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[bookmark: _Toc228437431]Task 1 – PID Control Research
[bookmark: _Toc228437432]Working Principles of a PID Controller
A PID (Proportional–Integral–Derivative) controller is used within a PLC system to automatically adjust a process variable such as temperature, pressure or speed. The controller works by comparing a desired setpoint with the measured process variable to generate an error signal, which is then used to adjust the system output through an actuator, forming a closed-loop control system (Li, 2023; Bennett, 2020). As shown in Figure 1, the PID controller operates within a closed-loop system where the error is continuously corrected.

[image: Examples of Closed-Loop Control System - Electronics Coach]
[bookmark: _Toc227937361]Figure 1 - Example Closed-Loop System Control (Electronics Coach, 2019)

The PID controller combines three components to generate the control output:



Proportional (P) - This term produces an output to the actuator, that is directly proportional to the current error (difference between the actual value and set value). This provides a fast response and drives the system towards the setpoint. However, proportional control alone cannot eliminate steady-state error and may cause oscillations if the gain is too high (Ogata, 2004). Example application, DC motor speed control.



Integral (I) - This term accumulates the error over time and removes steady-state error by continuously adjusting the output until the error is zero. While this improves accuracy, excessive integral action can lead to overshoot and slower response (Åström and Hägglund, 2012). The controller output is proportional to the integral of error with time, which is, the area under the error-time graph. 



Derivative (D) - This term responds to the rate of change of error, predicting future behaviour. This improves system stability and reduces overshoot by damping the response. However, it is sensitive to noise and must be carefully tuned (Monsen, 2023). This controller is proportional to the rate at which the error is changing, the slope of the error time. 



As shown in Figure 2, the PID controller combines proportional, integral, and derivative actions to generate the control output.

[image: Block diagram of a system with PID controller. | Download Scientific Diagram]
[bookmark: _Toc227937362]Figure 2 - PID Controller Block Diagram (Bansal, 2009)

The purpose of PID control is to provide continuous, automatic control without requiring a detailed system model. Its main advantages include simplicity, reliability, and good overall performance across a wide range of industrial systems. By combining all three components, PID control achieves a balance between speed, accuracy and stability.

[bookmark: _Toc228437433]Ziegler-Nicolas Tuning Methods
The Ziegler–Nichols (ZN) method is an empirical tuning technique used to determine PID controller parameters based on system response rather than a mathematical model. It is widely used in industry due to its simplicity and practical application (Joseph, 2018).

The first method is the step response method, mainly used for open-loop systems. This involves applying a step input to the system, recording the results, and then plotting and analysing the resulting S-shaped response curve. Key parameters such as time delay and time constant are obtained by drawing a tangent at the inflection point of the curve. These values are then used to calculate PID parameters using standard tuning rules (Bennett, 2020). This method is suitable for stable systems where open-loop testing can be safely carried out, such as temperature or flow control processes. However, it is not appropriate for unstable systems or where accurate step response data cannot be obtained.

The second method is the ultimate gain (closed-loop) method. In this approach, the integral and derivative terms are set to zero, and the proportional gain is increased gradually until sustained fluctuations occur periodically. When these fluctuations occur, this is what we call the ultimate gain. The ultimate gain period is then used to determine PID parameters (Ellis, 2012). This method is useful when open-loop testing is not practical, but it may not be suitable for safety-critical systems due to the need to force oscillations.

The main advantage of the ZN method is that it provides a quick and simple way to obtain initial PID settings without requiring detailed system modelling. However, it has several limitations. The method often results in aggressive tuning, leading to overshoot and oscillations, and performs poorly for nonlinear or complex systems (Ellis, 2012; Joseph, 2018; Patel, 2020)
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[bookmark: _Toc228437435]Task 2 – System Representation (Signal Flow Diagram)
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[bookmark: _Toc227937363]Figure 3 - Signal Flow Diagram
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[bookmark: _Toc227937364]Figure 4 - Simplified Signal Flow Diagram


[bookmark: _Toc228437437]Mason’s Gain Rule
Mason’s Gain Formula:


Forward Paths:



Total gain of Forward Path:




Sum of Loop Gains:







Sum of Non-Touching Loop Gains Taken Two at a Time:
Pair 1 – L1 and L3



Pair 2 – L1 and L4



Pair 3 – L2 and L4





 Calculation:



Simplified:


Calculating :
For Masons rule,  is found by removing all loops that touch the forward path (Tutorial Point, 2026). Since in this example we only have one forward path, and all loops touch this forward path, there are no loops left.
Therefore:


Closed-Loop Transfer Function:


[bookmark: _Toc228437438]Explanation
The given block diagram was converted into a signal flow diagram, as shown in Figure 3, by representing each signal point as a node and each system component as a directed branch. The forward path from the input  to the output  passes sequentially through the nodes ​ to ​, with gains , , , and   applied along the path.

