
Malikussaleh Journal of Mechanical Science and Technology 
 
 
 
 

P-ISSN : 2337-6945  
E-ISSN : 2828-2922 Vol.9  No.2 (2025) 352-357 

           

 

                              Manuscript received September 2025, revised September 2025, published October 2025 
Copyright © 2025 Department of Mechanical Engineering, All right reserved. 

DOI : 10.29103/mjmst.v9i2.25007 

352   

 

Optimization of Multi-Loop PI Control for a 6-DOF Robotic Arm Using 
Looptune in MATLAB/Simulink 

 
 

Yuli Mauliza1*, Ghiyalti Novilia1, M. Basyir1, Muhammad Isra2 
1Department of Electrical Engineering, Politeknik Negeri Lhokseumawe, Indonesia 
2Department of Mechanical Engineering, Samudra University, Indonesia 
*Corresponding Author: maulizayuli1998@pnl.ac.id 
 

 

Abstract – This study discusses the tuning of a multi-loop control system based on Proportional–Integral (PI) 

controllers for a six-degree-of-freedom (6-DOF) robotic arm. Each joint is controlled individually but operates in 
coordination to achieve precise motion. A simultaneous tuning method using the looptune function and the 
slTuner interface in MATLAB is employed to optimize all six loops simultaneously, considering response time, 
MIMO stability, and minimal cross-coupling. Simulation results in the Simulink–Simscape model show that this 
method produces faster, more stable responses with reduced overshoot compared to conventional tuning. The 
implementation of a 2-DOF controller also eliminates overshoot and improves the performance of the Bicep joint, 
resulting in smoother and more accurate trajectory tracking. 
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1    Introduction 

The rapid advancement of robotic technology 

demands control systems that are increasingly precise, 

efficient, and adaptive to complex system dynamics. One 

of the main challenges in controlling multi-degree-of-

freedom (multi-DOF) robotic manipulators is the 

presence of inter-joint interactions (cross-coupling), 

which alter the system dynamics and may degrade 

motion accuracy  [1]. Ideally, each robot joint should 

move smoothly and in a coordinated manner, following 

the desired trajectory with fast response time and 

without overshoot. However, in practical conditions, 

tuning controllers in multi-loop architectures is often 

difficult because the dynamic characteristics of each loop 

influence one another, resulting in suboptimal 

performance and long tuning processes  [2]. 

The motivation for selecting this topic stems from the 

fact that tuning PI controllers in multi-loop systems 

remains a significant challenge in both industrial and 

academic robotic applications. PI controllers are widely 

used due to their simple structure and ease of 

implementation, yet their performance is highly 

dependent on accurate parameter tuning [3][4][5]. 

Previous studies have commonly relied on conventional 

tuning methods such as Ziegler–Nichols [6][7]or trial-

and-error approaches, which fail to account for inter-loop 

interactions and tend to produce slow responses or large 

overshoot. Other research efforts have adopted 

optimization algorithms such as genetic algorithms (GA) 

[8][9], particle swarm optimization (PSO) [10][11], or 

model predictive control (MPC) [12][13] to improve 

tuning accuracy; however, these approaches require high 

computational effort and involve more complex 

controller design procedures. 

Based on this review, the present study employs a 

simultaneous tuning method using MATLAB’s looptune 

and slTuner as a more efficient alternative. This method 

enables simultaneous tuning of all PI loops while 

considering the stability of the multi-input multi-output 

(MIMO) system, response time, and minimization of 

cross-coupling effects. Consequently, this approach offers 

a balance between implementation simplicity and system 

performance quality. 

The main contribution of this research is the 
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application of simultaneous looptune-based tuning on a 
6-DOF robotic arm control system to obtain optimal and 
stable PI parameters, along with a performance analysis 
following the implementation of a 2-DOF controller 
configuration. Simulation results demonstrate significant 
improvements in response speed, overshoot reduction, 
and system stability compared to conventional methods. 
This study is expected to serve as a reference for the 
development of precise and efficient multiloop control 
systems for industrial robotics applications and future 
research.  

