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AUTOMATIC TUNING OF SIMPLE REGULATORS

FOR PHASE AND AMPLITUDE MARGINS SPECIFICATIONS

K.J. Astvrém and T. H3aglund

Department of Automatic Controls Lund Institute of Techhology:»

Lundy Swedeh.

Abstract. The paper describes procedures for automatic tuning of regulators aof

the PID type to specifications an phase and amplitude margins. The key idea is
a simple method for estimating the critical gain and the critical frequency.
The procedure will automatically generate the appropriate test signals. The

method is non-parametriec and insensitive
It wmay be used for automatic tuning

to modeling errors and disturbances.
of simple regulators as well as

initialization of more complicated adaptive regulators.

Keywords. Adaptive contralj Control

nonlinearitiesi Describing functions

Identificationi Limit cyclesi Nyquist criterion’ PID controls Relay control.

1. INTRODUCTION

Adaptive techniques may be used in many
different ways. In the applications discussed
in this paper the purpose is to obtain
techniques far autaomatic tuning of
regulators. The word auto-tuning is used to
emphasize this.

Many of the proposed adaptive regulators
require cansiderable a priori information. It
is often necessary to specify the sampling
peviods desired closed loop bandwidth,
faorgetting factors and desived regulator
camplexity. This wneans that it wmay be a
considerable engineering effort to commission
such adaptive regulatars.

This papeyr proposes a simple wethod for
automatic tuning of simple regulators of the
PID types which was first suggested in Astrom
(1981). The basic idea 1is the observation
that many siwmple regulators require
information about the point where the oapen
loop Nyquist curve of the process transfer
functiaon intersects the negative real axis.
This point is commonly described in terws of
the critical gain Kk and the critical
[

freguency w . See Ziegler and Nichols (1943).
c

A very simple estimation procedure which
gives these parameters is proposed. The
method has the advantage that a perturbation
signal is genarated automatically. This
perturbation sighal is in fact close tog an
optimal imnput signal for the particular
estimation problem.

Simple regulators can alsa be tunad using
conventional self-tumners or model reference
adaptive control. See Wittenmark and Astrém
(1930)y Astvrom and Wittenmark (19731950 and
Landau ¢(1979). The wmethod proposed in this
paper has two advantages aver these
approaches.

Conventional adaptive control ~ based on
parameter estimation needs a priori knowledge
of the dominating time constants. This is
required in order to obtain a guess of the
sampling periad. There are techniques to
adjyust the sampling period autamatically, see
Kurz (1979) and Astrom and Zhaoying (1951).
These techniques will however nat wark if the

initial guess is off by an arder of
magnitude. The methods proposed in this paper
will not require prior khowledge af the time
scale of the process. Therefore they may also
be used to initialize wore saphisticated
self-tuners.

Conventional approaches to self-tuning PID
control result in a microprocessor code of a
few K bytes. The code for the proposed
schemes is at least an order of magnitude
smaller. The proposed methods way therefore
conveniently be incorporated even in vary
simple regulators.

The major drawback of the methods proposed in
this paper compared to conventional adaptive
techniques is that they are limited ta tuning
of simple control laws of the PID type.

The paper is organized as follows: The
estimation method is described in Section 2.
Simple algorithims for autowmatie tuning to

amplitude margin and phase margin
specifications are given in Sections 3 and 4.
Results from laboratory and industrial

experiments with the algorithms are presented
in Section S.

2. THE BASIC IDEA

The Ziegler-Nichols rule for tuning PID
regulators was based an the observation that
the regulator parameters could be determined
from khowledge of one paint on the Nyquist
curve of the open loop system. This point is
traditionally described in terms of the
eritical_gqain and the critical_freguency.

In the original Ziegler-Nichols schemey
described in Ziegler and Nichaols (1943)y the
critical gain and the critical frequency are
determined in the following way. A
proportional regulator is connected to the
system. The gain is gradually increased until
an oscillation is obtained. It is difficult
to perform this experiment in such a way that
the amplitude of the oscillation is kept
under control. Another method for autaomatic
determination of specific points on the
Nyquist curve is therefore proposed.

