Instrumentation & Control

Process Control

Control system definition

Adjust the flow of energy from a source to a destination load or process in order to achieve some desired result.

Basic example;
Thermostatic control of a domestic heating system
Control System Types
Generally control systems can be classified into two broad categories;

· Closed-Loop control system

· Open-Loop control system

The former is called ‘closed loop’ because it incorporates ‘feedback’ which gives an understanding of the current state of the system. This value is compared to the input state and subtracted (it can also be additive) in order to give an error signal, which in broad terms represents the amount of control action still required in order to meet our target input value. Examples of control variables;

· Temperature

· Pressure

· Flow

· Level

· Position

· Vibration

Conversely the open loop system has no feedback element and as such is not at anytime ‘aware’ of the current status of the system concerned.

The diagrams figure 01 (closed-loop) and figure 02 (open-loop) illustrate both types of system and also show the standard block diagram approach to system representation.
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The behaviour of both systems can be mathematically described by a ‘Transfer Function’. This is essentially a ratio of output compared to input or alternatively a gain function.

Figure 02 may easily be represented in terms of its transfer function – for example think of block ‘G’ as an electronic amplifier of gain ‘G’. 

Sensitivity = G  = 
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                this is the open loop transfer function!

In the case of figure 01 the approach is slightly different as there is a comparator and feedback (parallel) block to consider, however we are still looking for a gain or sensitivity factor i.e. a ratio of output compared to input. First we need to consider the comparator;




Additionally we need to consider the ‘sign’ of the feedback signal. Feedback may be classified as negative (subtracted from the input) or positive (added to the input). The block ‘H’ is a quantity known as the feedback factor.

Negative feedback systems

Essentially a proportion (dependant on the feedback factor) of the output signal is fed back and subtracted from the input signal. The transfer function is determined as follows;
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Therefore the transfer function for a negative feedback system becomes;


The effect of negative feedback systems are;

1. Sensitivity (gain) is reduced since 
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2. Under certain conditions stability of gain is achieved. This occurs when GH >> 1. Under these conditions;
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i.e. process gain has little effect on the transfer function.

Positive Feedback Systems

A proportion (dependant on the feedback factor) of the output signal is fed back and added to the input signal. The transfer function is determined as follows;

Again first considering the comparator;


The transfer function this time evaluates to the same result but with a sign change in the denominator;


Definitions

Auto Controller - 
The mechanism which measures the value of a variable, and corrects or limits the deviation from the desired value.

Process - 
The collective system/function performed in and by the equipment in which a variable is controlled. A process includes everything that affects the controlled variable other than the auto controller.

Variable - 
Also known as the controlled condition. It is the condition of the plant which is the purpose of the control system to control.

Desired Value - 
This is the required value of the plant parameter under control.

Measured Value - 
This is the actual value of the plant parameter under control.

Deviation - 
The difference between the measured and desired value.

Representation

Mathematics is an important area in control and systems can be exclusively modelled and represented using the pure ‘language’ of maths. However system equations can become complex and difficult to understand so often a more graphical approach is adopted. Generally systems can be graphically represented by block diagrams – as shown above, but also by using signal flow graphs. These graphical entities each have their own set of rules for manipulating the system and its design. The areas of block diagram and signal flow graph manipulation are both topics in their own right. This may be covered in later lectures if scope allows.
Examples of simple block diagrams;

1 Heat Treatment Oven





2
Liquid Level Control System









Stability

The obvious requirement for a control system is that it must be possible for it to control a process or plant arrangement to achieve a desired outcome - all this must be possible as modelled or predicted and within reasonable time frames / response times. However if a system is inherently unstable no amount of effort by the control system will achieve predictable outcomes. In fact the instability could be dangerous, leading to situations that could cause structural, environmental or indeed personal damage. In other words if stability is not possible then control system performance and design is a mute point!
In the real world all systems exhibit delays or lags which affect the response of said systems – the real goal therefore is to minimise these effects in order to achieve optimum responses or reactions (graphically represented by reaction curves).

