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Abstract – Nowadays, robotic arms are widely used in industry. Robotic arms are used in applications such as pick and place, 

arc welding, spot welding, packaging, machine maintenance, and material handling. Robot arms are used extensively especially 

in the automotive industry. The use of robotic arms reduces the need for labor, reduces costs and reduces work accidents. As the 

importance of robotic arms increases with the development of industry, the problem of controlling robot arms has also gained 

importance. In this study, modeling of a 2-link robot arm and model predictive controller (MPC) design were carried out. The 

nonlinear dynamic model of the robotic arm is linearized through feedback linearization. MATLAB and Simulink programs 

were used to model the linearized robotic arm. MPC controller design was carried out for the linearized robot arm model and 

thus the movements of the robot arm could be controlled. The simulations performed revealed that the designed MPC 

successfully controlled the robotic arm. 
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I. INTRODUCTION 

With the development of the industry, the role of robotic 

arms in production processes has increased. Robot arms can 

successfully perform repetitive, dangerous and power-

requiring tasks for humans [1], [2], [3]. 

Robotic arms have multi-degree of freedom movement and 

have advanced software and hardware [4], [5], [6]. For this 

reason, it becomes important to control robotic arms 

successfully in order to avoid occupational accidents and to 

prevent the production process from being disrupted [7], [8]. 

Different control techniques have been used to control 

robotic arms [9]. However, PID controllers have been used 

more widely than others [10]. The simple structure of the PID 

controller and easy adjustment of its parameters lead to its 

widespread use [11]. Renuka et al. modeled a 3 degrees of 

freedom (DOF) robot manipulator and designed a PID 

controller [12]. Jawad et al. designed an artificial neural 

network (ANN) optimized PID controller for a robot arm [13]. 

Das et al. developed a fuzzy fractional order PID controller for 

a robot arm and they used MATLAB program for simulations 

[14]. Sutyasadi et al. designed a cascaded PID controller for a 

three axis articulated robotic arm [15]. 

Some of the researchers used LQR controller because of its 

simplicity, robustness and flexibility [16]. Song et al. modeled 

a 2 DOF robot manipulator and designed an optimum LQR 

controller [17]. Ortega-Vidal et al. conducted a comparative 

study for a 2 DOF robot arm. They compared optimal LQR 

controller and LQR predictive controller [18]. Choubey et al. 

proposed a LQR based PID controller for a 3 DOF robot arm. 

They used MATLAB program for simulations [19]. 

In this study, the control of a two-link robotic arm was 

carried out with a feedback linearized MPC controller. First of 

all, the equations of two connected robotic arms were derived. 

These equations were linearized with feedback linearization to 

obtain a linear robot arm model. MPC controller was designed 

to control the movements of the linearized robotic arm. The 

robot arm was modeled and the MPC controller was designed 

using MATLAB and Simulink programs. Simulations have 

shown that the MPC controller works successfully. 

II. MODELING OF THE ROBOT ARM 

In this study, a 2-degree-of-freedom robotic arm was used. 

The schematic representation of the used robotic arm is given 

in Fig. 1. 

 

https://dergipark.org.tr/en/pub/ijmsit
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Fig. 1. 2-link robot arm 

In Fig. 1, l1 and l2 show the lengths of the robot arm. θ1 and 

θ2 show the angles of the robotic arm. M1 indicates the mass 

of the first link and M2 indicates the mass of the second link.  

 

The dynamic model of the robotic arm is calculated based 

on kinetic and potential energies. This dynamic model is 

calculated using the dynamic geometric model given by the 

following formulas. 

 

x = L1sin(θ1) + L2sin(θ1+ θ2)                                                (1) 

y = L1cos(θ1) + L2cos(θ1+ θ2)                                                (2) 

 

Using equations (1) and (2), the kinetic energy equation of 

the 2-link robotic arm is found as follows. 

 

E = 
1

2
(M1 + M2)𝐿1

2 θ̇1
2 + 

1

2
M2𝐿2

2 θ̇1
2 + M2𝐿2

2 θ̇1θ̇2 + 
1

2
M2𝐿2

2 θ̇2
2 + 

M2L1L2(θ̇1θ̇2 + θ̇1
2)cos(θ2)                                                      (3) 

 

Potential energy is represented in (4) 

 

U = M1gL1cos(θ1) + M2g(L1cos(θ1) + L2cos(θ1 + θ2))          (4) 

 

The motion equations of the robot can be found using the 

Lagrange equation. Lagrange's equation is given in (4). 

 

L = E-U                                                                               (5) 

 

To calculate the equations of motion, the Euler-Lagrange 

equation is used, which is based on the partial derivative of the 

kinetic and potential energy properties of mechanical systems 

and is defined in equation (6). 