2    Materials and Methods 

This research begins with the system modeling of a 6-
DOF robotic arm in the MATLAB/Simulink environment, 
where each joint is controlled by a Proportional–Integral 
(PI) controller forming a multi-loop feedback structure. 
The proposed control system diagram is illustrated in 
Figure 1. 

 

 
Figure 1. Multi-Loop PI Control in MATLAB/Simulink 

 
Figure 1 presents the closed-loop control system for a 

six-degree-of-freedom (6-DOF) robotic arm controlled 
using PI controllers. The reference joint angle is 
compared with the actual angle to generate an error 
signal, which is processed by the PI controller through 
proportional and integral actions. The controller output, 
in the form of a command signal, is transmitted to each 
joint actuator to regulate its movement, while the actual 
joint angle is fed back into the system. 

 

 
Figure 2. Two-Degree-of-Freedom PID Controller 

 
Figure 2 illustrates the structure of a two-degree-of-

freedom (2-DOF) PID controller, which is employed to 
enhance control system performance compared to a 
conventional PID controller. The system consists of two 
primary paths: the feedforward path (C_FF) and the 

feedback path (C_FB). The reference signal (r) is divided 
into two components: one is fed directly into the 
feedforward controller, and the other is used to compute 
the error (e = r − y) based on the system output (y). 

The feedforward controller is responsible for shaping 
the system response to setpoint changes, ensuring a 
faster and smoother reaction without affecting loop 
stability. Meanwhile, the feedback controller maintains 
system stability and reduces steady-state error caused by 
disturbances or plant uncertainties (G). The outputs from 
both the feedforward and feedback controllers are 
summed to generate the total control input applied to 
the plant. 

By separating the influence of setpoint tracking and 
disturbance rejection, the 2-DOF controller enables 
faster, more stable, and more flexible tuning compared 
to a traditional one-degree-of-freedom (1-DOF) PID 
controller. 

2.1 Mathematical Modeling of the 6-DOF Robotic Arm 

The model of the 6-DOF robotic arm is illustrated in 
Figure 3. The six-degree-of-freedom robotic arm consists 
of several main components: the turntable, bicep, 
forearm, wrist, hand, and gripper. Each component is 
connected through joints actuated by DC motors to 
produce either rotational or translational motion as 
required. The turntable functions as the rotational base, 
while the bicep and forearm control vertical and 
horizontal movements. The wrist and hand adjust the 
orientation and position of the gripper. The gripper 
serves as the end-effector that clamps, grasps, or 
manipulates objects according to the commands from 
the control system. 

 

 
Figure 3. Structure of the 6-DOF Robotic Arm 

 
The dynamics of a robotic arm can be expressed by the 

following general equation of motion. In real-world 
environments, robotic arms often experience load 
variations and external disturbances. To account for 
these effects, a disturbance term 𝑑(𝑡) is added to the 
system dynamics, modifying the general equation of 
motion as follows  [2]: 
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𝑀(𝑞)𝑞̈ + 𝐶(𝑞, 𝑞̇)𝑞̇ + 𝐺(𝑞) + 𝑑(𝑡) = 𝜏 (1) 

 

Here, 𝑞represents the vector of joint angles (joint 

positions); 𝑀(𝑞) is the mass or inertia matrix describing 

the relationship between joint accelerations and the 

applied torques; 𝐶(𝑞, 𝑞̇) is the Coriolis and centrifugal 

matrix that captures the influence of joint velocities on 

the system dynamics; and 𝐺(𝑞) is the gravity vector 

accounting for the gravitational forces acting on the 

joints. 

Meanwhile, 𝜏 denotes the control input vector 

consisting of torques produced by the DC motors at each 

joint, and 𝑑(𝑡) represents the external disturbances 

acting on the system. The control objective is to design 

the input torque 𝜏 such that the robotic arm accurately 

follows the desired trajectory while minimizing tracking 

errors, optimizing energy consumption, and ensuring 

overall system stability. 

