Instrumentation & Control

Modes of Control
In order to initiate a control action, there must be a difference between the instantaneous value of the controlled condition (variable) and its desired value. If this is not the case then obviously the process is at the desired value and no change is necessary. In short in order for there to be a control action there must be a deviation from the desired value.

The relationship between the deviation and the signal sent from the controller to the correcting unit determines the form of the control action applied. The difference between control and action must be understood in order to visualise the various forms of control action.
Essentially action refers to the controller alone and it is only in the case where the characteristics of both the correcting unit and the process is linear that the control action will be linear with control. In order to simplify the analysis from now on it will be assumed that there is linearity in both the correcting unit and the process.

Two Step Action

This is the simplest form of control available since the correcting element can only take one of two positions depending upon the requirements of the process. This type of control is sometimes regarded as inferior to other more complex control actions, however in many cases it is sufficient for the needs of the process and has the added advantage of being relatively cheap to implement.

The two positions may be on or off, however it is important to realise that there may be cases when predetermined settings other than on or off are required.

The important characteristics of two step control action is that one setting produces a measured output below the desired value and the other gives rise to a measured output above the desired value. Thus this type of action is discontinuous and a periodic oscillation about the desired value occurs. This oscillation is called ‘hunting’. This oscillation for a process possessing transfer lag is shown below;
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Here it is assumed that the change over from one value of the correcting element to another takes place at the instant the measured value passes throeugh the desired value – this is irrespective of whether the measured value is rising or falling. If this was not the case then the lag would be even more exaggerated than shown. It is also assumed that the reaction rates of the process are the same for measured values both above and below the desired value.

The measure value rises above the desired value some time after action has been applied. This is because of the transfer lag – it also means that the amplitude of the oscillations are larger than would otherwise be. The lower the value of the lag the smaller the oscillations would become and they would occur closer to the instant the control action is applied.

In most controllers of this type the correcting element does not change state until the measured value has actually passed the desired value. The controller may be designed to incorporate a certain amount of overlap so that the controller does not change the sense of the control action until the measured value deviates form the set point by some fixed amount. This would have the effect of decreasing the frequency of oscillation of control action about the desired value but increasing the amplitude of oscillation of the measured value.






If this increased amplitude swing is acceptable – the less frequent operations of the controller will lead to a longer operating life for the equipment.
If it attempted to reduce the oscillations of measured value to be closer to the desired value (more accurate control and less deviation) the amplitude of oscillations decrease but the frequency of control action changes increases – which increase load and wear on the control system and the actuating element.

A further attempt to reduce oscillations has been provided by some manufacturers in the form of multiple step controllers. The simplest example of this is the three step controller. Here the correcting unit has three possible positions and usually the mid position is exactly mid-way between the other two. This middle position is usually chosen so that the input from the controller is just sufficient to maintain the normal desired value. O movement of the correcting element is caused until the deviation form the desired value exceeds a certain minimum limit.
In theory there is no limit to the number of steps that can be provided but obviously there comes a point when it is more economical and effective to use some form of continuous control action. Multi-step action is defined as a control action in which predetermined actions take place at two or more chosen values of the controlled condition.

However none of these multi-step controllers avoid oscillations of the controlled condition, and having lost the simplicity and low cost of the two step controller many operators prefer to use a controller that in fact does provide continuous control action in any situation where two step action is considered unsuitable.

Floating Control
Single Speed Control

There are no fixed actuating element positions i.e. not restricted to just on or off. The actuator movement and control action vary continuously at a fixed speed. An example of this would be a motorised valve actuator.








In the diagram above we will assume that the system under control is temperature which is to be maintained at a level of 70°F.
When the temperature > 70°F the actuator closes at a fixed rate e.g. 1°F/min.

When the temperature < 70°F the actuator opens at fixed rate e.g. 1°F/min.

In this case the typical time for the controller to change valve position from fully open to fully closed is at least 2 minutes.

Multi - Speed Control

Better control is achievable if the rate of opening or closing of the actuator is varied according to the deviation.

The valve moves at a faster rate for a greater deviation. Example the valve speed is 1 division / second for temperature in the range 68°F to 72°F, whereas the speed could be 2 divisions per second for temperatures < 68°F or > 72°F. this si illustrated below;









Hunting is reduced by this form of control as the action taken is larger as the deviation is increased.
Proportional Control (the first action of the PID model)

The main disadvantage of the two step controller is that a small deviation from the desired value produces a large change in control action. Even with multi speed control the control actions are relatively coarse when compared to the deviations that caused the control response. The next step up in sophistication is to have the position of the actuator (and thus control action) directly related to the deviation, but obviously acting in the opposite sense. This is proportional control – the control action is directly proportional to the deviation.

