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1 Introduction
Objectives
As a result of studying this chapter, the student should be able to:
e Describe the three different types of processes;
Indicate the meaning of a Time constant;
Describe the meaning of Process Variable, Set Point and Output;

Outline the meaning of 1%'and 2" order systems
List the different modes of operation of a control system.

1.1 Introduction

To succeed in process control, the designer must first establish a good
understanding of the process to be controlled. Since we do not wish to become
too deeply involved in chemical or process engineering we need to find a way of
simplifying the representation of the process we wish to control. This is done by
adopting a technique of block diagram modeling of the process.

All processes have some basic characteristics in common and if we can identify
these the job of designing a suitable controller can be made to follow a well
proven and consistent path. The trick is to learn how make a reasonably
accurate mathematical model of the process and use this model to find out what
typical control actions we can use to make the process operate at the desired
conditions.

Let us then start by examining the component parts of the more important
dynamics that are common to many processes. This will be the topic covered in
the next few sections of this chapter, and upon completion we should be able to
draw a block diagram model for a simple process, for example one that says: “It
is a system with high gain and a 1 order dynamic lag and as such we can
expect it to perform in the following way”, regardless of what the process is
manufacturing or its final product. From this analytical result an accurate
selection of the type of measuring transducer can be selected, this being covered
in chapter two and likewise the selection of the final control element can be
correctly selected, this being covered in chapter three.

From thereon Chapters 4 through 14 deal with all the other aspects of Practical
Process Control, namely the controller(s), functions, actions and reactions,
function combinations and various modes of operation. By way of introduction to
the controller itself, the last sections of this chapter are introductions to the basic
definitions of controller terms and types of control modes that are available.



1.2 Basic definitions and terms used in process control

Most basic process control systems consist of a control loop as shown in Figure
1.1, having four main components, these being:

A measurement of the state or condition of a process;

A controller calculating an action based on this measured value against a
pre-set or desired value (Set Point);

An output signal resulting from the controller calculation which is used to
manipulate the process action through some form of actuator;

The process itself reacting to this signal, and changing its state or
condition.

Figure 1.1
Block diagram showing the elements of a process control loop

As we will see in chapters two and three, two of the most important signals used
in process control are called

e Process Variable or PV and the
e Manipulated Variable or MV

In industrial process control, the Process Variable or PV is measured by an
instrument in the field and acts as an input to an automatic controller which takes
action based on the value of it. Alternatively the PV can be an input to a data
display so that the operator can use the reading to adjust the process through
manual control and supervision.

The variable to be manipulated, in order to have control over the PV, is called the
Manipulated Variable or MV. If we control a particular flow for instance, we
manipulate a valve to control the flow. Here, the valve position is called the
Manipulated Variable and the measured flow becomes the Process Variable.

In the case of a simple automatic controller, the Controller Output Signal (OP)
drives the Manipulated Variable. In more complex automatic control systems, a
controller output signal may drive the target values or reference values for other
controllers.

The ideal value of the PV is often called Target Value. and in the case of an
automatic control, the term Set Point Value is preferred.

1.3 Process modeling



To perform an effective job of controlling a process we need to know how the
control input we are proposing to use will affect the output of the process. If we
change the input conditions we shall need to know:

Will the output rise or fall?

How much response will we get?

How long will it take for the output to change? .

What will be the response curve or trajectory of the response?

The answers to these questions are best obtained by creating a mathematical
model of the relationship between the chosen input and the output of the process
in question. Process control designers use a very useful technique of block
diagram modeling to assist in the representation of the process and its control
system. The following section introduces the principles that we should be able to
apply to most practical control loop situations.

The process plant is represented by an input/output block as shown in Figure 1.2.

Figure 1.2
Basic block diagram for the process being controlled

In Figure 1.2 we see a controller signal that will operate on an input to the
process, known as the manipulated variable. We try to drive the output of the
process to a particular value or set point by changing the input. The output may
also be affected by other conditions in the process or by external actions such as
changes in supply pressures or in the quality of materials being used in the
process. These are all regarded as disturbance inputs and our control action will
need to overcome their influences as best as possible.