2.2 Design of the Multi-Loop PI Control System 

Each joint of the robotic arm is controlled using a PI 
controller designed to reduce tracking errors. The control 
law for each joint 𝑖is defined as follows [2]: 

 

𝜏𝑖(𝑡) = 𝐾𝑝𝑖𝑒𝑖(𝑡) + 𝐾𝑖𝑖 ∫𝑒𝑖

𝑡

0

(𝜏)𝑑𝜏 (2) 

 

Here, 𝜏𝑖(𝑡) represents the control signal (torque) 

applied to joint 𝑖; 𝑒𝑖(𝑡) = 𝑞𝑑𝑖(𝑡) − 𝑞𝑖(𝑡) is the tracking 

error between the desired joint position 𝑞𝑑𝑖(𝑡) and the 

actual joint position 𝑞𝑖(𝑡); and 𝐾𝑝𝑖  and 𝐾𝑖𝑖  are the 

proportional and integral gains for joint 𝑖, respectively. 

The PI controller aims to minimize the tracking error 

𝑒𝑖(𝑡) over time. However, conventional PI controllers 

may encounter difficulties when dealing with dynamic 

load variations, thus requiring a more adaptive tuning 

mechanism. 

Figure 4 illustrates the structure of the proposed PI 

controller. The controller structure shown represents a 

multi-loop PI-based control system in which each joint of 

the 6-DOF robotic arm is regulated independently yet in 

a coordinated manner. The reference signal (ref) is 

compared with the feedback signal (fdbk), which has 

been processed through a Signal Conditioning block to 

generate the position error. Each error signal is processed 

by a PI controller that compensates for the difference 

between the reference and actual joint positions to drive 

the error toward zero. 

The outputs of the six PI controllers are then sent to 

the Command (CMD) block, which regulates motor 

direction, speed, and braking for each joint. These six 

control loops corresponding to the turntable, bicep, 

forearm, wrist, hand, and gripper operate simultaneously 

to ensure precise, stable movement that follows the 

desired trajectory. 

 
Figure 4. Multi-Loop PI Controller Structure 

3 Results and Discussion 

In the initial phase of the study, the 6-DOF robotic arm 

system was controlled using six PI controllers that were 

tuned individually through a sequential tuning 

procedure. Each joint loop was adjusted separately to 

achieve a stable response under nominal operating 

conditions. However, because each controller was 

optimized in isolation, this approach did not account for 

the inherent coupling among joints, which is a significant 

characteristic of multi-DOF robotic systems. As a result, 

the individual tuning results did not translate into optimal 

performance once all loops were operating 

simultaneously. 

Simulation results verified these limitations, 

demonstrating that sequential PI tuning produced slow 

angular responses, considerable overshoot, and notable 

cross-coupling effects between joints (see Figure 5). The 

step response curves showed that the six joints reached 

their final positions at different times and required a 

relatively long duration to settle, indicating 

uncoordinated motion and insufficient damping. These 

performance issues can reduce motion accuracy, increase 

energy consumption, and potentially lead to degraded 

stability when the robot interacts with varying loads or 

external disturbances. 

To address these shortcomings, a simultaneous tuning 

strategy was implemented using the looptune function in 

MATLAB. This method enables the concurrent 

adjustment of all PI controllers while considering the full 

multi-input multi-output (MIMO) dynamics of the robotic 

system. By specifying a 3 rad/s target bandwidth, the 

tuning algorithm optimized the controller gains to 

improve response speed, enhance robustness, and 

minimize inter-loop interactions. The final objective 

function value approached 1, indicating that the desired 

performance specifications were successfully achieved. 

This simultaneous tuning method thus offers a more 
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effective and reliable solution compared to conventional 

sequential tuning, especially for complex multi-loop 

systems such as a 6-DOF robotic arm. 