The wmethod is based on the observation that a



system with a phase lag of at least n at high
frequencies wmay ascillate with frequency w

under relay control. To determine the
eritical gain and the critical frequency the
system is connected in a feedback loap with a
relay as is shown in Fig. i. The error e isg
then a periodice signal and the parameters k
]

and mc can be determined frowm tha fipst

harmonic component of the oscillation.

Let d be the relay amplitude and let a be the
amplitude of the first harmonic of the errar
sighal. A simple Fourier series expansion of
the relay output then shaws that the relay
inay be described by the equivalent gain

k = 4d ; (1
r na

It follows from the principle of harmanic

balance that this gain is equal to the

critical gain k . It 1is possible to modify
c

the procedure to determine other points on
the Nyquist curve. An integrator may be
connected in the loop after the relay to
obtain the point where the Nyquist curve
intersects the negative imaginary axis. Other
points on the Nyquist curve can bé determined
by repeating the procedure with linear
systems introduced into the loop.

An exact expression for the
oscillation is given by the
theorem,

period of
following

Theorem_1. Consider a linear time—invariant
system under relay cantrol. Let H(Tsz) be the
Pulse transfer function of the linear system
Wwith a sample and hold. Assume that there is

a liwmit cycle with periad t . Then t is
p

given by
H(t /24-1) = O
p

The proof is given in Astrém (1983).

A simple relay control experiment thus gives
the information about the process which is
heeded in order to apply the design methods.
This method has the advantage that it is easy
to control the amplitude of the 1limit cycle
by an appropriate choice of the relay
amplitude. Notice also that the estimation
method will automatically genervate an input
signal to the process which has a significant
frequency content at w . This ensures that
c

the critical point can be
accurately. See Mannerfelt (1981).

determined

PID

Process y

Yref t

l_l

Fig. 1. Block diagram of the auto-tuner. The
system aperates as a relay
controller in the tuning mode (L)
and as an ovrdinary PID regulator in
the control woade ().

When the critical point on the Nyquist curve
is khown it is straightforward to apply the
classical Ziegler-Nichals tuning rules. It is
also possible to devise wahy other design
scheines based an the knowledge of the
critical paint. Algorithms for automatic
tuning of simple regulators based on the
amplitude and phase margin criteria will be
given in Sections I and 4. -

Determination_af_awmplitude_and_period

Methods for automatic determination of the
frequency and the amplitude of the
oscillation will be given to complete the
description of the estimation method.

The periaod of an oscillation can easily be
determined by measuving the times between
Zera—-crossings. The amplitude’ may he
determined by wmeasuring the peak-to—-peak
values. These estimation methods are easy to
implement because they are based on counting
and comparisons onhly.

Since the describing function analysis is
based on the first harmonic of the
oscillation the simple estimation techniques
require that the first harmonic dominates. If
this is mot the case it wmay be necessary to
filter the signal before measuring. See e.g.
Astvrdm (1975).

The precision of the wmethad can be improved
considerably by introducing a simple
correlation with the relay amplitude. This
can be implemented simply by up~down
counting.

More elaborate estimation schewmes like least
squares estimation and extended Kalman
filtering may also be used to determine the
amplitude and the frequency of the limit
cycle oscillation. This is discussed in
Astrom (1982) and Kai Siew (19232).

3. AMPLITUDE MARGIN AUTO-TUNERS

When the critical point is khnown it is
straight forward to find a regulator which
gives a desired amplitude wmargin. The
simplest way is to choose a proportional
regulator with the gain

k = k /A
kc e (2>

where A is the desired amplitude margin and
n

k is the critical gain.
c

Sometimes this solution is not satisfactary
because integral action may be required.
Since the frequency response of a PID
regulator can be written as

1 2
G Ciw) = k [1 + ===l - w TT )] 3
R iw i id

it follows that any PID regulator with the
gain given by (2) and

1
T, = —zg=— a)
2
d w T
c i
also gives the desired amplitude margin. The
integration time can then be chaosen

arbitrarily » e.g. inversely proportional to
w v and the derivation time is then given by
c

Equation (4).