 

𝜏 = 
𝑑

𝑑𝑡
(
𝜕𝐿

𝜕θ̇𝑖
) – (

𝜕𝐿

𝜕θ𝑖
)                                                                       (6) 

 

L is Lagrangian of the motion and 𝜏 represents torque. 

Torque vector is represented in (7). 

 

𝜏 = [𝜏1 𝜏2]T                                                                                   (7) 

 

Dynamic model of the robotic arm with 2 DOF is 

represented in (8). 

 

{
𝑀(θ)θ̈ + 𝐶(θ, θ̇) + 𝐺(θ) = τ

𝑌 =  θ
                                               (8) 

 

In the above equations θ is the joint variable vector and is 

represented in (9). 

 

θ = [θ 1 θ 2]T                                                                                   (9) 

 

Y is the output vector. G(θ) represents the gravity torques 

vector, C(θ, θ̇) is vector of Coriolis and centrifugal forces and 

M(θ) is the inertia matrix. G(θ) is given in (10). 

 

G(θ)=[
−(𝑀1 +𝑀2)𝑔𝐿1 sin(θ1) − 𝑀2𝑔𝐿2sin (θ1 + θ2)

−𝑀2𝑔𝐿2sin(θ1 + θ2)
] (10) 

 

C(θ, θ̇) vector is presented in (11). 

 

C(θ, θ̇) = [
−𝑀2𝐿1𝐿2(2θ̇1θ̇2 + θ̇1

2)sin(θ2)

−𝑀2𝐿1𝐿2θ̇1θ̇2sin(θ2)
]                          (11) 

 

M(θ) inertia matrix  is shown in (12) 

 

M(θ) = [
𝐷1 𝐷2
𝐷3 𝐷4

]                                                                    (12) 

 

D1, D2, D3, D4 constants are given in (13). 

 

{
 

 
𝐷1 = (𝑀1 +𝑀2)𝐿1

2 +𝑀2𝐿2
2 + 2𝑀2𝐿1𝐿2𝑐𝑜𝑠(θ2)

𝐷2 = 𝑀2𝐿2
2 +𝑀2𝐿1𝐿2cos(θ2)
𝐷3 = 𝐷2
𝐷4 = 𝑀2𝐿2

2

         (13) 

 

III. CONTROL STRUCTURE 

In this section, a model predictive controller is developed for 

the 2 DOF robot arm. Firstly, feedback linearization control is 

used to linearize model. Secondly, a model predictive 

controller is designed for the linear robot arm model.  

A. Feedback Linearization Control 

With this technique, the nonlinear dynamics of the system 

are made linear and linear control techniques become 

applicable to control the system. 

The output Y is differentiated until the control input τ is 

obtained. In this case, the control input τ is obtained in the 

second derivative of Y. This equation is given in (14) 

 

Ÿ =  θ̈ = M(θ)-1(- C(θ,θ̇) - G(θ) + τ) = v                          (14) 

 

In the above equation, v is a synthetic control vector. This 

vector is defined in (15).  

 

v = [v1 v2]T                                                                                (15)    

                                                                               

Using (7), feedback linearization control is obtained in (16). 

 

τ = M(θ)v + C(θ,θ̇) + G(θ)                                                (16) 

 

By using the control law given in (16), linearization of the 

system in (8) is achieved and linear system for each joint is 

obtained as in (17) and (18). In below equations, p is Laplace 

variable.  

 
θ1(𝑝)

v1(𝑝)
 = 

1

𝑝2
                                                                           (17) 

 
θ2(𝑝)

v2(𝑝)
 = 

1

𝑝2
                                                                           (18) 

 

B. Model Predictive Control 

After the linearization of the nonlinear robot arm model, the 

below decoupled linear systems are obtained. 

 

θ̈1= v1                                                                                (19) 

 

θ̈2= v2                                                                                (20) 
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The above system could be rewritten in the state space form 

as in (21). v1 is the synthetic control of the first joint of the 

robot arm and Y is output. 

 

{

�̇�1(𝑡) = 𝑥2(𝑡)

�̇�2(𝑡) = 𝑣1(𝑡)

𝑌(𝑡) = 𝑥1(𝑡)

                                                                 (21) 

Secondly, relationship between x and θ states are presented 

in (22). 

 

[x1 x2]T = [θ1 θ̇1]T                                                              (22) 

 

Firstly, an MPC controller was developed for the first 

connection of the robot arm. A controller is developed in a 

similar way for the second connection. In the time interval [t 

t+h], v1(t) = v1 is assumed. h is horizon time of prediction. 

