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Introduction 

Mechanical dynamics is a fundamental area of engineering that is associated with the motion of physical 

systems that are under any load/force. It plays a vital role in the design, analysis and optimisation of many 

mechanical and electromechanical systems. A good understanding of mechanical dynamics will allow an 

engineer to predict system behaviours, allow them to identify and rectify any system weaknesses, ensuring 

its stability and improving system performance across a wide range of industries. The experiment I am 

carrying out will focus on designing a control system for a mass-spring-damper system using a PID 

(Proportional-Integral-Derivative) controller, allowing me to have a system with the correct damping. 

 

 

 

Background theory 

The mass-spring-damper system consists of three primary components: 

▪ Mass (𝑚): Represents the inertia of the system, determining how much force is needed to change 

its velocity. 

▪ Spring (𝑘): Provides restoring force proportional to the displacement from its equilibrium 

position, following Hooke’s law (𝐹 = −𝑘𝑥). 

▪ Damper (𝑐 ): Opposes the motion, providing resistance proportional to the velocity, which serves 

to dissipate energy and reduce oscillations.  

The governing differential equation of motion for the mass-spring-damper system can be derived using 

Newton’s second law: 

𝑚
𝑑2𝑥

𝑑𝑡2
+ 𝑐

𝑑𝑥

𝑑𝑡
+ 𝑘𝑥 = 𝐹(𝑡) 

Where: 

▪ 𝑥 is the displacement, 

▪ 𝐹(𝑡) is the external force applied to the system. 

 

When looking at a mass spring damper, the systems response depends on two things, the damping ratio and 

natural frequency. These define whether the system is underdamped, critically damped, or overdamped. This 

analysis helps engineers predict how real-world systems, such as vehicle suspension, behave under dynamic 

loading conditions. (Ogata and Brewer, 1971). When looking at what the PID controller (Proportional-

Integral-Derivative) does when introduced to the system, with it being one of the most widely used feedback 

control mechanisms in both academic and industrial applications, it is designed to reduce the steady-state 

error, overshoot, and settling time of dynamic systems. (Åström, Albertos and Quevedo, 2001). To achieve 

the best results, proper tuning of the PID parameters is essential as this will allow you to gain the best 

optimal system performance. 

 

 



Objectives 

▪ To explore the dynamic behaviours of a mass-spring-damper system and understand its relevance in 

real-world engineering applications. 

▪ To develop a mathematical model of the system and simulate its response using MATLAB to gain 

insight into its characteristics. 

▪ To design and implement a PID controller aimed at accurately regulating the position of the mass, 

and to evaluate its effectiveness through performance analysis. 

▪ To perform data analysis by comparing the responses of the system under open-loop and closed-loop 

control, with particular attention to key performance indicators such as overshoot, settling time, and 

steady-state error. 

 

System Parameters 

For this experiment, you will model a mass-spring-damper system with the following parameters: 

• Mass (𝑚): 1 𝑘𝑔 

• Spring constant (𝑘): 10𝑀/𝑚 

• Damping coefficient (𝑐 ): 2𝑁𝑠/𝑚 

 

 



Simulink Spring Damper 

 

This is my Simulink design of my manually tuned PID system. I have used the same values as obtained 

from my MATLAB results (Kp = 15, Ki = 8, Kd = 15), however the result shown by Simulink in 

different. I am assuming that there has been some system errors that have caused it to display an 

incorrect result. Due to the Simulink also solving errors compared to the MATLAB code only being me, 

the Simulink could be causing errors with the result. (MATLAB, 2023) 

 

Comparison of PID Tuning Methods 

 Ziegler–Nichols Cohen–Coon Lambda Tuning Trial-and-Error 

Best For Self-regulating 

systems 

First-order dead-

time processes 

Industrial & 

chemical plants 

Nonlinear 

processes 

Complexity Medium Medium High High 

Agressiveness High Moderate Low Variables 

Ease of Use Simple Requires step test Requires process 

model 

Manual tuning 

required 

(Hulatt and Freitas, 2019) 



System Modeling 

𝑚𝑥̈ + 𝑐𝑥̇ + 𝑘𝑥 = 𝐹(𝑡) 

