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[bookmark: _Toc228049650]Introduction
This report looks at key ideas behind control theory, which is used to analyse and design dynamic systems. It covers PID control, block diagram representation, state-space modelling, root locus, and frequency-domain analysis, with the aim of showing both the theory behind each method and how they are applied in practice. The work also includes relevant calculations and discussion to show how these control techniques can be used to evaluate system behaviour, stability, and performance.
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[bookmark: _Toc228049652]PID Principles
In PLC-based systems, PID works by comparing the setpoint with the measured process value and using the difference between them to decide how to correct the system. (Salat and Awtoniuk, 2014; Józef Kulisz and Filip Jokiel, 2024).
· The proportional part (P) responds to the current error, so it “produces an output proportional to the current error” (Elsaadany et al., 2022). This means a larger error gives a larger correction and the system reacts more strongly. With that said, proportional action on its own is limited because “proportional action alone is not enough to eliminate steady state error”, so the output may settle near the setpoint rather than exactly on it (Elsaadany et al., 2022).
· The integral part (I) deals with error over time because “the integral term accumulates past error”, which is why it is useful for removing steady state-offset (Elsaadany et al., 2022). Even so, too much integral action can become a problem, since it “can generate overshoot and the integral wind-up phenomenon if not properly regulated” (Ibarra-Pérez, García-Nieto and Sanchis Saez, 2025).
· The derivative part (D) reacts to the speed of the error that is changing and can provide a “useful damping action to reduce overshoot”, helping the response become smoother (Ibarra-Pérez, García-Nieto and Saez, 2025). However, the derivation is also “sensitive to high-frequency noise in the measured signal”, so in real systems it usually has to be used very carefully (Ibarra-Pérez, García-Nieto and Sanchis Saez, 2025).
The final result of the combined proportional, integral and derivative actions (PID) gives a more accurate and smoother response, making it a very practical balance between speed, stability and accuracy in control systems (Tural and Ergün, 2026).
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The two main Ziegler-Nichols tuning methods are the step response method and the ultimate gain method (Soomro et al., 2022). While both are used to tune PID’s, they are suit different situations.
The step response method is “one of the most commonly used methods for approximating stable step responses” (Huba et al., 2021). A step input is applied in open loop, the output is recorded, and “the three parameters obtained are the transport delay, the time constant and the static gain of the system”, the controller settings are calculated with these (Huba et al., 2021). Any disturbances can affect the measurement because “the requirement for a steady-state measurement without disturbances can be a massive limitation in many applications” (Huba et al., 2021), meaning this method is unsuitable in environments with possible disturbances.
The ultimate gain method works by setting the integral and derivative gains to zero and then gradually increasing the proportional gain until the output shows “sustained oscillations”. The gain at that point is the “ultimate gain”, and the oscillation period is then used to calculate the PID settings (Reda et al., 2025). It is not always suitable in reality, as the plant has to be put into a “critical oscillation”, which can “seriously affect the safety and stability of the system” (Zeng et al., 2019).
Both methods, while useful, have drawbacks too. For example, these tuning methods are often quite aggressive and can produce a very “large overshoot” (Grassmann et al., 2024). meaning they are often used as a starting point, since “fine tuning of each constant controller gain … is advisable” (Grassmann et al., 2024).
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[bookmark: _Toc228049655]Control System Block Diagram to Flow Chart Diagram:
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[bookmark: _Toc228047551]Figure 1: Block Diagram to System Flow Chart
This figure shows the original block diagram being converted into an equivalent signal flow graph. First, each signal and summing point is identified from the block diagram. These are then rewritten as nodes and directed branches, with the forward-path gains kept as the  terms and the feedback paths added as loop branches with the correct signs. The graph is then simplified so the main forward path and feedback loops are easier to see. Mason’s Gain Formula is applied by finding the forward path, the individual loops, and the non-touching loops, before substituting them into the formula to obtain the overall transfer function 
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State-space modelling is a way of representing a dynamic system using a set of first-order differential equations, or as Hlava and Abouelazayem (2022) put it, “a set of a finite number of first-order differential equations”. It uses “internal state variables” rather than only describing the system through an input-output transfer-function view, and “the system state is completely characterized by the state variables” (Hlava and Abouelazayem, 2022; Tao et al., 2022). This is particularly useful as state-space forms are “compatible with time-varying systems and multiple-input multiple-output systems”, meaning they are better for more complex systems, while transfer-function models tend to be more limited in terms of applicability (Alassaf et al., 2023). 
State-space form is normally written using two equations. As Elsegai (2023) states, it “contains two equations”: the “state equation” and the “output equation”:


