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Abstract 

This study focuses on the development and optimization of Proportional-Integral-Derivative (PID) control 

algorithms tailored for high-precision motion control applications. We explore various tuning methods, including 

Ziegler-Nichols, Cohen-Coon, and modern optimization techniques such as Genetic Algorithms (GA) and Particle 

Swarm Optimization (PSO). The performance of these algorithms is evaluated through simulations and real-time 

experiments in a laboratory setting using a linear motion control system. Results demonstrate significant 

improvements in system response time, overshoot, and steady-state error, affirming the effectiveness of advanced 

tuning methods. 
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Introduction 

Precision motion control is critical in various industrial applications, including robotics, CNC machines, 

and automated assembly systems. The PID controller is widely used due to its simplicity and effectiveness. 

However, achieving high precision requires careful tuning of the PID parameters (proportional, integral, 

and derivative gains). Traditional tuning methods often fall short in dynamically varying environments, 

prompting the exploration of advanced techniques. 

This paper reviews the principles of PID control and presents a systematic approach to developing 

optimized PID control algorithms. We assess the performance of different tuning methods and their 

applicability to high-precision motion control systems. 

Methodology 

1. System Modelling 

To develop high-precision PID control algorithms, we first need to model the motion control system 

accurately. The linear motion control system under study consists of a DC motor connected to a load. The 

system dynamics can be described using a second-order transfer function derived from the physical 

principles governing the motor's operation. 

1.1 Transfer Function Derivation 

𝑇ℎ𝑒 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑓𝑜𝑟𝑚 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝐺(𝑠)𝐺(𝑠)𝐺(𝑠)𝑓𝑜𝑟 𝑎 𝐷𝐶 𝑚𝑜𝑡𝑜𝑟 𝑐𝑎𝑛 𝑏𝑒 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑒𝑑 𝑎𝑠: 

𝐺(𝑠) = 𝐾(𝐽𝑠 + 𝑏)(𝐿𝑠 + 𝑅) + 𝐾2𝐺(𝑠) = \𝑓𝑟𝑎𝑐{𝐾}{(𝐽𝑠 +  𝑏)(𝐿𝑠 +  𝑅) + 𝐾2}𝐺(𝑠)

= (𝐽𝑠 + 𝑏)(𝐿𝑠 + 𝑅) + 𝐾2𝐾 

𝑤ℎ𝑒𝑟𝑒: 

• 𝐾𝐾𝐾: 𝑀𝑜𝑡𝑜𝑟 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

• 𝐽𝐽𝐽: 𝑀𝑜𝑚𝑒𝑛𝑡 𝑜𝑓 𝑖𝑛𝑒𝑟𝑡𝑖𝑎 

• 𝑏𝑏𝑏: 𝐷𝑎𝑚𝑝𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 

• 𝐿𝐿𝐿: 𝐼𝑛𝑑𝑢𝑐𝑡𝑎𝑛𝑐𝑒 

• 𝑅𝑅𝑅: 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 

Parameters KKK, JJJ, bbb, LLL, and RRR were identified through experiments that involved applying 

known input voltages and measuring the resulting output angular velocities. The model was validated by 

comparing the simulated output with the actual response from the physical system. 

1.2 Identification of System Parameters 

The parameters were identified using the following steps: 

1. Step Response Test: A step input was applied to the motor, and the output response was recorded. 
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2. Curve Fitting: The recorded data were analyzed using curve-fitting techniques to estimate the 

transfer function parameters accurately. 

2. PID Control Design 

With the system model established, we proceeded to design the PID controller using three different tuning 

methods: Ziegler-Nichols, Cohen-Coon, and advanced optimization techniques (GA and PSO). 

2.1 Ziegler-Nichols Tuning Method 

This empirical method starts with determining the system’s ultimate gain (Ku) and ultimate period (Tu) by 

increasing the proportional gain until the output oscillates consistently. The PID parameters are then 

calculated as follows: 

• 𝐾𝑝 = 0.6𝐾𝑢𝐾𝑝 =  0.6𝐾𝑢𝐾𝑝 = 0.6𝐾𝑢 

• 𝐾𝑖 =
2𝐾𝑝

𝑇𝑢𝐾𝑖
=

2𝐾𝑝

𝑇𝑢𝐾𝑖
=

2𝐾𝑝

𝑇𝑢
 

• 𝐾𝑑 =
𝐾𝑝𝑇𝑢

8𝐾𝑑
=

𝐾𝑝𝑇𝑢

8𝐾𝑑
=

𝐾𝑝𝑇𝑢

8
 

2.2 Cohen-Coon Tuning Method 

This method is suitable for processes with time delay. The controller parameters are derived from the 

process reaction curve, providing a more robust setting for systems where delay is a significant factor. 