The challenge for the process control designer is to maintain the controlled
process variable at the target value or change it to meet production needs whilst
compensating for the disturbances that may arise from other inputs. So for
example if you want to keep the level of water in a tank at a constant height
whilst others are drawing off from it you will manipulate the input flow to keep the
level steady.

The value of a process model is that provides a means of showing the way the
output will respond to the actions of the input. This is done by having a
mathematical model based on the physical and chemical laws affecting the
process. For example in Figure 1.3 an open tank with cross sectional area A is



supplied with an inflow of water Q; that can be controlled or manipulated. The
outflow from the tank passes through a valve with a resistance R to the output
flow Q,. The level of water or pressure head in the tank is denoted as H. We
know that Q, will increase as H increases and when Q, equals Q; the level will
become steady.

The block diagram version of this process is drawn in Figure 1.4.

Figure 1.3

Example of a water tank with controlled inflow

Note that the diagram simply shows the flow of variables into function blocks and
summing points so that we can identify the input and output variables of each
block.

Figure 1.4

Elementary block diagram of tank process

We want this model to tell us how H will change if we adjust the inflow Q, whilst
we keep the outflow valve at a constant setting. The model equations can be
written as follows:

The first equation says the rate of change of level is proportional to the difference
between inflow and outflow divided by the cross sectional area of the tank. The
second equation says the outflow will increase in proportion to the pressure head
divided by the flow resistance, R.

Cautionary note:

For turbulent flow conditions in the exit pipe and the valve, the effective
resistance to flow R, will actually change in proportion to the square root of the
pressure drop so we should also note that that R = a constant x ? H. This
creates a non-linear element in the model which makes things more complicated.
However, in control modeling it is common practice to simplify the nonlinear
elements when we are studying dynamic performance around a limited area of
disturbance. So for a narrow range of level we can treat R as a constant. It is



important that this approximation is kept in mind because in many applications it
often leads to problems when loop tuning is being set up on the plant at
conditions away from the original working point.

The process input/output relationship is therefore defined by substituting for Q, in
the linear differential equation:

dH/dt = Q,/A — H/RA

which is rearranged to a standard form as:

(R.A)) (dH/dt) + H=R. Q,

when this differential equation is solved for H it gives:

H=R.Q, (1-e™").

Using this equation we can show that if a step change in flow ? Q; is applied to
the system, the level will rise by the amount ? Q,.R by following an exponential
rise versus time. This is the characteristic of a first order dynamic process and is
very commonly seen in many physical processes. These are sometimes called
capacitive and resistive processes and include examples such as charging a

capacitor through a resistance circuit, (see Figure 1.5) and heating of a well
mixed hot water supply tank. (see Figure 1.6).

Figure 1.5

Resistance and capacitor circuit with 1% order response.

Figure 1.6

Resistance and capacitance effects in a water heater



1.4 Process dynamics and time constants

Resistance, capacitance and inertia are perhaps the most important effects in
industrial processes involving heat transfer, mass transfer, and fluid flow
operations. The essential characteristics of first and second order systems are
summarized below and they may be used to identify the time constant and
responses of many processes as well as mechanical and electrical systems. In
particular it should be noted that most process measuring instruments will exhibit
a certain amount of dynamic lag and this must be recognized in any control
system application since it will be a factor in the response and in the control loop
tuning.

1.4.1 First order process dynamic characteristics

The general version of the process model for a first order lag system is a linear
first order differential equation:

T de(t) + c(t) = K,.m(t)

dt
where
T = the process response time constant
Ko = the process steady state gain (output change/input change)
t = time
c(t) = process output response
m(t) = process input response

The output of a first order process follows the step change in put with a classical
exponential rise as shown in Figure 1.7.

Important points to note;

T =is the time constant of the system and is the time taken to reach 63.2% of the
final value after a step change has been applied to the system. After 4 time



constants the output response has reached 98% of the final value that it will
settle at.

Kp is the steady-state gain = Final steady-state change in output

Change in input
The initial rate of rise of the output will be Kp/T.

Figure 1.7
First order response
Application to the tank example:

If we apply some typical tank dimensions to the response curve in Figure 1.7 we
can predict the time that the tank level example in Figure 1.3 will need to stabilize
after a small step change around a target level H.