Using the (21), prediction model is found as in (23) 

 

{
θ̇1(t + h) = v1h + θ̇1(t)

θ1(t + h) =
1

2
v1h

2 + θ̇1(t)h + θ1(t)
                            (23) 

 

The given reference angle of the first link θ1d, the proposed 

one-horizon time quadratic cost function to stabilize the 

system is given in (24). 

 

J = 𝑒1
2(t+h) + p�̇�1

2(t+h)                                                      (24) 

 

The predicted angle error is given in (25).  

 

e1(t+h) = θ1d - θ1(t+h)                                                      (25)  

     

The predicted velocity error is given in (26).  

 

�̇�1(t+h) = 0 - θ̇1(t+h)                                                              (26) 

 

In the above equations, h is horizon time and p is weight 

factor. Substituting the prediction model (23) in (24) and 

minimizing J criteria with respect to v1 value, the MPC 

controller is obtained. The obtained MPC controller is given in 

(27). 

 

v1(t) = k3θ1d – k1θ1(t) – k2θ̇1(t)                                        (27) 

 

k1,k2 and k3 control gains are presented in below equations. 

 

k1 = 
2

ℎ2+4𝑝
                                                                          (28) 

 

k2 = 
2ℎ2+4𝑝

ℎ3+4𝑝ℎ
                                                                          (29) 

 

k2 = 
2

ℎ2+4𝑝
                                                                          (30) 

 

MPC controller coefficients are represented in Table 1. 

Table 1. MPC controller coefficients 

Parameter Definition Value 

k1 Controller Gain 15.99 

k2 Controller Gain 5.65 

k3 Controller Gain 15.99 

p Weight Factor 1.14 x 10-9 

h Horizon Time 0.35 s 

IV. CONTROL STRUCTURE 

In this section, simulations made using MATLAB/Simulink 

are included. The parameters of the robotic arm used in this 

study are shown in Table 2.  

 

Table 2. Robot arm parameters 

Parameter Definition Value 

M1 Mass of the first link 1 kg 

M2 Mass of the second link 1 kg 

L3 Length of the first link 1 m 

L2 Length of the second link 1 m 

g Gravity 9.81 m/s2 

 

The model of the robot arm and MPC controller designed in 

Simulink is shown in Fig. 2. 

 

Fig. 2. Simulink model of the robot arm and MPC controller 

Initial conditions and desired conditions of the robot arm is 

given in Table 3. 

 

Table 3. Initial and desired conditions of the robot arm 

Parameter Definition Value 

θ1(0) Initial angle of the first link π/2 

θ2(0) Initial angle of the second link -π/2 

θ1d Desired angle of the first link -π/2 

θ2d Desired angle of the second link π/2 

 

Figure 3 to Fig. 7 show simulations of the robotic arm. In 

simulations, the angle value is in radians and the time value is 

in seconds. Simulation of the θ1angle is shown in Fig. 3. As 

can be seen from Fig. 3, the MPC controller reaches the desired 

angle value in a short time. 

 

 

Fig. 3. Simulation of the θ1 angle 
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Figure 4 represents the θ2 angle simulation. As seen in Fig. 

4, the MPC controller reaches the desired angle value in a short 

time. 

 

Fig. 4. Simulation of the θ2 angle 

Torques of the robot arm’s links are given in Fig. 5. 

 

 

Fig. 5. Torques of the robot arm’s links 

Simulation of the synthetic control vector is represented in 
Fig. 6. As seen in Fig. 6, the synthetic controls reach zero when 
the end effector of the robotic arm reaches its target. 

 

Fig. 6. Synthetic control vector 

The error graph for the 1st and 2nd lines of the robot arm is 
as shown in Fig. 7. As can be seen in Fig. 7, the error value goes 
to 0 for both robot arm links. In this case, it turns out that the 
robot arm is controlled by MPC flawlessly. 

 

Fig. 7. Error graph of the robot arm’s links 

 

V. CONCLUSION 

In this study, feedback linearized model predictive control 

of a two-link robot arm was implemented. First of all, the 

equations of the robotic arm were derived and the dynamic 

model was created. Then, the robot arm model was linearized 

with feedback linearization. MPC controller was developed to 

control the linearized robot arm model. The linear robotic arm 

and MPC controller were created using MATLAB/Simulink. 

Simulations were made for the angles, synthetic vector, torque 

values and error values of the robotic arm. In the simulations, 

it was seen that the MPC controller achieved the desired angle 

values in a very short time. It has been observed that synthetic 

vector values and error values go to zero in a short time. Thus, 

it has been confirmed that the developed MPC controller 

successfully controls the two-link robot arm. 
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