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[bookmark: _Toc254649697]Task 1 PID (Proportional Integral Derivative) control



a) The principles of PID control in a PLC system including a description of the benefits and relative effects of each of the three terms (Proportional, Integral and Differential)

The purpose of a PID controller is to produce a control signal that can minimize the difference between the output and desired setpoint of a certain system.
In most general cases, error minimization is accomplished by the three main components of the PID controller, such as: proportional, integral, and derivative terms (PID).  (Zurich, 2023)
The proportional term
The proportional term 
[image: ]Figure 1
The proportional term, represented by P, is determined by the current deviation between the desired setpoint and the actual output of the system. This term aids in steering the system output back to the setpoint by implementing a correction that is directly proportional to the magnitude of the deviation. As a result, this contributes to a decrease in the time taken for the correction signal to reach its final value, as illustrated in figure. When the deviation is larger, the proportional term applies a greater connection, indicating that it cannot eliminate the deviation on its own. Under safety state conditions with a constant Kp, the output up (t) becomes larger as the error increases. As the P term always necessitates a non-zero error to generate its output, the system reaches an equilibrium, resulting in a steady-state deviation (figure 1). (Zurich, 2023)

The integral term
[image: ]Figure 2




As seen in figure 2. The integral term, represented as I, applies a correlation that is linked to the cumulative history of the error over time. It accounts for the persistence of error. For instance, if the error persists chronically, the integral term steadily increases, resulting in a more substantial correction applied to the system’s output. Unlike the proportional term, which solely reacts to current error, the integral term allows the controller to generate a control signal even when the current error is zero. This capability is crucial for precisely steering the system to the desired setpoint. Its impact is depicted in Figure.
Elevating the value of the integral gain coefficient amplifies the influence of the accumulated error on the control signal over time. Consequently, when encountering a steady-state error, a larger integral gain coefficient will expedite the elimination of the error compared to a smaller coefficient.
Nevertheless, excessively raising the integral term can lead to an oscillating output if significant error accumulates, causing the control system to overshoot and induce oscillations around the setpoint. This occurrence is sometimes referred to as integral windup. 

Figure 2 shows: When the proportional constant Kp is held constant at 1, altering Ki results in a quicker response. However, excessive increases in Ki can accelerate response time while also inducing greater oscillations and overshooting, as depicted by the green curve. (Zurich, 2023) 

















The Derivative Term
The derivative term, represented as D, governs the error’s tendency, specifically its future trajectory, by applying a correction proportional to the error’s time derivative. This enables the reduction of error rate changes, enhancing both stability and responsiveness within the control loop. The objective is to anticipate shifts in the error signal; if the error exhibits an upward trend, the derivative action endeavours to compensate without necessitating significant error presence (proportional action) or prolonged duration (integral action).
In practical PID implementations, the derivative action is occasionally excluded due to its susceptibility to input signal quality. When the reference value undergoes rapid changes, such as with a highly noisy control system, the error’s derivative tends to spike, prompting sudden PID controller adjustments that may lead to loop instabilities or oscillations.
To bolster stability, pre-emptive low pass filtering of the error signal is frequently employed as a mitigation measure. However, low pass filtering and derivative control counteract each other, limiting the extent of filtering feasible.
When properly calibrated and in systems exhibiting sufficient “tolerance,” the derivative action can significantly enhance controller performance. The impact of the derivative term is demonstrated in figure.
Each term’s influence on the system's response heavily relies on the system’s specific characteristics. Thus, adjusting the weighting of Kp, Ki and Kd gains allows for precise calibration of the control loop’s performance to attain the desired level of responsiveness and accuracy. (Zurich, 2023) 





[image: ]Figure 3
Figure 3 shows that the derivative action aims to enhancing system damping; however, excessively high values of Kd can render the system unstable or prone to oscillations, as detailed in the text. The depicted curves maintain constant proportional and integral grains  .
In certain applications or simpler systems, only one or two of the three control terms provided by a PID controller may be necessary. To utilize the controller with a subset of these terms, the unused terms can be zeroed, resulting in a PI, PD, P, or I controller.
For example, the use of a PI controller is prevalent in applications prioritizing the elimination of steady-state error and stability over response times, owing to their sluggish dynamics. An Illustrative scenario is temperature control in an oven, where a PI controller is typically deployed to ensure precise temperature regulation and eliminate any persistent offset, given the oven’s slow response characteristics. (Zurich, 2023) 
Basics of PID controllers: Advantages 
The PID algorithm boasts universality, making it adaptable to a wide array of processes, provided the objective is to align the process variable with the desired value. Here are some key advantages of this control technique: (Basics of PID controllers, n.d)


