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ABSTRACT 

In this study, optimum impedance control of a 2R planar robot manipulator was performed. Industrial 

applications of robot manipulators are generally related to manipulation tasks such as painting that only 

require arm position control. However, there are other robotic tasks such as pushing, polishing, cleaning, 

and grinding that require interaction between the robot manipulator and a contact surface or 

environment. This fact makes it imperative to control the interaction between the robot and the 

environment. The impedance controller aims to control the dynamic relationship between the robot and 

the environment. The force applied by the robot to the environment depends on the position of the robot 

manipulator endpoint and the corresponding impedance. The impedance controller forces the robot to 

follow the desired reference or target impedance. Force task for force/position hybrid controller in 

literature; It is divided into two subspaces, the force control subspace, and the position control subspace. 

Then, two independent controllers are designed for each subspace. Conversely, the impedance controller 

proposed in this study does not attempt to explicitly control the force. Instead, it tries to control the 

relationship between the force and the position of the end effector in contact with the environment. It is 

also possible to plan a virtual trajectory such that a desired force profile is obtained when the 

environment has a rigid structure with known properties. The Bees Algorithm was used to optimize the 

proposed impedance controller and a numerical application was made to evaluate its performance. As a 

result of the optimization, the objective function was reduced by 57%. The obtained results are presented 

numerically and graphically. Thanks to the proposed impedance controller, the robot manipulator 

endpoint precisely follows both the desired force profile and the desired position. 

Keywords: 2R planar robot manipulator, optimum impedance control, controller design, The Bees 

Algorithm. 

 

INTRODUCTION 

Industrial applications of robot manipulators are generally related to manipulation tasks such as painting 

that only require arm position control [1-3]. The painting process can be done by spraying from a 

distance without the need for contact. Therefore, there is usually no need for force control. However, 

there are other robotic tasks such as pushing, polishing, cleaning, and grinding that require interaction 

between the robot manipulator and a contact surface or environment [4, 5]. Force based control 

techniques are well suited to this type of operation. One of these control techniques is impedance control. 

The impedance controller aims to control the dynamic relationship between the robot and the 

environment [6-8]. The force applied by the robot to the environment depends on the position of the 

robot manipulator endpoint and the corresponding impedance. The impedance controller forces the robot 

to follow the desired reference or target impedance.  

Force task for force/position hybrid controller in literature; It is divided into two subspaces, the force 

control subspace, and the position control subspace [9, 10]. Then, two independent controllers are 

designed for each subspace. Conversely, the impedance controller proposed in this study does not 

attempt to explicitly control the force. Instead, it tries to control the relationship between the force and 
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the position of the end effector in contact with the environment. It is also possible to plan a virtual 

trajectory such that a desired force profile is obtained when the environment has a rigid structure with 

known properties.  

The parameters of the impedance controller need to be optimized. Optimization algorithms are divided 

into two as global optimization algorithms and local search algorithms [11].  

Global optimization algorithms such as Genetic Algorithm [12, 13], Particle Swarm Optimization [14] 

and The Bees Algorithm [15, 16] focus on searching across the entire space. Local search algorithms 

such as Hooke-Jeeves [17] and Newton Raphson [18] focus on searching in local areas. The Bees 

Algorithm was used to optimize the proposed impedance controller and a numerical application was 

made to evaluate its performance [19]. The obtained results are presented numerically and graphically. 

Thanks to the proposed impedance controller, the robot manipulator endpoint precisely follows both the 

desired force profile and the desired position. 

MATHEMATICAL MODEL 

The robot has two degrees of freedom and consists of revolute joints. The system consisting of 2 linkages 

with masses m1 and m2 is shown in Figure 1. 

 

Figure 1. 2 dof robotic system 

In order to derive the mathematical model of the system, the position of the centers of mass with respect 

to the joint angles must first be obtained. The center of mass position of the linkages with masses m1 

and m2 according to the joint angles is shown in Equation (1). 
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The mass moments of inertia of the rotation of the linkages around the center of mass are taken as 𝐼 =
1

12
mL2. The kinetic energy T of the system is given in Equation (2). The potential energy V is given in 

Equation (3). 
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𝑉 = 𝑚1𝑔�̅�1 + 𝑚2𝑔�̅�2 (3) 

Euler – Lagrangian equation of motion is used to obtain the equation of motion of the system. The 

Lagrangian expression for this is given in Equation (4). 