From the diagram, several feedback loops are clearly identified. The first loop is formed from ​ to  through , returning via the feedback gain . A second loop exists between ​ and  through the forward gain  and the feedback path . A third loop is formed from ​ to the output  through  and , with a unity negative feedback of - returning to . Finally, a smaller loop is present between  and  through the gain  and feedback .

Using this signal flow diagram, the forward path gain, individual loop gains, and non-touching loop combinations were identified. Mason’s Gain Formula was then applied to determine the overall system transfer function. Since all loops share nodes with the forward path, the path cofactor  ​ is equal to one. Substituting all calculated values into Mason’s formula results in the final closed-loop transfer function for the system.


[bookmark: _Toc228437439]Evaluation
Mason’s Gain Rule is useful for analysing complex systems because it allows the overall transfer function to be found directly from the signal flow diagram. However, the method can be sensitive to errors when identifying loops, especially when dealing with feedback signs and non-touching loops. In real systems, this method is mainly used during analysis, but the result should be checked using simulation or other methods such as block diagram reduction.






















[bookmark: _Toc228437440]Task 3 – System Representation (State-Space Modelling)
[bookmark: _Toc228437441]State-Space Modelling Concept
State-space modelling is a mathematical method used to represent dynamic systems using a set of first-order differential equations. Unlike transfer functions, which only describe the relationship between input and output, state-space models describe the internal behaviour of a system through a set of state variables, making it more suitable for analysing complex and multi-variable systems (Fiveable, 2024).

In this approach, a system is expressed as a set of first-order equations, even if the original system is of higher order. This is achieved by defining state variables, which represent the minimum number of variables required to fully describe the system at any given time (Rowell, 2002). These variables are typically physical quantities such as current, velocity, or displacement, depending on the system being analysed (Chen, 1999). The state variables uniquely define the future behaviour of the system when combined with the system input and initial conditions (Calin Ciufudean, 2019).

The state-space representation is formed using two key equations: the state equation and the output equation.



The state equation describes how the system’s state variables evolve over time based on the current state and applied input, while the output equation defines how the system output is determined from the state variables and, in some cases, the input (Ignatenko, Yudintsev and Lyapunov, 2019). These equations are typically expressed in matrix form to provide a clear and compact representation of the system. This representation allows complex higher-order systems to be analysed using a structured and systematic approach (Ignatenko, Yudintsev and Lyapunov, 2019).

Where  is the state vector,  is the input vector, and  is the output vector. The matrices A, B, C, and D define the system dynamics and the relationships between the input, state, and output (Ogata, 2004).

[bookmark: _Toc228437442]State-Space Model for a given System
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[bookmark: _Toc227937365]Figure 5 - Given System (Transfer Function)

Obtaining a state space model for the above system.
Forward Transfer Function:


Feedback Path Transfer Function:


Closed Loop Transfer Function:










Now I am going to convert this from the s-domain to the t-domain.
First, I will cross multiply, which gives:


Now I will convert to the time domain:


Defining State Variables:















This results in a final state-space model of:



[bookmark: _Toc228437443]Transfer Function for a given System



Equation:
From the given state space model:




Transfer Function:

Since :


Step 1 – Finding 



Step 2 – Finding 
For a 2x2 matrix:

Therefore:




Step 3 – Substituting into 


Multiplying Matrix and B:


Therefore:




Final Transfer Function:



[bookmark: _Toc228437444]Evaluation
State-space modelling is more flexible than transfer functions because it can represent the internal behaviour of a system and is suitable for multi-input and multi-output systems. However, the model depends on choosing appropriate state variables and assumes the system behaves linearly. In real control systems, the model may not be completely accurate, so it often needs to be checked or adjusted using measured data.
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[bookmark: _Toc228437446]Concept of Root Locus Analysis
Root locus analysis is a graphical method used in control engineering to examine how the poles of a closed-loop system vary in the complex plane as a system parameter, typically the gain , is changed. The method is based on the open-loop transfer function and shows the paths that the system poles follow as  increases from zero to infinity (Ogata, 2004; Nise, 2019). This provides a direct way to visualise how system behaviour changes without solving the characteristic equation repeatedly.