4. PHASE MARGIN AUTO-TUNERS

Consider a situation when one point on the
Nyquist curve for the open loop system is
khawn. With PIy PD or PID control it is thehn
possible to move the given point on the
Nyquist curve to an arbitrary position in the
complex plane. This is indicated in Fig. 2.
By changing the gain it is possible to wove
the Nygquist curve in the direction of GCiw).
The paint A may be wmoved in the orthogonal
direction by changing integral or derivative
gain. It is thus possible to move a specified
point to an arbitrary position. This idea can
be used to obtain design methads. By moving A
to a point on the unit circle it is a.g.
possible to obtain systems with a prescribed
phase-margin. An example is given below.

Example 1 Consider a pracess with the

transfer function G(s). The 1loop transfer
function with PID contral is

1
1 + 4+ ———
k(1 s Ti) G(s)

Assuune that the point w where the Nyquist
c
curve of G intersects the negative real axis
is known. Requiring that the argument of the
loop transfer function at w is ¢ = n the
c m

following condition is obtained

1
w T = —-—== = tan ¢ [§5)]
cd w T in
c i

There are many Td and T which satisfy this
i

condition. One possibility is to choose T,

i

and T, so that

d
T =a«T 6)
i d
Equation (5) then gives a second order

equatiaon for Td which has the solutiaon

tan ¢ + / 4 + tan2¢
0 o m

. 7)
Td = 2w
(<

Fig. 2. Shows that a given point on the
Nyquist curve may be moved to an
arbitrary poasitian in the G-plane by
PIy PD or PID control. The point A
may be wmoved in the directions
Gliw)y Gliw)/iw and iwGltiw) by
changing proportionals integral and
derivative gain respectively.

Simple calculations shaw that the loop
transfer function has unit gain at w if the
c

regulator gain is chosen as

kK = —————— o - k cos $ - 8)
|GCiw | c [ .
c

where k 1is the critical gain. The design
c

rules are thus given by the equations (5)»
(6)r (7) and (8).

There are wmany other possibilities. The

paraweter T may e.g. be chosen so that o T,
i c i

has a given value.

a
So fary it has been assumed that the
nonlinearity introduced in the feedback laop
is a relayy and the point where the Nyquist
curve intersects the negative real axis has
been identified. Other nonlinearities can

also be used. In Higglund (1781) a relay with
hysteresis is used to tune the system to a
desired phase margin. The inverse describing
function of a relay with hysteresis is

il _ n 2 2 nh

i il a - h - i

e )
Nca) ad ad

where d is the relay amplitude and h is the
hysteresis width. In the cowplex plane this
function may be described as a straight line
parallel to the real axisy see Fig. 3. By
choosing the relation between h and d it is
therefore possible to determine a point on
the Nyquist curve with a specified imaginary
part. In the next examples this property is
used to obtain a regulator which gives a
desired phase margin of a system.

Example_Z2 Consider a process with transfer
functian G(s)» controlled by a proportional
regulator. The loop transfer function is thus
k-G(s). Assume that the design goal is to
obtain a closed loop system with the phase
margin ¢ . Choose the relay characteristics
m

so that the hegative inverse deseribing
function goes through the point p defined in
Fig. 3. The parameters are then

*
na *

d = —— h = a sin($ )

m

»
where a is the desired amplitude of the

oscillations. The desired phase margin is

-1

Ve

_N(A)/

KG(iw)

Fig. 3. The position of the inverse
describing function and the desired
location of the Nyquist curve.



obtained if the Nyqvist curve goes through
the paoint p in Fig. 3. Since the intersection
between —-1/N(a) and k-G(iw) can be determined
from the amplitude of the oscillations this
point can be reached e.g. by iteratively
changing the gain k. The Regula falsi method
gives the formula

k =k —(a = a ) =——mem——== 10>
n+1 n n a_ =- a

which has a guadratic convergence rate nhear
the solution. Integvral and derivative action
can be includeds using the wmethads proposed
in Example 1.

