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Summary

This section is concerned with the relay autotuning method for setting the parameters of
a fixed form controller, usually a PID controller. It is first explained how the method is
an extension of a concept first discussed by Ziegler and Nichols for setting PID
controller parameters based on an estimate of the gain margin, or process critical point.

The theoretical approaches to analyzing the limit cycle obtained in an autotuning
experiment are explained. The merits and some problems of using the describing
function method of analysis for estimating the critical point are discussed.

Setting of the PID controller parameters based on the critical point information is then
covered and an example given. Finally a few further points are mentioned regarding
practical aspects of PID control.

1. Introduction

The classical approach to the design of control systems is to use a mathematical model,
typically in transfer function or state space form, of the process to be controlled. This
model is usually obtained either from the physical equations of the process or by
identification, namely an experiment to obtain process input and output operating data
which is then analyzed to find a mathematical model. Whichever of these approaches is
used it may take a considerable amount of time.

One is thus led to asking whether satisfactory control can be achieved by adjusting the
parameters of a fixed controller, such as a phase lead or PID, based on less information,
obtained ’in situ’, than a detailed mathematical model. This is particularly relevant too
if the parameters of the model change slowly with time.
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Gain and phase margins have been used for many years as indicators of stability and
performance and these show how near the plant frequency response, assuming a
reasonably smooth characteristic, is to the critical point (-1, jO).

Ziegler and Nichols, Z-N, realized that if the gain margin could be estimated quickly,
then it should be possible to find good controller settings for many practical situations
from this information. They therefore suggested that one possible way to do this in
practice would be by setting a PID controller into the P mode and adjusting the gain
until an oscillation took place.

The value of the controller gain, K, and the oscillation frequency, @, would then be
measured. It should be remembered that at the time of this work nearly all PID
controllers were pneumatic so that only simple changes could be made. Assuming a
linear plant model then theory shows that the frequency of oscillation is, @, , where the

Nyquist plot of the plant frequency response has a phase shift of -180° and the gain
margin is 1/ K expressed in dB.

Denoting this K by K_, then K_ and w, are referred to as the critical or ultimate gain

and frequency. The second contribution of Z-N was to suggest how the PID controller
parameters could be selected based on the measured values of K, and «,, and more

will be said on this topic later.

From a practical point of view, although it has been used appreciably in industry, there
are difficulties in performing the test. Even if the plant behaves as a linear model if the
gain is too low no oscillation appears. If it is too high the oscillation amplitude builds
up and is only limited by saturation occurring at some point in the system. For a slow
response process, typical of many process control plants, there is also a considerable
delay in the oscillation amplitude change, assuming the gain is high enough, in
responding to a change in gain.

Add to this the fact that the plant will probably not behave linearly due to dead zone,
friction or other nonlinear effects and the difficulties and possible dangers created by
trying to set up uncontrolled oscillations, the practical problems of this technique can be
appreciated. Further any measurements will be made on noisy signals.

Hagglund and Astrém therefore suggested a modification in the testing procedure,
which became easily implementable with the advent of microprocessor controllers, of
replacing the P mode by a relay. This typically results in a nonlinear, here used in the
sense of a non sinusoidal waveform, oscillation, known as a limit cycle, in the loop.
This approach has become known as relay autotuning. It is the topic of this section,
which involves showing how the limit cycle information can be used to set the
controller parameters.

Today microprocessor controllers can be programmed to perform tasks additional to the

‘standard one’ of implementing a control algorithm. These include, for example, fault
diagnosis and autotuning. In a general sense autotuning can be defined as a procedure
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performed by a controller in order to decide upon appropriate settings for its parameters,
so many approaches are clearly possible.

For example, for fast systems such as motor speed control, it may be possible if the
load or other parameters vary slowly with time, for the controller to periodically do step
response tests for different controller parameters and use this information to readjust its
parameters. Autotuning procedures depend in practice on what is permissible in terms
of the time allowed, the effect on the process operation and safety considerations.
Indeed some relay autotuners estimate the required information for controller tuning
from less than the full period of the limit cycle.

2. Relay Autotuning

Consider the simple feedback system shown in Figure 1, where for the estimation mode
the controller is replaced by an ideal relay. Under certain conditions, which are not
precisely definable but can be ascertained approximately by several methods, the closed
loop will possess a limit cycle.

The simplest case, which is considered here, is when this limit cycle is a symmetrical
square wave at the relay output. Whether this is the case depends upon the d.c loop
conditions, which in turn depend upon bias input signals and the location of integrators
in the loop. It is then possible to obtain information about the process from this limit
cycle using one of two analytical approaches.

The first is to use the approximate describing function (DF) method of analysis and
possible extensions taking into account higher harmonics. The second to use one of the
exact methods for finding limit cycles in relay feedback systems, all of which are
equivalent, such as that due to Tsypkin.

The DF method can be used either to estimate the critical gain and frequency, or if a
transfer function model is assumed for the plant, two of its parameters, assuming any
others are known, can be estimated. If higher harmonics are taken into account further
extensions are possible.

Since the DF method is approximate, as it assumes that the limit cycle at the relay input
is sinusoidal, as discussed in the next section, it has to be used with ‘understanding’.
For example, if it is used when the limit cycle at the relay input is distorted for the
estimating plant parameters approach, the solution of the two nonlinear algebraic
equations may produce unrealistic solutions.

Application of the Tsypkin method, which requires a plant transfer function to be
assumed, again yields two nonlinear algebraic equations, which assuming perfect
measurements of the peak amplitude and frequency of the limit cycle yield exact values
for two unknown plant parameters.

Many extensions to both these methods for estimating plant parameters from limit cycle
data can be found in the literature. For example, if the limit cycle is not odd symmetric,
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which may be achieved by adding a bias signal to the loop, then four nonlinear algebraic
equations can be found which in principle allow solution for four parameters.
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Figure 1 Block diagram of autotuning scheme.
There are a few disadvantages with the parameter estimation approaches which are:-

Q) the possible requirement to have the controller “measure’ several limit cycle
parameters,

(i) the need to embed in the controller both a nonlinear algebraic equation
solver to find the plant parameters from the measurements, and an algorithm
which uses these to find suitable controller parameters,

(iii)  the difficulty of getting accurate measurements from noisy signals. This can
be improved by averaging over several periods of the limit cycle but in turn
takes additional time.

(iv)  the plant may be nonlinear and a linear model not be easy to justify.

There are some advantages to the approach of estimating the critical point using the DF
method. These include:-

() The expressions to estimate K. and «, from the two measurements of limit

cycle amplitude and frequency are simple.
(i) Reasonable estimates can sometimes be obtained in less than one period of
the limit cycle.

(i) If time allows K_ and @, can be measured for different operating conditions

and different limit cycle amplitudes, since this can be controlled by the relay
height. These measurements can reveal aspects of nonlinear plant behavior
and can be used for scheduling controller parameters.

(iv)  The final setting of the controller parameters is often not very critical. The
desired settings normally relate to economic operation which is often
difficult to compare precisely with, say, a 20% change in overshoot or
settling time for a step set point input or disturbance response. If there are
critical situations, for example, a step set point response should never have
an overshoot greater than 5%, then a combination of conservative parameter
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settings, yielding a slower response and longer settling time together with,
perhaps rule based, safety procedures can solve the problem.

In the next section we therefore discuss in detail only the relay autotuning method and
determination of the critical point using DF analysis.
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