The position of poles in the complex plane is directly related to system stability and transient response. Poles located in the left-half plane indicate a stable system, while poles crossing into the right-half plane result in instability. The root locus therefore allows the value of gain at which instability occurs to be identified (Ogata, 2004; Dorf and Bishop, 2015). In addition, the relative position of poles affects transient characteristics such as overshoot, settling time, and damping ratio. For example, poles closer to the imaginary axis generally produce slower responses with increased oscillation, whereas poles further left result in faster and more stable responses (Dorf and Bishop, 2015).

Root locus is also a very powerful design tool, as it enables engineers to select an appropriate gain value that achieves a desired balance between stability and performance (Haidekker, 2020). By analysing the root locus, it is possible to predict how changes in system parameters, such as gain, will influence system behaviour before implementation. This allows engineers to select appropriate design values to achieve a desired dynamic response, making it a practical and efficient tool in control system design where trial-and-error methods would be inefficient (Haidekker, 2020).

Overall, root locus provides a clear and effective graphical approach for predicting closed-loop system behaviour based on its open-loop characteristics, making it a fundamental tool in control system analysis and design (Ogata, 2004).

[bookmark: _Toc228437447]Root Locus Diagram for a given System
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Given:



Step 1 – Transfer Function (TF):






Step 2 – Characteristic Equation:




Step 3 – Determine Start and End Point
When 


Poles:

When 
No ‘s’ term in the numerator. 
There are no Zeros

Therefore:
Start Points 
End Points 

Step 4 – Real Axis Rule
Region 1: 
Poles to the right  
3 is odd, so this section is on the root locus.

Region 2: 
Poles to the right  
2 is even, so this section is not on the root locus.

Region 3: 
Poles to the right  
1 is odd, so this section is on the root locus.

Region 4: 
Poles to the right  
0 is even, so this section is not on the root locus.

Root Locus exists on:

[image: A screen shot of a whiteboard
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Step 5 – Breakaway Point














 or 

S has to lay between -3 and -2 to be on root locus.


Step 6 – Angle of Breakaway Direction


n = number of poles 
m = number of zeros 
q = 





Step 7 – Stability Check (Value of K)
Characteristic Equation:



Now I am substituting .


Solving Real and Imaginary Part:





Now I will substitute  back into real part.





 
This system will become unstable when 

[bookmark: _Toc228437449]System B
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Given:



Step 1 – Transfer Function (TF):






Step 2 – Characteristic Equation:











We are now left with the equation:






Final Characteristic Equation:


Step 3 – Determine Start and End Point
When 

Poles:

When 
No ‘s’ term in the numerator. 
There are no Zeros

Therefore:
Start Points 
End Points 

Step 4 – Real Axis Rule
Region 1: 
Poles to the right  
1 is odd, so this section is on the root locus.

Region 2: 
Poles to the right  
0 is even, so this section is not on the root locus.

Root Locus exists on:
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Step 5 – Breakaway Point















This gives complex values, not real values. Therefore, there is no real breakaway point on the real axis.

Step 6 – Angle of Breakaway Direction


n = number of poles 
m = number of zeros 
q = Integer counter starting at 0.   (3 angle in total)





Step 7 – Stability Check (Value of K)







Solving Real and Imaginary Part:








Now I will substitute  back into real part.





This system will become unstable when 

[bookmark: _Toc228437450]Evaluation
Root locus analysis is useful because it shows how the closed-loop pole positions change as the gain varies, allowing stability limits to be identified graphically. However, it is based on linear system assumptions and does not directly take into account effects such as noise or saturation. In real systems, the chosen gain value should be checked using simulation and practical testing before it is implemented.
[bookmark: _Toc228437451]Task 5 – Frequency Domain Analysis
Frequency domain analysis is used to examine how a control system responds to inputs of varying frequency rather than time. This approach is particularly useful for analysing system stability and performance in linear time-invariant systems, as it shows how signals are amplified or decreased across a range of frequencies (Ogata, 2011). Two key tools used in frequency domain analysis are the Bode diagram and the Nichols chart, both of which are widely applied in control system design.