This is a second-order linear differential equation that models the motion of a mechanical system consisting 

of: 

• Mass (m) 

• Damping Coefficient (c) 

• Spring Constant (k) 

• External Force F(t) 

(Nyathi, 2024) 

 

Term Breakdown 

𝒎𝒙̈ – Initial Force 

This term represents the mass times the acceleration of the object. 𝒙̈ represent the second derivative of 

displacement with respect to time (acceleration) – Newtons second law: 𝐹 = 𝑚𝑎  

 

𝒄𝒙̇ – Damping Force 

This term is representing the resistance from the damper, which is proportional to velocity. 𝒙̇ represent the 

first derivative of displacement (velocity). 

 

𝒌𝒙 – Restoring Force From The Spring 

The force exerted by a spring is proportional to its displacement (Hooke’s Law). 𝒌 is the spring constant 

(stiffness), and 𝒙 is the displacement. 

 

𝑭(𝒕) – External Force 

This is any force outside, acting on the system. 



Standard Open-Loop System 

 

Analysis 

The graph above shows the bahaviour of an open-loop system. The standard open-loop system shows 

significant instability due to the absence of any feedback control. When analysing the response of the 

system, the performance metrics taken into account are, overshoot, settling time, and steady-state error. The 

overshoot for this system is high, because reaches a much higher point originally compared to the point the 

system settles at. This system also has lots of oscillations, indicating that the system is underdamped. This 

leads on to showing the system has a very long settling time, failing the systems stabalisation, meaning it 

took to long to get back to within 2% of the systems final stabalisation value. This is backed up by Bavafa-

Toosi when he states “The settling time, τₛ, is the time taken for the oscillatory response to decay below a 

percentage of the input amplitude, Δ, often taken as ±2%.” (Bavafa-Toosi, 2017). Finally, when looking at 

the steady-state error, which is the difference between the final output and target value, it is clear to see 

there is a significant error as there is no corrective feedback. My aim setpoint is 1m and mine settles at 

0.1m, therefore it has a displacement of  0.9m, meaning this system is underdamped. 



Standard Closed-Loop System (PID: 20, 5, 10) 

 

Analysis 

By looking at the graph, it is clear to see that by introducing a PID controller with the parameters of (20, 5, 

10), it significantly improves the system response. The systems overshoot is zero due to the system not 

surpassing the desired setpoint. When looking at the settling time of the closed-loop system compared to the 

open-loop system, it is clear that the closed-loop has a much longer settling time. As explained by 

Hellerstein et al. (2004) "There is a fundamental trade-off between achieving zero steady-state error and 

having fast transient response." The reason it is slower is because the system is understanding what is 

happening, and manually tuning the PID as it goes, which takes time leading to a slower setlling time. The 

closed-loop system is a much more controlled system as it does not show any harsh oscillations like the 

open-loop system does. There is also a reduced steady-state error compared to the open-loop system, 

indicating it has better tracker now a PID has been introduced. 

 

 

 

 

 

 



Manually Tuned PID 

 

Analysis 

This graph above is the damping system I have selected out of the 27 choices I had. The reason I have 

selected this system is because it has the lowest settling time, no overshoot, and one of the lowest steady-

state errors. I could have chosen a system with a lower steady-state error, however that system had a much 

longer settling time, which led me to choosing this system. This systems overshoot has been eliminated, 

because as seen, the system reached the setpoint smoothly. The systems settling time is very low, with it 

having one of the shortest times amongst many different configurations. Lastly, the systems steady-state 

error is very minimal, with the output of 1 being achieved. This goes to show how important it is to 

manually tune the PID as this allows you to achieve the best results. As stated by Turan, "determining the 

other parameters of the PID controller by adjusting the optimum ratio gain (kp) in a stable loop that 

minimises the settling time (ts) and the error rate of the overshoot (Mp) constitutes the basis of the method." 

(Turan, 2021). 

 

 

 

 

 

 

 

 

 

 

 



Other Results 

 

 

 



 

 

 

 



 

All 6 of the above graphs were a few of the other choices I had when choosing from tuned PID controllers. 

