Control System Design


Matt Satterthwaite
1910596


ACDA5011 – Instrumentation and Control



Wales Institute for Science and Art
University of Wales Trinity Saint David

[image: UWTSD LOGO]


Table of Contents
Introduction	4
1.1	Task Brief	5
1.2	Terminology	5
1.3	Given Targets	5
2	Systems and Controller Types	5
2.1	Open Loop Systems	5
2.2	Closed Loop Systems	5
2.3	Discrete Controllers	5
2.4	Three State Controllers	5
2.5	Proportional Controllers	5
3	The Control System	6
3.1	System Design	6
3.2	Controller Used	7
4	Method	7
4.1	System Tuning	7
4.2	Mathematic Equations	7
5	Results	8
5.1	Simulation	8
5.2	Mathematical Block	9
5.3	Pole Locations of Plant	10
5.4	Pole-Zero Diagram of Transfer Function	11
5.5	Nyquist Stability Analysis	12
5.6	Gain and Phase Margin	13
5.7	Displacement	14
6	Discussion	15
7	Conclusion	16
8	References	17
9	Annex	19

Figure 1‑1: Graph Detailing Rise Time, Settling Time, and Overshoot	5
Figure 3‑1: Controller System Design	7
Figure 3‑2: Sample Points – Untuned System	7
Figure 4‑1: PID Tuner	8
Figure 4‑2: System Transfer Function	8
Figure 5‑1: Controller Parameters	9
Figure 5‑2: Sample Points – After Tuning	9
Figure 5‑3: Plant Verification Block	10
Figure 5‑4: Oscilloscope Reading - TF	10
Figure 5‑5: Transfer Function of System	10
Figure 5‑6: Pole Zero Plot of the Plant	11
Figure 5‑7: Pole Zero Plot of TF	12
Figure 5‑8: Pole Zero Plot Focus	12
Figure 5‑9: Nyquist Plot	13
Figure 5‑10: Nyquist Closer Inspection	13
Figure 5‑11: Bode Diagram	14
Figure 5‑12: System Displacement	15
Figure 6‑1: Sensitivity of the System	16

[bookmark: _Toc90451248]

Introduction
[bookmark: _Toc90451249]Task Brief
The author was tasked with demonstrating the ability to tune the control system of an automatic weapon system on board a large warship by building and simulating the system in MATLAB until a specified standard of settling time and overshoot was achieved.
The angular positioning system on a Close-in Weapon System (CIWS) has the transfer function G(s) given by the equation below. 
[bookmark: _Hlk89243275]
Initially, the control system has several imperfections resulting in high rising and settling times. In some cases, the systems might overshoot by unacceptable amounts and would be considered unstable. 

[bookmark: _Toc90451250]Terminology
The systems rise time can be fined as the response time taken for the signal to reach point B, from point A.
The systems settling time is the time required for an output to reach and steady within a given tolerance band. Generally, these bands are 2% or 5% [1]
Overshooting put simply; is the amount a signal exceeds its target initially before settling. All above mentioned points are displayed below in Figure 1‑1 [2].
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[bookmark: _Ref87447333][bookmark: _Toc90451341]Figure 0‑1: Graph Detailing Rise Time, Settling Time, and Overshoot


[bookmark: _Toc90451251]Given Targets
Throughout this report, the author was aiming to achieve a settling time below 2 seconds, whilst not overshooting the output value by any more than 5%. The Denominator coefficients were supplied by the manufacturer. Those numbers were:
3			   4			3

[bookmark: _Toc90451252]Systems and Controller Types
[bookmark: _Toc90451253]Open Loop Systems
Past electrical systems were manual, or what is referred to as open loop. These systems include little to no automatic control or feedback features built in so maintaining the desired output level was achieved by manual adjustment. [3]  
[bookmark: _Toc90451254]Closed Loop Systems
Closed loop systems include at least one form of feedback that allows the control system to make changes. All stages of the system are constantly monitored and compared before the output is updated, usually at a defined periodic rate. An example of a closed loop system would be a vehicles cruise control system, with the feedback input being the vehicles actual velocity. [4]
[bookmark: _Toc90451255]Discrete Controllers
Within a Discrete controller the error signal is generated by calculating the difference between the process value and the set point. The output will be turned either on or off depending on the error signal.
Discrete controllers are simple, cheap, and easy to maintain but can fatigue easily due to the element constantly switching.
[bookmark: _Toc90451256]Three State Controllers
Three state controllers are similar to discrete controllers in terms of calculating the error signal. The output also has a half on state, or low value. Like discrete controllers, the element is constantly moving so fatigue and wear is also an issue. 
[bookmark: _Toc90451257]Proportional Controllers
Proportional controllers give an output to the actuator that is proportional to the error. from that, they respond to the size of the error [5]. Proportional controllers are easier to implement but can suffer from long settling times and it is possible for the process value to never reach the set point.