Various tools are at the engineers disposal to facilitate system modelling before implementation, during and after (for optimisation). Below are examples of some of these tools which help to predict performance and stability;

· Software – such as Matlab, Simulink and CODAS.

· Root Locus techniques

· Routh Stability

The bottom line is that when a system exhibits long delays, any control action introduced may not be sufficient to remove ‘overshoot’ of the monitored (and controlled ) variable about its desired value. It should be noted that control action would always be applied in opposition to the direction of the measured variable – e.g. temperature goes up, steam control actuator closes!
Given this scenario the system may still not be stable after initial control actions are applied, therefore further control actions may be necessary. This can be repeated and the control system constantly ends up ‘chasing’ the variations whilst trying to control the measured variable within acceptable limits. However these actions can lead to ‘hunting’ or instability. Hunting manifests itself as oscillations about the desired value and in extreme cases may increase rather than decrease i.e. instability.

Inherent Regulation

This has a marked effect on control stability. A plant or system possesses inherent regulation when in the absence of a control system equilibrium is reached following a disturbance.

Example 

Figure 03 shows a tank being filled with a liquid which has a discharge line at its base. Neither input or output lines have any type of control mechanism installed.

Figure 03




From an initial condition with input flow I1, level L1, and output O1, at equilibrium;

I1 = O1
Then if I1 is reduced slightly to I2 the level falls to L2 and the corresponding hydrostatic pressure (head) also falls. This in turn causes the output flow to also reduce to O2. once again equilibrium will be reached when the new output flow equals the reduced input flow i.e. I2 = O2. the condition I2 = O2 is known as inherent regulation. The converse is also true in that if the input flow is increased, the hydrostatic head increases, which in turn raises the output flow until equilibrium at a new level is attained. However it is important to note that the maximum output flow attainable will depend on the line size – therefore there are limits !

Conversely consider the scenario depicted in figure 04 This time a pump is installed on the discharge line that operates at a constant rate. If the input flow is reduced below the equilibrium flow rate the tank will eventually run dry – the pump effectively changes the output characteristics of the system. This system is without inherent regulation

Figure 04



Reaction Rate
As we have already established, no system responds instaneously to changes in input, be it a change in desired value (set point) or a disturbance. Every system has ‘lag’ or ‘delay’ associated with it.
The reaction rate is simply the response time of the system to the change in desired value or disturbance and is indicated on a plot of system response with respect to time. This type of plot is known as a reaction curve and the slope of the rise characteristic yields the reaction rate. A particular point at which the gradient or slope is calculated is taken as a standard reference – this point is known as the ‘time constant’(TC). The time constant is the time required for the output (reaction of the system) to reach 63% of the input change. This is shown below using capacitor / resistor circuit analogy.







Reaction Rate Defined as = Slope of Rise Characteristic
= 
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Other points of interest on reaction curves are;
· Rise Time

· Settling Time

· Damping Factor

· Subsistence Ratio

Rise Time (TR)
Is defined as the time taken for the output to change from 10% to 90% of the input value;


Settling Time and Damping Factor

The system reaches equilibrium when θo (output) = θi (input) after a time TS, which is called the settling time. TS is defined as the time taken for the output to rise and remain within a fixed % of the input. The % is usually around 2 – 5%. The amount of overshoot present is dependant on the damping factor;





With no damping the system oscillates at its natural frequency ωn . In terms of stability if the magnitude of the oscillations increase the system is said to be unstable, where as if they decay the system is stable. The reaction curve below shows the ‘classic’ responses for under damped, over damped and critically damped systems;






Subsistence Ratio
Is a measure of the oscillations in system output i.e. it is a ratio of the magnitude of subsequent oscillations to initial oscillations and as such can give an indication of stability. In stable systems the ratio is less than 1. in unstable systems the ratio is greater than 1. Marginally stable systems will exhibit a ratio of 1.
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Figure 02 – open-loop system





Figure 01 – closed-loop system
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