This scheme is usually arranged so that the desired value is obtained when the actuator is partially open. Deviation either side of the desired value changes the opening of the valve in direct proportion to the deviation but in the opposite sense. i.e. where the measured value is less than the desired value the actuator would open further, thus applying more energy to the system, and when the converse is true – measured value above desired value the actuator gradually closes – all this movement is proportional to the amount of deviation in either sense. In this approach deviation is gradually damped out and we achieve more accurate control around the desired value hopefully achieving the set point after a certain amount of time has elapsed. This elapsed time is dependant on the amount of proportional control applied – the sensitivity or gain of the control action/system. Thus proportional action is related to gain.




Proportional Band
The proportional band is effectively the range of the variable being monitored over which control action is applied, thus it is the sensitivity of the control action. Proportional action applied over a wide range of temperature in the above examples would have a sluggish, damped action (wide band), where as the same action applied over a narrow range of temperature (narrow band) would have a crisp responsive control, almost to the extent of two step control in more extreme cases.

The formal definition of proportional band is the % amount the measured value must change in order to fully open the fully closed controller.

Example 1
If the scale of the measurand is 80°F, and the temperature control valve changes from fully open at 65°F to fully closed at 75°F, then the proportional band may be calculated as follows;
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which gives;
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controllers are usually manufactured with adjustable proportional bands so that they can be optimised (tuned) for different plant conditions.

Proportional action can be expressed mathematically as;
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V = output signal

θ = deviation

k1 = proportional action factor (gain)

the negative sign is in place because it is required that when θ increases V is required to decrease i.e. when the temperature of the system goes high – above the desired value the heat fed into the plant should reduce. This is negative feedback.
Example 2

A pneumatic controller controls the temperature in a furnace at a desired value of 750°C. The range of the instrument is 0°C to 1000°C, and proportional band is set to 15%. The controller has an output pressure range of 20 to 100 kN/m2. the output pressure increases with increasing temperature. If the output pressure is 60 kN/m2 when the furnace temperature is at the desired value, find;

1. The value of temperature corresponding to an output pressure of 20 kN/m2 and 100 kN/m2.

2. The value of output pressure for a deviation of 15°C below the desired value.

Solution;
Proportional band = 15%, therefore the range over which control is applied = the range of the controller multiplied by 15%,
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control is therefore applied 75°C either side of the desired value.

1.
At 20 kN/m2 temperature falls to 750 – 75 = 675°C

At 100 kN/m2 temperature rises to 750 + 75 = 825°C

2.
The total control range is 150°C therefore the output pressure will deviate from 60 kN/m2 by an amount given by

(Desired value pressure – min pressure value) x temperature deviation / 0.5 temperature range


[image: image5.wmf]2

/

8

75

15

20

60

m

kN

=

´

-


output pressure = intial value – deviation

60 – 8 = 52 kN/m2
A major disadvantage of proportional control is that it cannot accommodate a load change without sustaining a deviation from the desired value. This effect is known as offset.
Consider the case where water is flowing through a tank and is heated by a steam coil (heat exchanger). The flow of steam is controlled by a valve actuator connected to a proportional controller.

The valve and control system operates in a linear manner such that the temperature is held correctly at set point when the actuator is approximately half open and in this 







condition the flow into the tank is considered to be at its ‘normal’ rate. If the input of water is increased the temperature in the vessel will fall and the correspondingly the valve will open to allow more steam into the circuit in order to compensate for the fall in temperature i.e. apply more heat energy to the system and restore the temperature to the desired value. As the temperature increases toward the desired value the valve will gradually begin to close. However because of the additional load imposed by the extra amount of fluid in the vessel the valve will not return to its rest state and will remain open a greater degree as the system tries to cope with this extra load. At its worst the condition will mean that the temperature of the system will not actually reach the desired value because the control profile is optimised for controlling the system in its previous condition/load.

This offset can be removed by something called manual reset, which has the effect of shifting the whole proportional band about the desired value. However this reduces the benefits of auto control as an operator must stand by to perform the required action. Another way to reduce offset is to narrow the proportional band, thus increasing the gain of the control system, but of course this can lead to hunting.

A far better method is to introduce a second control term known as integral control.












Relationship between proportional band and gain
Since the input and output of a controller is not in the same units the gain is defined as;
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Given that a controller has a range of 1500°C, and the system actuator ranges fully open to fully closed over 500°C
% change of input 
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Since the denominator (% change in input) = proportional band, it must follow that we can say;
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Integral control
A better method of correcting offset is provided by the use of integral control in combination with proportional control.