For example: Suppose the tank has a cross sectional area of 2 m? and operates
at H = 2m when the outflow rate is 5m* per hour. The resistance constant R will
be H/Q2 =2 m/5 m%hr = 0.4 hr/m2 and the time constant will be AR = 0.8 hrs.
The gain for a change in Q1 will also be R.

Hence if we make a small corrective change at Q1 of say 0.1 m® /hr the resulting
change in level will be: R.Q1 =1 x 0.4 =0.4 m and the time to reach 98% of that
change will be 3.2 hrs.

1.4.2 Resistance process

Now that we have seen how a first order process behaves we can summarize the
possible variations that may be found by considering the equivalent of resistance,
capacitance and inertia type processes.

If a process has very little capacitance or energy storage the output response to
a change in input will be instantaneous and proportional to the gain of the stage.
For example: If a linear control valve is used to change the input flow in the tank
example of Figure 1.3 the output will flow will rise immediately to a higher value
with a negligible lag.



1.4.3 Capacitance type processes

Most processes include some form of capacitance or storage capability, either for
materials (gas, liquid, or solids) or for energy (thermal, chemical, etc.). Those
parts of the process with the ability to store mass or energy are termed
‘capacities’. They are characterized by storing energy in the form of potential
energy, for example, electrical charge, fluid hydrostatic head, pressure energy
and thermal energy.

The capacitance of a liquid or gas storage tank is expressed in area units. These
processes are illustrated in Figure 1.8. The gas capacitance of a tank is constant
and is analogous to electrical capacitance.

The liquid capacitance equals the cross-sectional area of the tank at the liquid
surface; if this is constant then the capacitance is also constant at any head.

Using Figure 1.8 consider now what happens if we have a steady condition
where flow into the tank matches the flow out via an orifice or valve with flow
resistance r. If we change the inflow slightly by ?v the outflow will rise as the
pressure rises until we have a new steady state condition. For a small change we
can take r to be a constant value. The pressure and outflow responses will follow
the first order lag curve we have seen in Figure 1.7. and will be given by the
equation ?p =r. ?v (1—e't’r'C) and the time constant will be r.C.

It should be clear that this dynamic response follows the same laws as those for
the liquid tank example in Figure 1.3 and for the electrical circuit shown in Figure
1.5.

Figure 1.8

Capacitance of a liquid or gas storage tank expressed in area units

Figure 1.9
Liquid capacitance calculation; the capacitance element

A purely capacitive process element can be illustrated by a tank with only an



inflow connection such as Figure 1.9. In such a process, the rate at which the
level rises is inversely proportional to the capacitance and the tank will eventually
flood. For an initially empty tank with constant inflow, the level c is the product of
the inflow rate m and the time period of charging t divided by the capacitance of
the tank C.

1.4.4 Inertia type processes

Inertia effects are typically due to the motion of matter involving the storage or
dissipation of kinetic energy. They are most commonly associated with
mechanical systems involving moving components, but are also important in
some flow systems in which fluids must be accelerated or decelerated. The most
common example of a first-order lag caused by kinetic energy build up is when a
rotating mass is required to change speed or when a motor vehicle is accelerated
by an increase in engine power up to a higher speed until the wind and rolling
resistances match the increased power input.

For example: Consider a vehicle of mass M moving at V= 60 km/hr where the
driving force F of the engine matches the wind drag and rolling resistance forces.
If B is the coefficient of resistance the steady state is F =V.B and for a small
change of force ? F the final speed change will be

?V="?F/B

The speed change response will be given by:

2V = (? F/B)x (1-e™M)

This equation is directly comparable to the versions for the tank and the electrical
RC circuit. In this case the time constant is given by M/B. Obviously the higher
the mass of the vehicle the longer it will take to change speed for the same
change in driving force. If the resistance to speed is high the speed change will
be small and the time constant will be shorter.