𝐿 = 𝑇 − 𝑉 (4) 

The Euler – Lagrangian equation of motion applied to obtain the torque in the joints is given in Equation 

(5). 
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The expansion of torques 𝜏1 and 𝜏2 is given in Equation (6).  
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(6) 

IMPLEMENTATION OF IMPEDANCE CONTROL 

The impedance control schematic is shown in Figure 2. Impedance control requires forward kinematics 

and inverse dynamics equations of the point where the robot is desired to interact, using the joint angles. 

The distance between the position obtained with forward kinematics and the desired position is 

converted into interaction force by multiplying the spring and by multiplying the velocity with the 

damping coefficients. It is then multiplied by the transpose of the Jacobian matrix and converted into 

torques at the joints. These torques are added to the torques found by inverse dynamics to obtain a final 

torque. This torque is sent to the robot and control is provided. 

 

Figure 2. Impedance control 

The PID-based interaction force is given in Equation (7). 
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𝐹𝑖𝑛𝑡 = 𝑘 [
𝑥2𝑑 − 𝑥2

𝑦2𝑑 − 𝑦2
] + 𝑏 [

�̇�2𝑑 − �̇�2

�̇�2𝑑 − �̇�2
] + 𝑖 ∫ [

𝑥2𝑑 − 𝑥2

𝑦2𝑑 − 𝑦2
] 𝑑𝑡 (7) 

The spring coefficient of the impedance controller is defined as k, the damping coefficient b, and the 

integral gain i. 𝑥2𝑑 and 𝑦2𝑑 are the targeted location of the robot's endpoint. 𝑥2 and 𝑦2 are the actual 

position of the robot's endpoint. The position of the end point of the robot is given in Equation (8).  

𝑥2 = 𝐿1 cos θ1 + 𝐿2 cos(𝜃1 + 𝜃2) 
𝑦2 = 𝐿1 sin θ1 + 𝐿2 sin(𝜃1 + 𝜃2) 

(8) 

In order for the interaction force in Equation (7) to be converted into torques, it is necessary to multiply 

it by the Jacobian matrix of the robot endpoint. The Jacobian matrix of the system is given in Equation 

(9).  
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The impedance torques obtained by multiplying the interaction forces with the transpose of the Jacobian 

matrix are given in Equation (10). 

𝜏𝑒 = 𝐽𝑇𝐹𝑖𝑛𝑡 

𝜏𝑒 = [
−𝐹𝑥(𝐿1 sin(𝜃1) + 𝐿2 sin(𝜃1 + 𝜃2)) + 𝐹𝑦(𝐿1 cos(𝜃1) + 𝐿2 cos(𝜃1 + 𝜃2))

−𝐹𝑥𝐿2 sin(𝜃1 + 𝜃2) + 𝐹𝑦𝐿2 cos(𝜃1 + 𝜃2)
] 

(10) 

In Equation (10), the x component of the 𝐹𝑖𝑛𝑡 force is 𝐹𝑥 and the y component is 𝐹𝑦. The final torques 

are the sum of dynamic torques in Equation (6) and the impedance torques in Equation (10). 

NUMERICAL APPLICATION 

L1 = L2 = 1 m and m1 = m2 = 5 kg. Figure 3 shows the path followed by the scenario. The BC plane is 1 

m away from the first joint of the robot and is at a 65° inclination with the ground. The endpoint of the 

robot first moves from point A to point B. It then proceeds from point B to point C by applying a force 

of 50 N to the BC plane. 
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Figure 3. Numeric application view 

In order for the robot to apply 50 N perpendicular to the surface while its tip point moves in the BC 

plane, the 50 N force at a 90° - 65° = 25° inclination from the robot's tip point to the ground is added to 

the interaction force seen in equation (11). 

𝐹𝑖𝑛𝑡,𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 = 𝐹𝑖𝑛𝑡 + 50 [
cos(25°)

sin(25°)
] (11) 

The objective function used to optimize the k, b and i coefficients in Equation (7) is defined in Equation 

(12). 

𝑓𝑜𝑏𝑗 = ∫(𝑥2𝑑 − 𝑥2)
2 + (𝑦2𝑑 − 𝑦2)

2 + (𝐹𝑛 − 50𝑁)2

𝑡2

𝑡1

 (12) 

𝐹𝑛 is the reaction force of the BC plane against the robot endpoint. 𝑡1 is the first contact time of the 

robot's endpoint to point B. 𝑡2 is the time when the robot endpoint reaches point C. 