where x = state vector, u = input vector, and y = output vector (Hlava and Abouelazayem, 2022). A = “dynamical system matrix”, B = “input matrix”, C = “output matrix”, and D = feedthrough term (Tao et al., 2022). State-space modelling is flexible for complex systems , such as systems with multiple variables, and modern control design, and while that is a good advantage, the downside is that the matrix form can look imposing at first and depends on choosing proper states carefully (Barrios Sánchez and Baeza Serrato, 2023; Tao et al., 2022).
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[bookmark: _Toc228047552]Figure 2: System Block Diagram to State Space Model
Appendix A shows the corrected state-space solution obtained from the closed-loop transfer function. The denominator terms are used to form the state equation, and the numerator terms are used to form the output equation, giving the matrices A, B, C, and D in standard state-space form. As mentioned earlier in the report, this is the correct approach because it keeps the model in the form , , without an unacceptable  term as shown in Appendix A (Hlava and Abouelazayem, 2022; Tao et al., 2022).
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[bookmark: _Toc228047553]Figure 3: State Space Model to Transfer Function
This figure shows the conversion of the given state-space model into a transfer function using . The matrix is formed from the system matrix, inverted, and then multiplied by B and C. Because , the model has no direct feedthrough term. The result is , which confirms the link between the state-space form and transfer-function form discussed earlier in the report.
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Root locus analysis is a method used in control engineering as it analyses “the variation of the position of the poles of a closed-loop control system transfer function in the complex plane” as the gain changes, (usually K), (Yang, 2023). It comes from the open-loop system and shows what happens to the closed-loop poles as the gain changes, and the root locus “studies the variation of the roots of the characteristic equations of the closed-loop control system” with varying proportional gains (Yang, 2023). When the root-locus curve stays in the “s-left half-plane” and there is “no s-right half-plane pole”, the system is stable, whereas once right-half-plane poles appear, “the system stability cannot be guaranteed” (Zhang et al., 2023), leading into the fact that its main use is checking stability. It also gives useful information about transient response, because as the dominant roots “move away from the imaginary axis”, the damping ratio increases, while “the active power overshoot and the system adjustment time are also reduced” (Liu et al., 2022). Due to this, both analysis and design is a strong point of root locus analysis, since changing the open-loop poles or zeros changes the root locus and therefore “the dynamic response of the system” (Yang, 2023).

[bookmark: _Toc228049662]Root Locus Diagram 1:
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[bookmark: _Toc228047554]Figure 4: Root Locus Diagram with Real Values
As mentioned earlier, the drawn axis chart is used to apply the real-axis rule and show where the root locus exists on the real line. In this case, the valid sections are the parts where there is an odd number of poles to the right, so the sketch helps decide where the branches begin and where they must leave the real axis.

[bookmark: _Toc228049663]Root Locus Diagram 2:
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Figure 5: Root Locus Diagram with Real and Imaginary Numbers
As mentioned earlier, the axis chart is used to test which parts of the real axis belong to the root locus. Since this system has only one real pole, the sketch shows that only the region to the left of that pole satisfies the rule, while the other branches are controlled by the complex poles.
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[bookmark: _Toc228049665]Introduction to Frequency Domain Analysis
Frequency-domain analysis is used to show how a control system responds as input frequency changes over a range (Rowell, 2008; Oppenheim and Verghese, 2010). Rather than only showing system behaviour over time, it shows how the output changes in gain and phase at differing frequencies. As Rowell (2008) states, “The magnitude of the frequency response represents the ratio of the output amplitude to the input amplitude as a function of frequency. and is known as the gain of the system”. As the behaviour of control systems is usually frequency-dependent, especially where oscillation, delay, noise sensitivity, or weak robustness begin to show (Megretski, 2004), the vital importance of frequency-domain analysis is clear.
One of the main strengths of frequency-domain analysis is that it can give a clearer view of stability before the system actually becomes unstable (Clements, 2016). In that sense, it can sometimes be more useful than only relying on time-domain analysis, however, MIT (2013) states, “frequency-domain methods based on transforms usually cannot be applied directly to nonlinear systems”, so the method is most reliable when the system is close to linear and becomes less reliable when the real plant behaves in a strongly nonlinear way.

[bookmark: _Toc228049666]Bode Diagram
The Bode diagram is one of the most common tools used in frequency-domain control analysis (Rowell, 2008). According to Endra Joelianto (2011), it consists of “a Bode magnitude plot describing the magnitude of the frequency response gain and a Bode phase plot depicting the frequency response of phase shift”. Normally, magnitude is shown in decibels and phase is shown in degrees.
Because gain and phase are separated into two plots, it becomes easier to see how the system behaves at low, medium, and high frequencies (Webb, 2021b), meaning the Bode diagram is that it is quite easy to read. Low-frequency behaviour is usually linked to tracking performance, while high-frequency behaviour is more affected by noise, parasitics, nonlinearities, and uncertainty. This makes the Bode diagram useful during early analysis and controller tuning (Dahleh, Dahleh and Verghese, 2011).
Finding the gain margin and phase margin is another very useful point of the Bode diagram. How close the system is to instability and how much uncertainty can be tolerated before the response becomes unacceptable is shown through these margins (Clements, 2016). A controller may look stable on paper, but if the stability margins are small, even minor model errors or disturbances can make it weak or unstable. (MIT, 2012; Bakhtiari-Nejad, Nguyen and Krishnakumar, 2013).
With that said, a system may have an acceptable phase margin but still perform badly in practice, for example through slow response, too much overshoot, or weak disturbance rejection. Because of this, the Bode plot is useful, but it should not be treated as the only measure of control quality.