1.4.5 Second-order response

Second order processes result in a more complicated response curves. This is
due to the exchange of energy between inertia effects and interactions between
first order resistance and capacitance elements. They are described by the
second order differential equation:

T2 dc(t) + 2? T de(t) + c(t) = Kp. m(t)

dt? dt



where

T = the time constant of the second-order process
? = the damping ratio of the system

Kp = the system gain

t = time

c(t) = process output response

m(t) = process input response

The solutions to the equation for a step change in m(t) with all initial conditions
zero can be any one of a family of curves as shown in Figure 1.10. There are
three broad classes of response in the solution, depending on the value of the
damping ratio:

? < 1.0, the system is under damped and overshoots the steady-state value.
If ? < 0.707, the system will oscillate about the final steady-state value.

? > 1.0, the system is over damped and will not oscillate or overshoot the final
steady-state value.

? = 1.0, the system is critically damped. In this state it yields the fastest response
without overshoot or oscillation. The natural frequency of oscillation will be ?n =

1/T and is defined in terms of the 'perfect’ or 'frictionless' situation where ? = 0.0.

As the damping factor increases the oscillation frequency decreases or stretches

out until the critical damping point is reached.

Figure 1.10
Step response of a second order system

For practical application in control systems the most common form of second
order system is found wherever two first order lag stages are in series, in which
the output of the first stage is the input to the second. As we shall see in section
1.4 9 where the lags are modeled using transfer functions, the time constants of



the two first order lags are combined to calculate the equivalent time constant
and damping factor for their overall response as a second order system
Important note: When a simple feedback control loop is applied to a first order
system or to a second order system, the overall transfer function of the combined
process and control system will usually be equivalent to a second order system.
Hence the response curves shown in figure 1.10 will be seen in typical closed
loop control system responses.

1.4.6 Multiple time constant processes

In multiple time constant processes, say where two tanks are connected in
series, the process will have two or more two time lags operating in series. As
the number of time constants increases, the response curves of the system
become progressively more retarded and the overall response gradually changes
into an S-shaped reaction curve as can be seen in Figure 1.11.,

Figure 1.11

Response curves of processes with several time constants

1.4.7 High order response

Any process that consists of a large number of process stages connected in
series, can be represented by a set of series connected first order lags or transfer
functions. When combined for the overall process they represent a high order
response but very often one or two of the first order lags will be dominant or can
be combined. Hence many processes can be reduced to approximate first or
second order lags but they will also exhibit a dead time or transport lag as well.

1.4.8 Dead time or transport delay

For a pure dead time process whatever happens at the input is repeated at the
output ?d time units later, where ?d is the dead time. This would be seen for
example in a long pipeline if the liquid blend was changed at the input or the
liquid temperature was changed at the input and the effects were not seen at the
output until the travel time in the pipe has expired.

In practice, the mathematical analysis of uncontrolled processes containing time
delays is relatively simple but a time delay, or a set of time delays, within a



feedback loop tends to lend itself to very complex mathematics.

In general, the presence of time delays in control systems reduces the
effectiveness of the controller. In well-designed systems the time delays
(deadtimes) should be kept to the minimum.

1.4.9 Using transfer functions

In practice differential equations are difficult to manipulate for the purposes of
control system analysis. The problem is simplified by the use of transfer
functions.

Transfer functions allow the modeling blocks to be treated as simple functions
that operate on the input variable to produce the output variable. They operate
only on changes from a steady state condition so they will show us the time
response profile for steps changes or disturbances around the steady state
working point of the process.

Transfer functions are based on the differential equations for the time response
being converted by Laplace transforms into algebraic equations which can
operate directly on the input variable. Without going into the mathematics of
transforms it is sufficient to note that the transient operator (symbol S) replaces
the differential operator such that d(variable)/dt =S .

A transfer function is abbreviated as G (s) and it represents the ratio of the
Laplace transform of a process out put Y(s) to that of an input M(s) as shown in
Figure 1.12. From this, the simple

relationship is obtained: Y (s) = G(s). M(s).

Figure 1.12

Transfer function in a block diagram

When applied to the first order system we have already described the transfer

function representing the action of a first order system on a changing input signal
Is as shown in Figure 1.13 where T is the time constant.

Figure 1.13



Transfer function for a first order process

As we have already seen many processes involve the series combination of two
or more first order lags. These are represented in the transfer function blocks as
seen in Figure 1.14. If the two blocks are combined by multiplying the functions
together they can be seen to form a second order system as shown here and as
described in section 1.4.5.