[bookmark: _Toc90451258]The Control System
[bookmark: _Toc90451259]System Design 
[image: ]The control system is a relatively simple construction and is detailed below in Figure 2‑1.





[bookmark: _Ref87449607][bookmark: _Toc90451342]Figure 3‑1: Controller System Design


The highlighted section is the transfer function which includes the 3 denominator coefficients that are related directly to the plant being controlled. An oscilloscope was added to the system so that the author could monitor the behaviour of the control system at different points. The locations of these sample points and the results from the standard system are shown below 
[image: ][bookmark: _Toc90451343]Figure 3‑2: Sample Points – Untuned System












It can already be seen that the controller is using a lot of effort whilst still taking at least 5 seconds to send a settled signal although, there is zero overshoot. This feedback will be useful to compare the difference between a tuned and untuned system. 

[bookmark: _Toc90451260]Controller Used
A proportional controller has been used for this experiment. Specifically, a Proportional – Integral – Derivative controller (PID). The PID controller was chosen due to its ability to be tuned to settle quickly.  PID controllers use the derivative of the error to compensate for future errors. This reduces overshoot and oscillations, leaving a very stable signal. 
[bookmark: _Toc90451261]Method
[bookmark: _Toc90451262]System Tuning
Within Simulink, it is possible to tune the PID controller to achieve a range of operational characteristics. 
[image: ]
[bookmark: _Toc90451344]Figure 4‑1: PID Tuner
Using the PID tuner, the Author manually adjusted the response time and the transient behaviour to achieve the given targets stated in 1.3. 
The Tuner module supplied the controller parameters as P, I, D and N once the author was satisfied with the behaviour of the block. These controller parameters would then be utilised to work out the systems transfer function. This will then be used to determine the absolute stability of the system by combining the figures with the forward transfer function.
[bookmark: _Toc90451263]Mathematic Equations
using the following compensator equation and the controller parameters supplied, the author will calculate the system transfer function as one block. The first equation will supply the forward transfer function, without feedback whilst the second equation will give the controller transfer function. 
[image: ][bookmark: _Toc90451345]Figure 4‑2: System Transfer Function 

[bookmark: _Toc90451264]Results
[bookmark: _Toc90451265]Simulation
The Author carried out the simulation on the PID controller and obtained the following parameters.
[image: ]
[bookmark: _Toc90451346]Figure 5‑1: Controller Parameters
P: 28.5931		I: 14.3710		D: 14.0056		N: 560.8831
It was found that speeding up the response and using less aggressive transient behaviour reduced the settling time substantially. The original parameters returned absolutely zero overshoot, with the tuned system overshooting by 3.17%. This is an increase in an undesired direction, but still within the tolerances required. In the case of the CIWS, this could mean for a very brief period of time the turret is not pointing at the target, until settled.
[image: ]Both systems, before and after tuning were considered stable closed-loop systems. Once the author was satisfied with the performance of the signal, the block was updated before observing the oscilloscope once again to see the differences between before and after tuning. [bookmark: _Toc90451347]Figure 5‑2: Sample Points – After Tuning










[bookmark: _Toc90451266]Mathematical Block
[bookmark: _Toc90451267]Plant Verification
[image: ]
[bookmark: _Toc90451348]Figure 5‑3: Plant Verification Block
	Using the parameters supplied from the tuning block, it is possible to calculate the complete transfer function of the entire system. The calculations and workspace figures can be found in Annex A. 
For the calculation to be verified, the author added another input to the oscilloscope to compare the outputs of the system against the mathematical transfer function (highlighted green).
[image: ]
[bookmark: _Toc90451349]Figure 5‑4: Oscilloscope Reading - TF

	When comparing the plant output to the whole system transfer function, it can be seen that they are identical. This is a sign that the equation and parameters have been used correctly and that the entire systems transfer function can now be read as the following:
[image: ]
[bookmark: _Toc90451350]Figure 5‑5: Transfer Function of System

[bookmark: _Toc90451268]Pole Locations of Plant
The following formula was used to find the complex roots of the transfer function using the denominator values supplied.
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These figures can be verified by creating a pole-zero plot of the plant. 

[image: ]
[bookmark: _Toc90451351]Figure 5‑6: Pole Zero Plot of the Plant

These poles are complex conjugates, which is the necessary condition to have real-valued coefficients in the differential equation representing the system. The fact that both poles are to the left-hand side of the plot is identifying that the system is stable.