As can bee seen, the system I have chosen is the best overall system. 

 

Results and Discussion 

The three simulation graphs above have clearly illustrated the differences in system behaviour under open-

loop, closed-loop, and a manually tuned PID control. These visulally show the difference in performance 

metrics, confirming how important a correctly tuned PID control is to achieving a correctly damped system. 

 

 

 

The manually tuned PID system effectively reduced/got rid of the systems overshoot, minimised the steady-

state error whilst providing one of the fastest settling times out of all available systems to choose from. This 

shows how important it is to fine tune PID parameters for optimal system control. As discussed by lily 

Halatt, “Manual Tuning: Adjustment via trial and error, typically used in simple systems. Optimal tuning 

significantly affects stability and can reduce both overshoot and settling time.” (Hulatt and Freitas, 2019). 

Therefore, by manually uning my PID I have created a system that has a lower steady-state error and got rid 

of the systems overshoot. 

 

 

 

 

 



Conclusion 

This experiment has provided me with a practical understanding of control systems, emphasising the 

importance of PID controllers when managing dynamic mechanical systems. By creating a model of the 

mass-spring-damper system and implementing a PID controller, I was able to gain important knowledge on 

the design and tuning of a control system. As Hellerstein et al. explains, "feedback control is critical for 

achieving desired system behavior in the presence of uncertainty and disturbances," (Hellerstein et al., 2004)  

highlighting why feedback was essential in this experiment. The results highlighted the poor performance of 

open-loop systems due to the lack of feedback, which led to high overshoot and long settling times, as open-

loop systems "are vulnerable to variations and cannot correct deviations from the desired output" 

(Hellerstein et al., 2004). By introducing a standard PID controller, the system’s response was significantly 

improved, reducing the overshoot and steady-state error. However, it was through manual PID tuning that 

the best performance was achieved, proving that "the effectiveness of a control system often hinges on the 

correct tuning of its parameters" (Hellerstein et al., 2004). This demonstrates the critical role of tuning the 

PID controller for achieving precise and stable control in dynamic systems. 
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Appendix 
 

Code Used for System 

% MATLAB Code for a Mass-Spring-Damper System  

 

clear; 

clc; 

 

% Defining System Parameters  

m = 1;   % Mass (kg)  

k = 10;  % Spring constant (N/m)  

c = 2;   % Damping coefficient (Ns/m)  

 

% Transfer Function: G(s) = 1 / (m*s^2 + c*s + k)  

num = 1;              % Numerator  

den = [m, c, k];      % Denominator  

sys = tf(num, den);   % Create transfer function  

 

% Open-loop step response  

figure; 

step(sys); 

title('Open-Loop Step Response'); 

xlabel('Time (s)'); 

ylabel('Displacement (m)'); 

grid on; 

 

% PID Controller Parameters  

Kp = 20; % Proportional gain  

Ki = 5;  % Integral gain  

Kd = 10; % Derivative gain  

 

% Create the PID controller  

C = pid(Kp, Ki, Kd); 

 

% Closed-Loop Transfer Function  

sys_cl = feedback(C * sys, 1); % Unity feedback 

 



% Step response of the closed-loop system  

figure; 

step(sys_cl); 

title('Closed-Loop Step Response'); 

xlabel('Time (s)'); 

ylabel('Displacement (m)'); 

grid on; 

 

% Manual tuning example  

Kp_values = [15, 20, 25];  

Ki_values = [2, 5, 8];  

Kd_values = [5, 10, 15];  

 

for Kp = Kp_values 

    for Ki = Ki_values 

        for Kd = Kd_values 

            % Create PID controller  

            C = pid(Kp, Ki, Kd); 

            % Closed-loop system  

            sys_cl = feedback(C * sys, 1); 

            % Step response  

            figure; 

            step(sys_cl); 

            title(['Step Response for Kp = ', num2str(Kp), ... 

                   ', Ki = ', num2str(Ki), ', Kd = ', num2str(Kd)]); 

            xlabel('Time (s)'); 

            ylabel('Displacement (m)'); 

            grid on; 

            pause(2); % Pause for 2 seconds before the next plot  

        end 

    end 

end 

 

 

 