s]

There ave many possible variatians of the
given design methods for PID-regulators. All
mathods are closely related because they are
based on information about the process to be
controlled in terms of aone point on the
Nyquist curve of the process. The points
where the Nyquist curve intersects the real
axes ar straight lines parallel to the real
axes are simple choices. The design methods
may be modified. Other relations between T

i

and Td than those given by (4) may e.g. be

used. Other criteria like damping ar
bandwidth may be chosen instead of the phase-
or amplitude—-margins. It is also possible to
have design wmethods which are based on
knowledge of more points on the Nyguist
curve.

S. EXPERIMENTS

A number of simulations and experiments have
been performed in order to find out if a
useful auto-tuner can be designed based on
the ideas described in the previous sections.
The results are summarized in this section.
Sawme representative examples are also
presented.

There are several practical problems which
wmust be solved in order ta implement an
auto—tuner. It is necessary to account for
measurement noises level adjustwent
saturation of actuators and automatic
adjustment of the amplitude of the
oscillatiaon.

Measurement noise may give errors in
detection of peaks and zere crossitgs. A
hysteresis in the relay is a simple way to
reduce the influence of measurement noise.
Filtering is anather possibility. The
estimation schemes based on least squares and
extended Kalman filtering can be made less
sensitive to noise.

When the regqulator is switched on it may
happen that the process output is far from
the desired equilibrium condition. It would
be desirable to have a system which reaches
the equilibrium automatically. For a process
with finite low-frequency gain there is no
guarantee that the desired steady state will
be achieved with relay control unless the
relay amplitude is sufficiently large. To
guarantee that the output can actually reach
the reference value it wmay be nhecessary to
introduce manual or automatic reset.

It is desirable that the relay amplitude is
adjusted automatically. A reasconable approach
is to require that the oscillation is a given
percentage of the admissible swing in the
output signal.

Requlator _complexity

The consequences af using estimation schemes
of different complexity have been explared by
simulation. See Astrém (1982) and Kai Siew
(1932). In these experiments processes having
different dynamics have been regulated with
different types of auto-tuners. The effects
of wmeasurement noise and load disturbances
have been investigated. Althaugh work still
remaihns to be done the experiments have
indicated that the siwmple estimation method
based on zero-crossing and peak detectian
works very well. The experiments also
indicate that siwmple wminded level adjustment
methods often are satisfactory.

The auto-tuners have been implemented on
several different computers. A DEC LSI 11/03
was used in some early experiments. See
Elfgren (1931). The algorithms were coded in
Pascal with a real time kernel. Swmall
laboratory processes were contralled. The
experiments showed that the simple algorithms
were robust and that they worked well.

The algorithms were also coded in Basic on an
Apple II. This implementation was very easy
to use because of the graphics and the
interactive man machine interface.

Experiment_on_a_laboratory_process

AN experiment made with the Apple II
implementation will now be presented. Fig. 4
shows the result when the auto-tuner was
applied to a tank with a free outlet. The
inlet valve to the tank was controlled from
measurements of the water level in the tank.
The tuning procedure can be divided into two
phasesy see Fig. 4. The first phase is an
initial phase which moves the process to
equilibriumy i.e2. to the desired reference
level. The second phase is the final tuning
phase. The two phases are described in wmore
detail below.

unknowns is is natural to make small step
changes of the control sighnal to determine
the magnitude of the gain and the daminating
time constant of the system. This is done
initially in phase 1. Based on this rough
characterization of the processs a

0.5 ir\ﬂ.-‘\n,—-.._

AT RS
0.4 7 N

0.3 4

0.2
0 200 400 [s]

0.6 1
0.4 A
0.2

0 200 400  [s]

Phase | Phase 2

Fig. 4. Experiments made on the tank process.



conservative PI controller is desighed which
ramps the system to the equilibrium with a
slope deterwined from the estimated time
constant. This first phase can be owmitted if
the process is wmanually moved tao the
equilibrium.