	
[bookmark: _Toc90451269]Pole-Zero Diagram of Transfer Function
A pole zero diagram for the closed loop system was also created to compare the behaviours of the poles at different stages within the system. 
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[bookmark: _Toc90451352]Figure 5‑7: Pole Zero Plot of TF

[image: Chart, line chart

Description automatically generated]The pole coordinates have been listed on the right-hand side due to their proximity to each other. The circled cross is known as the dominant pole, the further this pole is from zero, the faster the system will react. 
Upon closer inspection, the remaining poles are visible separated along the axis. The poles marked with an X are a value of “S” that will likely take the function to infinity. Whereas the poles marked with a “O” are a value of “S” that will take the function to zero. 
All poles however are to the left of the axis meaning that the system can be deemed stable. 


[bookmark: _Toc90451353]Figure 5‑8: Pole Zero Plot Focus

[bookmark: _Toc90451270]Nyquist Stability Analysis 
A Frequency response stability analysis, also known as the Nyquist Stability criterion, is based up on a theorem in the theory of the function of a complex variable according to Cauchy and is used to determine the relative stability of a closed loop system [6].
[image: Shape, logo

Description automatically generated with medium confidence]A Nyquist plot of the forward transfer function was created using the following MATLAB input:
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[bookmark: _Toc90451354]Figure 5‑9: Nyquist Plot
This plot is a representation of the response of a feedback system, showing its relationship with the gain [7]. The critical point on the Nyquist plot is the RED cross known as -1 + 0j. If the plot was to pass through the critical point, then the system cannot be stable, and this system would have oscillatory behaviour [8]. The amount at which this system can be scaled before becoming unstable will later be referred to as the gain margin. 
Upon closer inspection, it is visible that the system not only avoids the critical point but, in fact reaches out and touches zero meaning that no amount of gain could make it unstable. The delay margin labelled in Figure 5-6 is the maximum time delay that the system can deal with without becoming unstable.
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[bookmark: _Toc90451355]Figure 5‑10: Nyquist Closer Inspection

[bookmark: _Toc90451271]Gain and Phase Margin 
For the closed loop system to be considered unstable the frequency must produce 0dB of gain AND -180° phase [8]. This is because it flips the input upside down. The systems gain and phase margin has been detailed on the Bode diagram displayed below. 
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[bookmark: _Toc90451356]Figure 5‑11: Bode Diagram
The phase margin is calculated by determining where the signal crosses 0dB. This is detailed by the dotted lines on the diagram. The 0dB crossover occurs at 98.1degrees as highlighted by the orange line. This results in the following amount of phase lag the system can absorb before going unstable.

The signal never actually reaches -180° as highlighted within the red circle above. This results in an infinite gain margin, meaning that no increase or decrease of gain will render the system unstable, reinforcing the point highlighted using the Nyquist plot. 


[bookmark: _Toc90451272]Displacement 
Given the environment that the CIWS would be working in, it is very likely to see certain conditions that could briefly disrupt, interrupt, or jolt the signal within the system. Using the pole locations established within Figure 5-4, the author plotted magnitude against settling time to determine the system displacement in this exact scenario. 
[image: ]
[bookmark: _Toc90451357]Figure 5‑12: System Displacement
It can be seen from the graph above that the system took approximately 6 seconds to respond to the interruption.


[bookmark: _Toc90451273]Discussion
Although the system had infinite gain margin and a large phase margin, it is still important to establish where the system is at its most sensitive and vulnerable. The author determined this (Ms) by using the sensitivity function. This recognized the effect disturbances had on the feedback within the system. It is important that the value of Ms be in a range of 1.3 to 2 [10]. 
Using the MATLAB feedback function, the following sensitivity plot was made:
[image: Graphical user interface, chart, line chart
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[bookmark: _Toc90451358]Figure 6‑1: Sensitivity of the System
The position of the maximum sensitivity is shown by the peak in the diagram above, this resulted in a figure of 3.45dB. This figure could then be converted in MATLAB to give Ms as shown below.
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As previously mentioned, this system has all the criterion of a stable system and it has been established, the maximum sensitivity is within the desired range. It is still possible to alter the sensitivity of the system – to send it further to the centre of the range - by multiplying or reducing the gain. Doing it this way can have a positive influence on the closed loop sensitivity, but it could potentially negatively affect the rise time, step response and the control systems ability to follow slow moving reference signals. 
One method to reduce the sensitivity without effecting the low frequency response is by building a notch filter. A notch filter attenuates signals within a very low band of frequencies, centred on the centre frequency  [11]. 