[bookmark: _Toc228049667]Applications of the Bode Diagram
The Bode diagram is usually used in controller design, especially when applying lead, lag, or lead-lag compensation. This makes it useful across a range of engineering areas where stable and predictable control is needed as changing the frequency response, the designer can change bandwidth, and robustness (MIT, 2012).
In process industries, for example, Bode-based design is useful for systems with lag and delay, where the balance between speed and robustness matters a lot. In aerospace and automotive control, it is helpful because it allows engineers to confidently guess if the system is going to remain stable under changing operating conditions or not (EASA, 2021). Complex real systems usually need to be simplified first before the method can be applied properly as is most naturally suited to linear time-invariant systems (MIT, 2013).



[bookmark: _Toc228049668]Nichols Chart
The Nichols chart is another important frequency-domain tool, but it presents the information in a different way. As MIT (2012) states, “The Nichols chart may be thought of as a Nyquist plot on a log scale”. This allows some parts of controller design to be more direct as the relationship between gain and phase can be seen together, 
Where the engineer wants to shape the open-loop response while also keeping an eye on closed-loop behaviour during design is where the Nichols chart is especially useful (MIT, 2012). This can make it valuable in high-performance systems where the balance between stability and response quality is more demanding.

[bookmark: _Toc228049669]Comparison of the Bode Diagram and Nichols Chart
The Bode diagram and Nichol’s chart both describe frequency response, but they do this in different ways, and that changes how useful they are during analysis and design. The Bode diagram is usually easier to understand and read because, as Webb (2021a) shows through “Gain and Phase Margins from Bode Plots”, gain and phase are seen separately. In early analysis, it helps show quite quickly whether the system is close to instability and how much “uncertainty” it can handle (MIT, 2012; Clements, 2016). That same separation is also a limitation, as because the information is split across two plots, the overall closed-loop picture is not always as direct, so a system may seem fine with the phase margins but still perform bad in reality through slow responses for example.
The Nichols chart is more compact and more directly linked to design, as previously stated, this allows controller design to be more direct as the relationship between gain and phase can be seen together. In more depth, “open-loop and closed-loop responses can be seen on the same graph” and “controller influence on the open-loop response is directly depicted on the closed-loop grids of the same Nichols chart” (Israr, Meckl, and Tan, 2004). When performance and toughness both matter, the Nichols method is ideal, or as Hall (2012) shows, it “may be used to give insight into the closed-loop behaviour of systems”. At the same time, that compact form can also make it harder to read at first compared with a more “simplistic” Bode plot. So, while the Bode diagram is usually better for clearness and finding good margins, when the design needs a more direct link between open-loop shaping and closed-loop behaviour, the Nichols chart is stronger. Although they are better used as together rather than direct alternatives.

[bookmark: _Toc228049670]Engineering Applications
In aerospace systems, aircraft dynamics can change under different flight conditions, so toughness becomes very important, illustrating why frequency-response methods are critical in this area. Mansur et al. (2009) states that stability margins “ensure robustness in the presence of uncertainties due to flight conditions”.

[bookmark: _Toc228049671]Conclusion
The Bode diagram and Nichol’s chart are both valuable tools in frequency-domain control analysis. The Bode diagram is usually the more accessible method and is very effective for identifying gain margin, phase margin, and crossover behaviour. The Nichols chart is more compact and can be more useful in design-focused work, especially where robustness and closed-loop performance need to be considered together.
Neither method is perfect. Both mainly rely on linear system behaviour, so they need to be used carefully when dealing with nonlinear or strongly varying real systems. Even so, they are still very useful because they show one of the main trade-offs in control engineering, which is improving speed and responsiveness without reducing stability and robustness.
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[bookmark: _Toc228047556]Figure 6: Initial Incorrect form of State-Space Model
This answer becomes wrong at the state-space stage at the end. While the transfer function is correct, the issue starts when the states are chosen as , , and . After rearranging the equation, the final state expression includes both  and , which incompatible with the standard state-space form. This is why the correct answer earlier had to be gotten using a different selection of states, so that the final model remained in the proper form , .
As a result, this failed attempt was still useful, because it showed that the transfer function alone was not enough, and that the choice of state variables had to be changed to reach the correct answer shown earlier in the report.
Author: Bailey Armin
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