Figure 1.14
Two lags in series combine to produce a 2" order system

Block diagram modeling of the control system proceeds in the same manner as
for the process and is shown by adding the feedback controller as one or more
transfer function blocks. The most useful rule for constructing the transfer
function of a feedback control loop is shown in Figure 1.15.

Figure 1.15
Block diagram and transfer function for a typical feedback control system

The feedback transfer function H(s) (typically the sensor response) and the
controller transfer function G¢(S) are combined in the model to give an overall
transfer function that can be used to calculate the overall behaviour of the
controlled process.

This allows the complete control system working with its process to be
represented in a equation known as the closed loop transfer function. The
denominator of the right hand side of this equation is known as the open loop
transfer function. You can see that if this denominator becomes equal to zero the
output of the process approaches infinity and the whole process is seen to be
unstable. Hence control engineering studies place great emphasis on detecting
and avoiding the condition where the open loop transfer function becomes
negative and the control system becomes unstable.

1.5 Types or modes of operation of process control systems

There are five basic forms of control available in Process Control. These are:



On-Off
Modulating
Open Loop
Feed Forward
Closed loop

The next five sections; 1.6.1 to 1.6.5; examine each of these in turn.
151 On-off control

The most basic control concept is ON-OFF Control as found in a modern iron in
our households. This is a very crude form of control, which nevertheless should
be considered as a cheap and effective means of control if a fairly large
fluctuation of the PV (Process Variable) is acceptable.

The wear and tear of the controlling element (solenoid valve etc) needs special
consideration. As the bandwidth of fluctuation of a PV is increased, the frequency
of switching (and thus wear and tear) of the controlling element decreases.

1.5.2 Modulating control

If the output of a controller can move through a range of values, we have
modulating control. It is understood that modulating control takes place within a
defined operating range (with an upper and lower limit) only.

Modulating control can be used in both open and closed loop control systems.

153 Open loop control

We have open loop control, if the control action (Controller Output Signal OP) is
not a function of the PV (Process Variable) or load changes. The open loop
control does not self-correct, when these PV’s drift.

154 Feed forward control

Feed forward control is a form of control based on anticipating the correct
manipulated variables required to deliver the required output variable. It is seen
as a form of open loop control as the PV is not used directly in the control action.
In some applications the feed forward control signal is added to a feedback
control signal to drive the manipulated variable (MV) closer to its final value. In
other, more advanced control applications a computer based model of the
process is used to compute the required MV and this applied directly to the
process as shown in Figure 1.16.



Figure 1.16
A model based feed forward control system

A typical application of this type of control is, for example, to incorporate this with
feedback; or closed loop control. Then the imperfect feedforward control can
correct up to 90% of the upsets, leaving the feedback system to correct the 10%
deviation left by the feedforward component.

155 Closed loop or feedback control

We have a Closed Loop Control System if the PV, the objective of control, is
used to determine the control action. The principle is shown below in Figure 1.17.

Figure 1.17

The feedback control loop

The idea of Closed Loop Control is to measure the PV (Process Variable);
compare this with the SP (Setpoint), which is the desired or target value; and
determine a control action which results in a change of the OP (Output) value of
an automatic controller.

In most cases, the ERROR (ERR) term is used to calculate the OP value.

ERR =PV - SP

If ERR = SP -PV has to be used, the controller has to be set for REVERSE
control action.

1.6 Closed loop controller and process gain calculations

In designing and setting up practical process control loops one of the most

iImportant tasks is to establish the true factors making up the loop gain and then
to calculate the gain.

Typically the constituent parts of the entire loop will consist of a minimum of 4
functional items;



Process Gain: ( Kp)
Controller Gain :( K¢)

The measuring transducer or Sensor gain (refer to chapter 2), Ksand the Valve
Gain K, .

The total loop gain is the product of these four operational blocks.