[bookmark: _Toc90451274]Conclusion
The author chose to design the system around a PID controller due to its tuning abilities. All the desired tolerances for settling time and overshoot have been fulfilled whilst also having a satisfactory maximum sensitivity figure. 
The Author expressed the desire to establish the maximum sensitivity of the system, something that could still be weak or even with the requested parameters within the tolerances specified. The inclusion of the sensitivity has resulted in the creation of a fast solving, accurate and robust system capable of meeting the customer demands in any in service  environment. 
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Taking a = 3, b = 4, c = 3 our transfer function now becomes:	









To calculate the forward path transfer function of the system, the controller’s transfer function must be multiplied by the transfer function of the process.












How it behaves without feedback.


Now we remove the feedback loop and calculate the transfer function of the system. 

Where TF is the transfer function of the whole system, G is the forward path transfer function, and H is the transfer function of the feedback loop, in this case 







[image: ]The system can now be redrawn again as a single block using the number from the workspace table..

[image: ][image: ]	

[bookmark: _Toc90451278]MATLAB Code – Nyquist and Bode
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nyqilist(fl;wd;t%-);
title('Nyquist Plot of forward TF');
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% and in the last graph

subplot(1,3,3);

% plot the pole-zero diagram of entire system with feedback
pzplot(system_tf);

title('system’);
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% Create Bode plot of foward transfer function
% - provides similar info to Nyquist plot
subplot(2,2,2);

margin(fud_tf);

%title('Bode plot of forward TF')

% create closed loop transfer function of whole system (inc. feedback)
system_tf=tf([N1 N2 N3],[D1 D2 D3 D4 D5]);

% Plot Pole-zero diagram of closed loop system
subplot(2,2,3);

pzplot(system_tf);

title('Pole-zero plot of closed loop TF');

% Create transfer function to represent only the plant
plant_tf = tf(1,[a b c]);

% Plot pole-zero diagram of plant transfer function
subplot(2,2,4);

pzplot(plant_tf);

title('Pole-Zero plot of plant');

% create transfer function of controller
Controller_tf = tf([(Kp+(N*Kd)) (N*Kp)+ki N*kil, [1 NI);

% create new figure
figure;

% with 1 row of 3 graphs, and with the first graph of these....
subplot(1,3,1);

% plot the pole-zero diagram of the plant on its own
pzplot(plant_tf);

title('Plant’);

% in the next graph

subplot(1,3,2);

% plot the pole-zero diagram of the controller on its own
pzplot(Controller_tf);

title('controller’);
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% Plant transfer function values from assignment spec
a=3;
b=4;
c=3;

% Controller parameters from PID tuning block in Simulink

Kp=28.5931;
Kd=14.0056;
N=560.8831;

Ki:

4.3710;

% Numerator coefficients of transfer functions
N1=Kp+(N*Kd) ;

N2=(Ki+(N*Kp));

N3=N*Ki;

% Denominator coefficients of closed loop transfer function
Di=a;

D2=(a*N)+b;

D3=Kp+(N*Kd) +(b*N)+C;

N*Kp)+Ki+(c*N);

D5=N*Ki;

% Denominator coefficients of forward transfer function

a*N)+b;
d3=(b*N)+c;

% create forward transfer function
fud_tf=tF([N1 N2 N3],[d1 d2 d3 d4 d5]);

% Create Nyquist plot of forward transfer function
% This HAS to exclude the feedback as it will be a measure of

% System stability - how much gain / phase shift needed to make instable
figure;

subplot(2,2,1);

nyquist(fud_tf);

title('Nyquist Plot of forward TF');
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>> % Create a state variable 'S’
s = zpk (@, [1, 1)

S =

s
Continuous-time zero/pole/gain model.
>> G =NL *S*2 + N2 *¥S + N3 /DL *S"+D2*S*3+D3*S"2*D4*s+D5
G =

2686.8 (s+6.687e04) (s+8.03471) (s*2 - 0.03467s + 0.001293)
Continuous-time zero/pole/gain model.
>> % We can use the feedback command to check sensitivity
% feedback(A(S), B(S)) = A(S)/(1 + A(S)B(S)
% so to get 1/(1 + G(S))
Sensitivity = feedback(1,G)
Lensitivity =

0.00037219

(s+6.687204) (s+8.03471) (s*2 - 0.03467s + ©.001293)

>> 107(3.45/20)
ans =
1.4876

>> %this is the nominal sensitivity peak
>> %typically you want Ms to be between 1.3 and 2
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