[bookmark: _Toc228437452]Bode Diagram
A Bode diagram is a graphical method used to represent the frequency response of a system using two separate plots. These are the magnitude plot, which shows gain against frequency, and the phase plot, which shows the phase shift between input and output signals. The magnitude is typically expressed in decibels while frequency is plotted on a logarithmic scale, allowing a wide range of values to be displayed clearly (Iqbal, 2020; Fiore, 2018). The diagram is obtained by substituting  into the system transfer function, which allows the response to sinusoidal inputs to be analysed (sewsara and Jardon, 2025).
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[bookmark: _Toc227937366]Figure 6 - Bode Diagram (The Octave-Forge Community, 2023)
Figure 4 shows an example Bode diagram, where the magnitude decreases with increasing frequency and the phase shifts towards sub -150°, indicating the effect of system poles on stability.

The magnitude plot shows how the system affects the amplitude of an input signal at different frequencies. This is calculated using , which represents the system magnitude in decibels and is used to analyse system gain and frequency response characteristics (Nise, 2019). A high gain at low frequencies generally indicates good steady-state performance, while a reduction at high frequencies helps reduce the effect of noise (Nise, 2019). The phase plot shows how much the output signal is delayed relative to the input, which is important when assessing system stability, as excessive phase lag can lead to instability (Dorf and Bishop, 2015).

One of the main advantages of the Bode diagram is that it allows gain margin and phase margin to be determined. Gain margin represents how much the system gain can increase before instability occurs, while phase margin shows how much additional phase lag can be tolerated before the system becomes unstable. Systems with larger margins are generally more stable and less sensitive to disturbances (Ogata, 2004). These two factors alone mean that the Bode diagram is a very a useful tool for controller tuning, particularly in PID control systems where a balance between speed and stability is required. It is widely used in industrial applications such as motor control and process systems, where maintaining stable operation is essential (Paraskevopoulos, 2002).

[bookmark: _Toc228437453]Nichols Chart
[image: nichols - Nichols response of dynamic system - MATLAB]
[bookmark: _Toc227937367]Figure 7 - Nichols Response Diagram (MATLAB Help Centre, 2024)
The Nichols chart is another method used to analyse frequency response, but unlike the Bode diagram, it combines magnitude and phase information into a single plot, as shown above in Figure 5. The graph displays gain in decibels against phase angle, allowing both characteristics to be observed simultaneously (Dorf and Bishop, 2015). This provides a more direct way of understanding how an open-loop system will behave when closed-loop feedback is applied.

A key feature of the Nichols chart is the use of constant magnitude (M) and phase (N) contours, which represent closed-loop performance. These contours allow the effect of changes in the open-loop system to be visualised directly in terms of closed-loop response, making it easier to assess system robustness and performance (Franklin, Powell and Workman, 2019). As a result, the Nichols chart is especially effective in applications where robustness and closed-loop stability are critical, particularly where operating conditions may vary (Skogestad and Postlethwaite, 2015). This makes it suitable for use in industries such as aerospace and automotive control systems.

[bookmark: _Toc228437454]Comparison & Evaluation
Both the Bode diagram and Nichols chart are important tools for analysing control systems in the frequency domain. The Bode diagram is generally easier to construct and interpret, making it suitable for initial analysis and controller design. Whereas the Nichols chart provides a more direct representation of closed-loop performance and is useful for assessing system robustness. In practice, both methods are often used together to gain a complete understanding of system behaviour (Mathworks, 2020). Overall, frequency domain analysis plays a key role in ensuring that control systems are stable, efficient and capable of meeting performance requirements.
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Task 3 (System Representation)

a) Explain the concept of state-space modelling, describing how it represents dynamic
systems using a set of first-order differential (or difference) equations. Include an outline
of how system variables are expressed in terms of state variables, inputs, and outputs.

b) Obtain a state space model for the system shown below.

ue) rol e B

3
s+1

c) Determine the transfer function for a system represented by the following state space
Model.

x=[g] =13 AL+ [§u

Y=1[01] [2] D =1[0]

Task 4 (Time domain analysis)

a) Explain the concept of root locus analysis, describing how it is used to study and design
control systems by examining how the locations of system poles change in the complex
plane as a specific system parameter, typically the gain, is varied. Discuss how the root
locus provides insight into system stability, transient response and overall performance,
and explain its importance as a graphical method for predicting the behaviour of closed-
loop systems based on their open-loop transfer functions.

Draw by hand a root locus diagram for the systems represented below. In doing so
determine the value of K that will cause the system to be unstable.
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(s+2)(s+3)(s+4)

(a)
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Task 5 (Frequency domain analysis)

Explain the principles of the Bode diagram and Nichols chart and provide a brief discussion
of their applications. A minimum of 10 references should be included using the Harvard
referencing system.