The objective function is obtained by squaring the distance error and the difference of the surface 

reaction force from 50 N. By minimizing this objective function, both the distance error will be reduced, 

and the surface reaction force will be approached to 50 N. 

THE BEES ALGORITHM 

The algorithm starts with n scout bees being placed randomly in the search space. The fitness of the 

population is calculated; this means the error of all the scout bees are calculated. The array of the scout 

bees is reordered from minimum error to maximum error. The best m sites are selected to be search for 

neighborhood search. The next bees will search those sites within the radius of patch size which is ngh. 

But more scout bees will be sent to elite sites which are shown as number e. The remaining scout bees 

are less than the number of elite bees. Each site is reordered from minimum error to maximum error. In 

addition, the fittest bee is selected for that site. The remaining (n-m) bees are replaced with the new 

randomly created bees. The fitness of the new population is recalculated, and the loop continues until 
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the stop condition occurs. The pseudo code for The Bees Algorithm in its simplest form is: 

1. Initialize population with random solutions. 

2. Evaluate fitness of the population. 

3. While (stopping criterion not met) 

4. Select sites for neighborhood search. 

5. Recruit bees for selected sites (more bees for best e sites) and evaluate fitness. 

6. Select the fittest bee from each patch. 

7. Assign remaining bees to search randomly and evaluate their fitness. 

8. End While 

The Bees Algorithm is shown in Figure 4. 

 

Figure 4. The Bees Algorithm 

The parameters of The Bees Algorithm are given in Table 1. 

Table 1. The Bees Algorithm parameters 

n m e nep nsp ngh pmax pmin 

10 7 4 5 3 0.1 [30,5,5] [0,0,0] 

RESULTS AND DISCUSSION 

The result of the optimization made with The Bees Algorithm is given in Table 2. The optimization is 

completed with 18243 iterations. As a result of the optimization made from a randomly generated 

starting point, the objective function decreased by 57% compared to the initial condition. 
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Table 2. The Bees Algorithm parameters 

 Initial Conditions The Bees Algorithm Result Change 

𝑘 25 25.10477514 +0.41% 

𝑏 3 2.416703157 -19.44% 

𝑖 0 0.541278214 +0.54 

𝑓𝑜𝑏𝑗 11.09625654 4.771782226 -57% 

The convergence graph during the optimization of the objective function is shown in Figure 5. 

 

Figure 5. Convergence graph of the objective function. 

The positions of the robot during the scenario are shown in Figure 6. 
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Figure 6. Movement of the robot in space and on the plane 

The robot touches the BC plane at the 5th second. According to the scenario 50 N force must be applied 

on the surface and robot’s endpoint must move from point B to C. From 5th to 7th second, robot’s end 

point pushes on the BC plane until the reaction force is 50 N. From point B to point C, robot’s endpoint 

moves while applying 50 N on the plane. The force change is shown in in Figure 7. 

 

Figure 7. The reaction force of the plane during the movement of the robot 

The reaction force of the BC plane to the endpoint of the robot ranges from 49.5 N to 50.8 N. The desired 

force of 50 N is applied within -1% and +1.6%.  

In Figure 8, the desired positions are xd and yd, and the actual positions are seen as x2 and y2. As seen in 

the figure, actual positions are very close to desired locations.  

The interaction distance at the endpoint of the robot is given in Figure 9. 
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Figure 8. Desired and actual locations of the robot's endpoint. 

 

Figure 9. Interaction distances at the robot endpoint 

Accordingly, while there are very large interaction distances before the contact with the BC plane, that 

is, before the 5th second, it is seen that the interaction distances are less when applying 50 N on the BC 

plane, that is, after the 5th second.  

CONCLUSIONS 

In this study, the position of the endpoint of a 2 dof robot was controlled using the impedance control 

technique. In addition, during the movement of the robot's end point on a plane, a change was made on 

the impedance force to apply a workload such as 50 N. During this movement, the workload is applied 

with an error between -1% and +1.6%. 

In addition, the impedance controller parameters are optimized with The Bees Algorithm. As a result of 

the optimization made with a randomly determined initial condition, an improvement of 57% was 

achieved and the optimization was completed. 

In this study, it has been shown that a force can be applied in a desired direction while the end point of 

the robot moves on a trajectory using the impedance control technique. In future studies, the change in 

desired position can be studied instead of changing the interaction force in this study. 
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