1. Enhanced Accuracy: PID offers superior precision compared to simpler on/off controllers.
2. Energy Efficiency: The algorithm operates more efficiently, conserving energy.
3. Cost-effectiveness: PID implementation is not resource-intensive, resulting in cost-effective devices
4. Versatility in implementation: It can be realized through analogy electronics, digital electronics, and mechanical solutions. Although digital PID controllers are prevalent today, pneumatic, hydraulic, and mechanical variants are also available.
5. Intuitive tuning: The P, I and D components can be tuned intuitively through trial and error. Even with specialized tuning, PID controllers typically require infrequent adjustments, lasting for years after a single tuning session.
6. Continuous Tuning: Unlike more complex controllers, a universal PID controller can often be retuned while the process is operational, offering convenient adjustments.
7. Extended Device Life: Unlike simpler solutions, the PID algorithm can significantly prolong the lifespan of actuation devices.
8. Balanced Efficiency: While advanced controllers may offer greater efficiency, the associated expenses and efforts may not always justify their implementation.
9. Responsive to Disturbances: Unlike model-based controllers, the PID algorithm exhibits robustness against unmeasured disturbances, owing to its proportional and derivative actions.
10. Matured Technology: With over 70 years of deployment, engineers have developed effective solutions for many of the challenges associated with the PID algorithm.

 (Basics of PID controllers, n.d)
‌

b) Providing a detailed description of the two Zeigler Nichols turning methods for PID control.

Adjusting a proportional-integral-derivative (PID) controller involves choosing the appropriate combination of P, I, and D actions to attain the desired closed-loop performance.
The PID algorithm in the ISA standard format is: (Figure 4)

[image: ]Figure 4
(jfischer,1998) 
The variable 𝐶𝑂(𝑡) denotes the controller output applied to the process at time t, PV(t) represents the process variable derived from the process, and e(t) signifies the error between the setpoint and the process variable. The proportional action is scaled by a factor of P, the integral action is scaled by P/TI, and the derivative action is scaled by P⋅TD, where P denotes the controller gain, TI stands for the integral time, and TD represents the derivative time. (jfischer,1998) 
In 1942, John G. Ziegler and Nathaniel B. Nichols, affiliated with Taylor Instruments (now part of ABB Instrumentation in Rochester, N.Y.), introduced two methods for determining P, TI, and TD to achieve a rapid, yet minimally oscillatory, closed-loop step response. Their "open loop" technique is demonstrated by the reaction curve depicted in the figure. This curve illustrates the process variable's behaviour after a unit step is applied to the process while the controller operates in manual mode (i.e., without feedback). (jfischer,1998)
A line drawn tangent to the steepest point of the reaction curve indicates the speed at which the process responds to the step input. The inverse of the slope of this line represents the process time constant T. Additionally, the reaction curve displays the delay before the process responds to the step (deadtime d) and the extent to which the process variable increases relative to the step's size (process gain K). Ziegler and Nichols determined that the optimal tuning parameter settings could be calculated from T, d, and K as follows (figure 5) (jfischer,1998) 

[image: ] Figure 5

Once these parameter values are inputted into the PID algorithm and the controller is switched back to automatic mode, subsequent changes in the setpoint should yield the desired 'not-too-oscillatory' closed-loop response. A tuned controller should also swiftly counter load disturbances with minimal oscillations in the process variable.
Ziegler and Nichols also outlined a 'closed loop' tuning technique conducted with the controller operating in automatic mode (i.e., with feedback), albeit with the integral and derivative actions deactivated. The controller gain is incrementally raised until any disturbance triggers sustained oscillations in the process variable. The smallest controller gains capable of inducing such oscillations is termed the ultimate gain Pu. The duration of these oscillations is referred to as the ultimate period Tu. The appropriate tuning parameters can be derived from these values according to the following guidelines: (figure 6) (jfischer,1998)
[image: ] Figure 6



[bookmark: _Toc336886090]Task 2 (System Representation)

Figure 7 below is a system block diagram of the control system for task 2:
[image: ]Figure 7
Figure 8 below is the produced signal flow diagram that corresponds with the system block diagram:
[image: ]Figure 8

Now that the signal flow diagram is constructed, the Mason’s gain formula can begin to be applied. Firstly, the Mason’s gain formula is:

Where:
· C(s) is the output node
· R(s) is the input node
· T is the transfer function or gain between R(s) and C(s) 
· Pi is the ith forward path gain
Number of forward paths/forward path gain (N = 1):
P1 = G1(s) G2(s) G3(s) G4(s)
Number of loops/loop gains = 4:
G1(s) G2(s) H1(s)
G2(s) H3(s)
G3(s) G4(s)
G4(s) H2(s)
Non-touching loops = 0
Calculation of Transfer Function using Mason's gain formula:
There are no loops that are non-touching to the forward path, which means:  

Also, there are no loops that are non-touching and there are no more forward paths, which means:

Next, the Mason’s gain formula must be used, the forward path is on the top while the loop gains are on the bottom of the equation:
   



N = 1 must be substituted into the Mason’s gain formula:


Since there are no other forward paths,  will not be included in the formula:

All necessary values in the equation above must be substituted:



Therefore, the transfer function for this control system is:






















[bookmark: _Toc2006903626]Task 3 (System Representation)

 a) What is the concept of State Space Modelling?
A State Space Model (SSM) is a Markov method that is mathematical framework used to characterize the dynamic behaviour of a system. It achieves this by delineating the system's internal, unobservable state variables and elucidating their connection with observed data. This model encapsulates a system's state via a collection of variables that evolve over time but are not directly perceivable. 