In this section, explain the key principles of the Bode diagram and Nichols chart, outlining
how each represents the frequency response of linear control systems. Describe how the
Bode diagram uses separate magnitude and phase plots against frequency to assess system
stability, gain margin, and phase margin, while the Nichols chart combines both magnitude
and phase information on a single plot to evaluate system performance and robustness.

Briefly discuss their applications in control system analysis and design — such as in tuning
controllers, assessing feedback stability, and improving frequency response — across fields
like aerospace, process control, and automotive engineering. Ensure that your discussion is
supported by at least 10 academic or technical references formatted according to the Harvard
referencing style.

-The End -

GUIDANCE FOR STUDENTS IN THE COMPLETION OF
TASKS

NOTE: The guidance offered below is linked to the five generic assessment criteria overleaf.

1. Engagement with Literature Skills

Your work must be informed and supported by scholarly material that is relevant to and focused on the task(s)
set. You should provide evidence that you have accessed an appropriate range of sources, which may be
academic, governmental and industrial; these sources may include academic journal articles, textbooks,
current news articles, organisational documents, and websites. You should consider the credibility of your
sources; academic journals are normally highly credible sources while websites require careful
consideration/selection and should be used sparingly. Any sources you use should be current and up-to-
date, mostly published within the last five years or so, though seminal/important works in the field may be
older. You must provide evidence of your research/own reading throughout your work, using a suitable
referencing system, including in-text citations in the main body of your work and a reference list at the end of
your work.

Guidance specific to this assessment:

You may find it necessary to research examples of the use of PID (Task 1), state space modelling (Task 3),
root locus (Taks 4) and Bode diagram (Task 5) etc. You must reference any found literature that you use.

2. Knowledge and Understanding Skills
At level 5, you should be able to demonstrate: sound knowledge and critical understanding of the well-
p and principles of the subject area and the way in which those principles have
e of the main methods of enquiry in the discipline. Knowledge relates to the facts,
you have acquired through your learning. You demonstrate your understanding by
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Draw by hand a root locus diagram for the systems represented below. In doing so
determine the value of K that will cause the system to be unstable.
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Task 5 (Frequency domain analysis)

Explain the principles of the Bode diagram and Nichols chart and provide a brief discussion
of their applications. A minimum of 10 references should be included using the Harvard
referencing system.

In this section, explain the key principles of the Bode diagram and Nichols chart, outlining
how each represents the frequency response of linear control systems. Describe how the
Bode diagram uses separate magnitude and phase plots against frequency to assess system
stability, gain margin, and phase margin, while the Nichols chart combines both magnitude
and phase information on a single plot to evaluate system performance and robustness.

Briefly discuss their applications in control system analysis and design — such as in tuning
controllers, assessing feedback stability, and improving frequency response — across fields
like aerospace, process control, and automotive engineering. Ensure that your discussion is
supported by at least 10 academic or technical references formatted according to the Harvard
referencing style.

-The End -

GUIDANCE FOR STUDENTS IN THE COMPLETION OF
TASKS

NOTE: The guidance offered below is linked to the five generic assessment criteria overleaf.

1. Engagement with Literature Skills

Your work must be informed and supported by scholarly material that is relevant to and focused on the task(s)
set. You should provide evidence that you have accessed an appropriate range of sources, which may be
academic, governmental and industrial; these sources may include academic journal articles, textbooks,
current news articles, organisational documents, and websites. You should consider the credibility of your
sources; academic journals are normally highly credible sources while websites require careful
consideration/selection and should be used sparingly. Any sources you use should be current and up-to-
date, mostly published within the last five years or so, though seminal/important works in the field may be
older. You must provide evidence of your research/own reading throughout your work, using a suitable
referencing system, including in-text citations in the main body of your work and a reference list at the end of
your work.

Guidance specific to this assessment:

You may find it necessary to research examples of the use of PID (Task 1), state space modelling (Task 3),
root locus (Taks 4) and Bode diagram (Task 5) etc. You must reference any found literature that you use.

2. Knowledge and Understanding Skills

At level 5, you should be able to demonstrate: sound knowledge and critical understanding of the well-
established concepts and principles of the subject area and the way in which those principles have
developed; knowledge of the main methods of enquiry in the discipline. Knowledge relates to the facts,
information and skills you have acquired through your learning. You demonstrate your understanding by
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