 
Figure 5. Joint Responses During Conventional PI Parameter Tuning 

 
Figure 6. Initial Tuning Results Using Looptune 

 

Figure 8 demonstrates that the simulation results 

show a significant improvement after applying the 

looptune-based tuning method. Each joint exhibits faster 

and more precise responses, with a settling time of 

approximately 1 second, in accordance with the design 

specifications. The response curves for the commanded 

input show that all six joints, namely the Turntable, Bicep, 

Forearm, Wrist, Hand, and Gripper, reach their final 

positions in a smoother and more synchronized manner. 

The cross-coupling curves approaching zero further 

indicate minimal inter-loop interaction, confirming the 

effectiveness of MIMO tuning in enhancing the overall 

system stability. 

 
Figure 7. PI Controller Tuning Using a Two-Degree-of-Freedom (2-

DOF) Structure 

 

Nevertheless, although the system response 

improved, a small overshoot and relatively long settling 

time were still observed in the Bicep joint. To address this 

issue, an additional tuning step was performed using the 

2-DOF controller configuration, which incorporates a 

feedforward action as illustrated in Figure 2. This 

modification successfully eliminated the overshoot and 

produced a smoother and faster angular response for the 

Bicep joint. 

 

 
Figure 8. Final Joint-Angle Responses After Tuning 

 

Overall, the simulation results confirm that the use of 

Looptune and slTuner in multi-loop PI tuning yields 

controllers that are faster, more stable, and better 

coordinated compared to conventional tuning methods 

(see Figure 9). This approach accelerates the transition to 
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steady-state conditions and provides improved stability 

margins for the complex 6-DOF robotic arm system. 

 

 
Figure 9. Joint Position Responses with the Refined Controller 

 

 
Figure 10. Control Signals with the Refined Controller 

 

Figure 10 shows the control-signal responses, 

expressed as voltage over time, for the six actuators of 

the robot: Turntable (tCMD), Bicep (bCMD), Forearm 

(fCMD), Wrist (wCMD), Hand (hCMD), and Gripper 

(gCMD) during a 5-second simulation. Each plot 

illustrates how the control voltage varies to drive each 

joint toward its reference position. In the initial phase 

(approximately 0–0.5 seconds), all actuators exhibit 

relatively high initial voltages, ranging from 3 to 5 volts, 

providing the necessary torque to overcome inertia and 

accelerate the system response. After this phase, the 

voltages gradually decrease and approach zero, 

indicating that the target positions have been reached 

and that the system has settled into steady-state 

operation. 

Table 1 presents a comparison of system response 

characteristics between the 1-DOF PID and 2-DOF PID 

controllers based on four key performance metrics: rise 

time, settling time, maximum overshoot, and steady-

state error. The results show that the 2-DOF PID 

controller delivers superior overall performance. Both 

rise time and settling time are reduced, overshoot is 

minimized, and the steady-state error approaches zero. 

These findings demonstrate that the 2-DOF structure 

provides a faster, more stable, and more accurate 

response, owing to its ability to separately tune the 

system’s reaction to setpoint changes and disturbance 

rejection through the combination of feedforward and 

feedback actions. 

 
Table 1. Comparison of Performance Characteristics of the Multi-Loop 

PI Control System 

Performance 

Parameter 

Conventional PI 

(Single-Loop 

Tuning) 

Multi-Loop PI 

(Looptune) 

Multi-Loop 

PI + 2-DOF 

Rise Time Slow Faster Fast and 

smooth 

Settling Time Long Shorter Shortest 

Maximum 

Overshoot 

High Reduced Nearly zero 

overshoot 

Steady-State 

Error 

Present Small Almost none 

4 Conclusions  

The multi-loop PI tuning method using looptune and 
slTuner has proven to be more effective than 
conventional tuning performed separately on each loop. 
Simultaneous tuning enhances system stability, 
accelerates response time, and minimizes inter-loop 
interactions in the 6-DOF robotic arm. Furthermore, the 
implementation of the 2-DOF controller successfully 
eliminates overshoot and improves angular tracking 
performance, particularly for the Bicep joint. Overall, this 
approach provides a more precise, responsive, and 
efficient control performance for multi-loop robotic 
systems. 
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