The main objective is to depict the progression of a system as time elapses. The "state" variables encapsulate crucial information defining the current state of the system, while the "observation" variables denote measurements or observations pertinent to the system. The state equations delineate the evolution of the state variables over time, typically in a concise and frequently linear format. 
(probml.github.io, n.d.)


















[bookmark: _Toc738304089]Task 4 (Time domain analysis)

a) The concept of root locus analysis
The root locus analysis method stands out as one of the most potent tools in the design engineer's arsenal for crafting a feedback control system that fulfils specified design criteria. 
Root locus is a method of design due to Evans. It is based on the relation between the poles and zeros of the closed-loop system function and those of the open-loop transfer function. The rapidity and ease with which the loci can be constructed form the basis for the success of root-locus design methods, in much the same way that the simplicity of the gain and phase plots (Bode diagrams) make design in the frequency domain so attractive. The root-locus plots can be used to adjust system gain, guide the design of compensation networks, or study the effects of changes in system parameters. 
(Electrical4U, n.d.)


















[bookmark: _Toc1622992913]Task 5 (Frequency domain analysis) 

[bookmark: _Toc1037293417]1.    Bode diagrams
Bode diagrams (or bode plots) were originally created by Dr. Henrik Wayne Bode, while he was working for Bell Labs in the 1930s. Bode diagrams are widely employed in analysing the stability of control systems, particularly in scenarios such as the design and assessment feedback loops in power supplies. These plots offer a significant advantage by offering a simple and universal method for characterizing the frequency response of a linear time-invariant system. By depicting gain and phase shift across a range of frequencies, bode plots enable engineers to intuitively grasp how a system behaves in response to varying input frequencies, aiding in the design and optimization of control systems for stability and performance. (KG, R. & S.G. & C. n.d)  
 
  Phase and gain margins:
Gain margin is the maximum gain increase or decrease (measured in dB) that does not compromise stability, a larger gain margin (GM) enhances system stability.

Gain margins can usually be read directly from the Bode plot. This is done by calculating the vertical distance between the magnitude curve and the x-axis at the frequency where the Bols phase plot = 180 degrees. This point is known as the phase crossover frequency. Figure 9 below shows what a bode diagram looks like.

Phase margin is measured at the frequency where gain = 0 dB. This is commonly referred to as the “crossover frequency.” Phase margin is a measure of the distance from the measured phase to a phase shift which is –180 degrees. Which is how many degrees the phase must be decreased to reach –180 degrees. (Electrical4U n.d.)


[image: ]Figure 9
(Anon, n.d.) ‌
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[bookmark: _Toc161353580][bookmark: _Int_W2LWkFnO]2.    Nichols chart

Firstly, who is the creator of the Nichols chart? The Nichols chart was invented by Nathaniel Nichols in 1947, this is known as the superior practical method for feedback loop design and test
A Nichols chart (AKA Nichols Plot) is a plot used in signal processing and control system design to determine the stability and closed-loop frequency response of a feedback systems. 
A Nichols chart works by constant magnitude loci that are M-circles and constant phase angle loci that are N-circles are the fundamental components in designing the Nichols chart.
The constant M and constant N circles in the G (jw) plane can be used to analyse and design control systems. (Anon, n.d)
 
[bookmark: _Int_vYy2y38Y]The critical point in G (jw), plane corresponds to the point of zero decibels and -180 degrees in the gain phase plane. The plot of M and N circles in the gain phase plane is known as the Nichols chart (Nichols plot).
Compensators can be designed using a Nichols plot.
The Nichols plot technique is also used in the design of a DC motor. This is also used in signal processing and control system design.
The related Nyquist plot in the complex plane shows how the phase of the transfer function and frequency variation of magnitude are related. 
The angle of the positive real axis determines the phase and the distance from the origin of the complex plane determines the gain. There are some advantages of Nichols’ plot in control system engineering such as:
· Gain and phase margins can be determined easily and graphically.
· Closed loop frequency response is obtained from open loop frequency response.
· The gain of the system can be adjusted to suitable values.
· [bookmark: _Int_BYuPF7QH]Nichols chart provides frequency domain specifications 

(Anon, n.d)
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