For simple loop tuning two basic methods have been in use for many years. The
Zeigler and Nichols method is called the “Ultimate cycle method” and requires
that the controller should first be set up with proportional only control. The loop
gain is adjusted to find the ultimate gain, Ku. This is the gain at which the MV
begins to sustain a permanent cycle. For a proportional only controller the gain is
then reduced to 0.5 Ku. Therefore for this tuning the loop gain must be
considered in terms of the sum of the four gains given above and the tuning
condition is given by the following equation:

KLOOP = (K: xKp) = () X Kgx Ky =0.5x Ku

Normally only the controller gain can be changed but it remains very important
that the other gain components be recognized and calculated. In particular the
valve gain and process gain may change substantially with the working point of
the process and this is the cause of many of the tuning problems encountered on
process plants.

Other gain settings are used in the Zeigler and Nichols method for Pl and PID
controllers to ensure stability when integral and derivative actions are added to
the controller. See the next section for the meaning of these terms.

The alternative tuning method is known as the 1/4 damping method. This
suggests that the controller gain should be adjusted to obtain an under-damped
overshoot response having a quarter amplitude of the initial step change in set
point. Subsequent oscillations then decay with 1/4 of the amplitude of the
previous overshoot. This method does not change the gain settings as integral
and derivative terms (see next section) are added in to the controller.

Cautionary Note:
Rule of thumb guidelines for loop tuning should be treated with reservation since

each application has its own special characteristics. There is no substitute for
obtaining a reasonably complete knowledge of the type of disturbances that are



likely to affect the controlled process and it is essential to agree with the process
engineers on the nature of the controlled response that will best suit the process.
In some cases the above tuning methods will lead to loop tuning that is too
sensitive for the conditions, resulting in high degree of instability.

1.7 Proportional, integral and derivative control modes

Most Closed loop Controllers are capable of controlling with three control modes
which can be used separately or together

e Proportional Control (P)
e |ntegral, or Reset Control (I)
e Derivative, or Rate Control (D)

The purpose of each of these control modes is as follows:

e Proportional control
This is the main and principal method of control. It calculates a control
action proportional to the ERROR (ERR) . Proportional control cannot
eliminate the ERROR completely.

e Integral Control ...(Reset)
This is the means to eliminate the remaining ERROR or OFFSET value,
left from the Proportional action, completely. This may result in reduced
stability in the control action.

e Derivative Control ...(Rate)
This is sometimes added to introduce dynamic stability to the control
LOOP.

Note:

The terms RESET for integral and RATE for derivative control actions are seldom
used nowadays.

e Derivative control has no functionality on its own.
The only combinations of the P, | and D modes are:
P For use as a basic controller
Pl Where the offset caused by the P mode is removed

PID To remove instability problems that can occur in Pl mode



PD Used in cascade control; a special application

I Used in the primary controller of cascaded systems

1.8 An introduction to cascade control

Controllers are said to be "In Cascade" when the output of the first or Primary
controller is used to manipulate the set point of another or Secondary controller.
When two or more controllers are cascaded, each will have its own measurement
input or PV but only the primary controller can have an independent set point
(SP) and only the secondary, or the most down-stream controller has an output
to the process.

Cascade control is of great value where high performance is needed in the face
of random disturbances, or where the secondary part of a process contains a
significant time lag or has non-linearity.

The principal advantages of cascade control are:

Disturbances occurring in the secondary loop are corrected by the secondary
controller before they can effect the primary, or main, variable.

The secondary controller can significantly reduce phase lag in the secondary
loop thereby improving the speed or response of the primary loop.

Gain variations due to non-linearity in the process or actuator in the secondary
loop are corrected within that loop.

The secondary loop enables exact manipulation of the flow of mass or energy by
the primary controller.

Figure 1.18

An example of cascade control

Figure 1.18 shows an example of cascade control where the primary controller,
TC, is used to measure the output temperature, T,, and compare this with the
Setpoint value of the TC, and the secondary controller, FC, is used to keep the
fuel flow constant against variables like pressure changes.

The primary controller's output is used to manipulate the SP of the secondary
controller thereby changing the fuel feed rate to compensate for temperature
variations of T, only. Variations and inconsistencies in the fuel flow rate are
corrected solely by the secondary controller; the FC controller.

The secondary controller is tuned with a high gain to provide a proportional
(linear) response to the set point range thereby removing any non-linear gain



elements from the action of the primary controller.


http://www.tcpdf.org