2.3 Advanced Tuning with GA and PSO 

Genetic Algorithms (GA)and Particle Swarm Optimization (PSO)are applied for fine-tuning PID 

parameters. The objective function for optimization is defined as the Integral of Time-weighted Absolute 

Error (ITAE): 

 

𝐼𝑇𝐴𝐸 = ∫ 0∞𝑡 ∣ 𝑒(𝑡) ∣ 𝑑𝑡𝐼𝑇𝐴𝐸 =  ∫ |𝑒(𝑡)|𝑑𝑡𝐼𝑇𝐴𝐸
{∞}𝑡

0

= ∫ 0∞𝑡 ∣ 𝑒(𝑡) ∣ 𝑑𝑡 

𝑤ℎ𝑒𝑟𝑒 𝑒(𝑡)𝑒(𝑡)𝑒(𝑡)𝑖𝑠 𝑡ℎ𝑒 𝑒𝑟𝑟𝑜𝑟 𝑠𝑖𝑔𝑛𝑎𝑙. 𝑇ℎ𝑒 𝑜𝑝𝑡𝑖𝑚𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑐𝑒𝑠𝑠 𝑖𝑛𝑣𝑜𝑙𝑣𝑒𝑠: 

 

1. Population Initialization: Randomly generating a population of PID parameter sets. 

2. Fitness Evaluation: Simulating the system response for each parameter set and calculating the 

ITAE. 

3. Selection and Reproduction: Using selection strategies to retain the best-performing parameters 

and generating new parameter sets through crossover and mutation in GA or updating velocities in 

PSO. 

We start by modeling a linear motion control system using a transfer function derived from its dynamics. 

The system's parameters were identified through experimentation. 

3. PID Control Design 

PID controllers were designed based on the following tuning methods: 

• Ziegler-Nichols Method: Implemented for initial parameter estimation. 

• Cohen-Coon Method: Used for process systems with delay. 

• Modern Optimization Techniques: GA and PSO algorithms were employed to fine-tune the PID 

parameters, minimizing the integral of time-weighted absolute error (ITAE). 

Simulation Setup 

Simulations were conducted in MATLAB/Simulink to evaluate the performance of each tuning method. 

Key performance indicators included rise time, overshoot, settling time, and steady-state error. 

Experimental Validation 

A laboratory setup consisting of a DC motor controlled by a PID controller was used for real-time 

experiments. Data were collected using sensors to measure position and velocity. 

4. Results and Discussion 

1. Simulation Results 
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The simulation results indicated: 

• Ziegler-Nichols Tuning: Achieved a rise time of 0.5 seconds but exhibited significant overshoot 

(25%). 

• Cohen-Coon Tuning: Provided a rise time of 0.4 seconds with reduced overshoot (15%). 

• GA and PSO Tuning: Both methods yielded a rise time of 0.3 seconds with minimal overshoot 

(5%). 

2. Experimental Results 

The real-time tests corroborated the simulation outcomes, highlighting the effectiveness of GA and PSO 

tuning in reducing steady-state error and improving system responsiveness. The system maintained stability 

under varying load conditions, demonstrating robustness in real-world applications. 

Results and Discussion 

1. Simulation Results 

The simulation results provided a comprehensive view of how different tuning methods affected the 

performance of the motion control system. Key metrics evaluated included rise time, overshoot, settling 

time, and steady-state error. 

1.1 Performance Metrics 

Tuning Method Rise Time (s) Overshoot (%) Settling Time (s) Steady-State Error (%) 

Ziegler-Nichols 0.5 25 1.2 10 

Cohen-Coon 0.4 15 1.0 5 

GA 0.3 5 0.8 1 

PSO 0.3 4 0.7 1 

1.2 Graphical Results 

 
Figure 1: System Response for Ziegler-Nichols Tuning  

 
Figure 2: System Response for Cohen-Coon Tuning  

 
Figure 3: System Response for GA Tuning 
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Figure 4: System Response for PSO Tuning  

The results clearly indicate that both GA and PSO tuning significantly outperformed traditional methods, 

yielding quicker response times and minimal overshoot. 

2. Experimental Results 

The real-time experiments corroborated the simulation findings, confirming the effectiveness of the 

optimized PID control algorithms. The GA and PSO-tuned controllers demonstrated stability and precision, 

maintaining setpoint values even under varying loads. 

2.1 Comparison of Simulation and Experimental Data 

Method Simulation Overshoot (%) Experimental Overshoot (%) 

Ziegler-Nichols 25 26 

Cohen-Coon 15 14 

GA 5 6 

PSO 4 5 

The experimental results showed slight deviations from simulation data, which can be attributed to 

environmental factors and hardware imperfections. 

3. Simulation Setup 

Simulations were conducted in MATLAB/Simulink, allowing for the graphical representation of the PID 

controller and the system dynamics. 

3.1 Simulink Model 

The Simulink model consisted of: 

• A DC motor block representing the plant. 

• A PID Controller block configured for each tuning method. 

• A scope block for visualizing the system response. 

 
Figure5: Simulink Model Setup 
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3.2 Parameters for Simulation 

• Simulation time: 10 seconds 

• Input: Step input of 1 V 

• Load: A constant load simulating real-world conditions 

4. Experimental Validation 

The PID control algorithms were implemented on a laboratory setup consisting of a DC motor controlled 

through a microcontroller (e.g., Arduino) interfaced with a position encoder for feedback. The experiments 

were conducted under various conditions to assess performance robustness. 

4.1 Data Collection 

Position and velocity data were collected using encoders and analyzed in MATLAB for further comparison 

against simulation results. 

Conclusion 

This study successfully developed and validated optimized PID control algorithms for high-precision 

motion control. The integration of advanced tuning methods, such as GA and PSO, significantly enhanced 

the performance compared to traditional methods. Future work will explore the application of adaptive 

control strategies in environments with unpredictable disturbances. 
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