Integral control provides a control action which is proportional to the time sum (implies summative function, therefore integral equation) of the deviation of the measured value. That is it averages the deviation over time (integrates with respect to time), so the longer a deviation is present the greater the amount of corrective action that is applied. This means that in our previous example of a change of load condition - the integral action will result in a longer sustained opening of the control actuator thus helping to compensate for the load change. This time the position of the correcting element is proportional to the deviation, and the time the deviation is present.

Integral action can be expressed mathematically as follows;
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this equation is basically the sum of proportional action (first term) plus the integral action (second term). As long as there is offset the correcting element will continue to open or close at a rate proportional to the integral of the deviation until the desired value is attained. Although the offset is eliminated this combination of control action can lead to two disadvantages;
· The process can take longer to stabalise than with proportional control only.

· For a negative deviation integral action has the effect of shifting the whole prop band above the desired value until the controlled condition reaches it. This means that the correcting element does not start to close until it is too late to prevent overshoot. This can cause problems in processes where start up is frequent.

The main advantage is that offset is eliminated!
For integral control on its own – not recommended ! as only applies control when offset and if offset present could lead to the controller going into saturation! – the mathematical description is;
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where;

V = output of controller 

K2 = Integral action constant of proportionality

θ = deviation

As already stated this results in control being applied all the time there is a deviation from the desired value. In order to determine how to apply integral action in a real world scenario we need to arrive at a definition of integral action time. The reaction curve below depicts the scenario where integral action only is applied to a step change input;








Integral action time – the parameter that we can configure a controller with – is defined as the time required for the ramp caused by the integral action to reach the same value as the step change caused by the proportional action;
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Revisiting our equation for proportional and integral action, we can split the formula into two distinct parts;
Proportional action
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Integral action
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For a step change we can integrate No. 2 to get
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Therefore
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This can lead us to a more generalised expression for integral plus proportional control;
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Derivative Control

Derivative control applies a correction that is proportional to the rate of change of the deviation of the measured value. Mathematically it is shown below;
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when θ is constant, 
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 and so no action is taken. For this reason it is not possible to use derivative control on its own. The main value of derivative control is to speed up the response of the system since the greater the rate of change in deviation the greater the control that is applied.







Derivative action time is defined as the time taken for derivative action to provide the same change as was caused by proportional action. Mathematically derivative and proportional control is sown below;
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If T = the derivative action time then;
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Ihis type of action is mainly used in ‘batch’ systems where start up is frequent because the settling time is rapid with the correct amount of derivative action applied. It also has the effect of reducing overshoot and hunting. Derivative action is useful in systems with large lags, in particular pressure and temperature control applications.

Three Term Control (PID)

Derivative control cannot be used alone, because when deviation is constant 
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 and therefore no control is applied.
Integral control leads to long settling times and so the best general control formulation includes combinations of the three control terms i.e. proportion + integral + derivative. Mathematically;
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Adjustment of the gains of the various control elements (k0, k1, k2) enables adequate control to be applied for a range of different conditions and applications. T is these parameters that are ‘tuned’ in the controller or configured to provide the best ‘mix’ in order to achieve stable response control.

The reaction curves below show the responses for each type of control action discussed and all three combined. This is in response to three standard inputs i.e. Step, Ramp and Sinusoid. The first two test time domain response, where as the latter is used to test frequency domain response.






Electronic Means of Providing Three Term Control
Controllers can be pneumatic, hydraulic or mechanical or a combination of all three. However controllers of this construction are usually very complex with many moving precision parts, which are often costly to manufacture and reduce speed and reliability. Electronic circuits overcome these drawbacks and offer high speed and reliability and a mush reduced size.

We can use the operational amplifier as the basis for an analogue controller. The symbol for the op amp is shown below;

There are two inputs, note that one input denoted by the minus sign gives a signal inversion. Other characteristics are, high gain (approx 200,00) and high input impedance. Less gain is achieved by applying negative feedback as below;








In this mode inversion occurs resulting in proportional only action being applied. The desired value is set by applying a voltage to the non-inverting (+ve) input. This can be achieved with a voltage source and variable resistor or potentiometer.
Integral action an also be applied using op-amps by incorporating a capacitor in the feedback loop in place of the resistor.







Derivative action can be obtained by reversing the positions of the capacitor and the input resistor;







The above three circuits can be combined in order to construct an electronic three term controller. In its simplest form this is illustrated below;




The values of k0, k1 and k2 can be varied by altering the appropriate capacitor and resistor values.
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