Phase_Z. When the desired level is reached,
the estimation procedure starts. A relay with
a small hysteresis is introduced in the loop
as shown in Fig. 1. The relay amplitude is
adjusted automatically so that an oscillation
with desired amplitude is abtained. The
amplitude and the frequency of the
oscillation are estimated by peak detectiaon
and determination of the times between zero
crossings of the control error.

The desigh wmethod in this example was based
ohn a combination of phase- and
amplitude-margin specification. It was
required that the Nyquist curve intersects
the civele with radius 0.5 at an angle of
2325°. Two step responses of the system
controlled by the estimated contraller are
shown in Fig. 4. The lack of symnetry depends
on the nonlinearities. The high fregquency
disturbance in the control signal is caused
by the low resalution in the AD-convertery 3
bits only.

Experiments_in_a._sugar_refinery

The Apple Il implementation was used in a
sugar rafinery to test the feasibility of
auto-tumning in an industrial environment. The
auto-tuner was applied to several feedback
loops. In Fig. 5 an example of a temperature
contral loap is given. Only phase 2 was used.

The experiments in the sugar refinery were
very fruitful. They showed that the
auto-tuner worked very well. The estimated
PID parameters varied only *10% between
comparable experiments. Acceptable
controllers were obtained even in loops which
were considered as very hard to control.

85°-
80°-
I
0 1 2 [min]
0.4
0.2 4
I
0 1 2[min]

Fig. S. Experiments aon a temperature control
loop in a sugar refinery. Phase 2
followed by a step response.

&. LIMITATIONS

The proposed simple scheme can obviously not
work for all systems. There are gseveral
things that way go wrong. The parameter
estimation wmay fail if there is no 1limit
cycle, This occurs e.g. for systems which are
strictly positive real. Such systems poses
little problem because they are easy to
control anyway. The addition of an hysteresis
may also bring SPR systems to oscillatians.
The precise conditions for oscillation are
given Thearem 1. The system may also fail ta
go into a liwmit cycle oscillation if the
relay sticks to one value. This may happen
for strongly unstable systems.

Phase and awmplitude margins are also fairly
crude design criteria. It is well-known that
systems with the same wargins may exhibit
drastically different behaviour.

7. CONCLUSIODNS

There are many possibilities to tune
regulators automatically. Self-tuning
regulators based on winimum variance controls
pole placement or LAQG desigh methods wmay be
caoanfigured to give PID control. Such
approaches have been caonsidered by Wittenmark
et al (1980) and Wittenmark and Astrom
(1980). These regulators have the
disadvantage that some information about the
time scale of the process must be provided a
priori to give a reasaonable estimate of the
sampling period in the regulator. There are
some possibilities to tune the sampling
period automatically. Different schemes have
been proposed by Kurz (1779) and Astrom and
Zhaoying (1781). These methods willsy hawever,
only work for moderate changes in the process
time constants.

The wmethod proposed in this paper does not
suffer from this disadvantage. It may be
applied to processes having widely different
time scales. The test sighal which 1is
generated autamatically by the algovithm will
have a considerable energy at the crossover
frequency of the process.

Conventional self-tuning requlators based oh
recursive estimation of a parvametric model
requires a computer code of a few K bytes.
The algorithms proposed in this paper which
are based on determination of zero crossings
and peak detection may be programmed in a few
hundred bytes. It is thus possible to use
these methaods even in very simple regulators.

The methods proposed will of course inherit
the limitations of the PID-algorithms. Thay
will not work well for problems where more
complicated regulators are required.

The experiences reported also indicate that
the simple versions of the algorithins work
well and that they are robust. It thus
appears warthwhile to explore these
algorithms further.

The algorithins discussed in this paper may be
used in several different ways. They may be
incorporated imw single laoop controllers to
provide an option for automatic tuning. They
may also be wused to provide the a priari
information which is required by more
sophisticated adaptive algorithms. When
combined with a bandwidth self-tuner like the
one discussed in Astrédm (1979) it is possible
to obtain an adaptive regulator which may set
a suitable closed loop bandwidth
automatically.
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