative part of 

the controller. The adopted algorithm has been 

mentioned as followed. 

 

 
 

 

Here, P = Proportional gain 

I= Integral 

D= Derivative 

N= Filter coefficient 

b = Set point weight for proportional part 

c= Set point weight for derivative part 
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Figure. 3. Siulink model of Elbow Exeskeleton    

V. SIMULATION RESULTS: 

 

Choosing a suitable gain or weight is a difficult job to 

find out manually and that’s why Simulink Tuning 

environment has been adopted to choose suitable 

gains and weights in order to design the controller 

properly. The controller parameters have been 

mentioned as follows. 

 

Table 2. Controller parameters 

 
Controller 

Parameters 

Value 

P 100 

I 9 

D 4 

N 100 

b 1 

c 1 

 

Table 3. Controller Performance 

  
Rise Time 0.0168 Seconds 

Settling Time 0.1736 Seconds 

Overshoot 0% 

Undershoot 0% 

 

Table 3 demonstrated the performance of the 

controller that is quite satisfactory. Here, rise time 

and settling time is less than 0.5 seconds and 

overshoot is 0% and undershoot 0% that made the 

system considerably adjustable with a patient without 

any jerk or delay. 

 

 
Figure. 4. Torue vs time  

 

 
Figure. 5. Upper limb moving angle vs time  

  

VI. CONCLUSION   

Upper limb rehabilitation is one of significant 

research areas in order to design a proper controller. 

In this work, a 2DOF PID controller has been 

introduced to operate upper limb. Concurrently, the 

controller has been validated using hardware 

performance.  

Initially, a proper state-of-art has been proceeded in 

order to find out the research gaps. Consequently, 

problem statement guides towards objectives and the 

main objective of this work is to design and 

development of a controller. More specifically, in 

this work, the elbow flexion and extension is a 1 DOF 

movement and here, 2DOF PID controller has been 

considered in order to control this 1DOF movement. 

Specifically, this 2DOF PID offers some advantages 

like filter specially when there is a possibility of the 

system to influence by disturbances. 

In order to design PID sinusoidal wave have been 

considered in Simulink environment. In addition, 

MATLAB signal tuning feature help to choose 

proper gains and successfully, an overshoot free and 

short rise time with settling time have been ensured 

for this controller. 
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