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Chapter 1

Introduction

SUBJECT OF THIS THESIS

This thesis investigates ways of improving the internal performance of an

iterative Feedback Tuning control loop, by aveiding pole-zero canceliation.

BACKGROUND TO THESIS

This thesis originated from previous research (Wei et al, 2006), where Iterative
Feedback Tuning (IFT) was applied on a one degree of freedom control
structure. The configuration that was investigated is that of a first order process

bs+b, . )
i Yand a first order model

gis)= A , a PI conwroller kis)y=
1+357T 5

m(s}mg _ When IFT was applied to optimize the parameters of the
+ 5

controfler, the resulting controller cancelled the process poles for all the

investigated processes.

The consequence of cancelling process poles is that the closed loop may not
meet the design requirements. If the process poles are unstable the closed loop
will be internally unstable (Maciejowski, 1989). If the poles are stable vet slow
and/or oscillatory the closed loop will exhibit poor internal performance
{Laplant, 1999),

In the previous work an attempt was made to remove the adverse effects of pole-

zero cancellation by applying a step input disturbance during the first IFT
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experiment. The performance criterion was to minimise the effect that this input
disturbance had on the output. The outcome was that the gain of the controller
increased exponentially even though the effect of pole shifting was observed. It
was also noted that the final controller parameters were dependent on the initial

coniroller parameters.

As a result this project was called to investigate ways of preventing pole-zero
cancellation and thus improving on the internal performance of an Iterative

Feedback Tuning control loop.

OBJECTIVES OF THIS THESIS

The objectives of this thesis are to:
® Verify the extent to which pole-zero cancellation can occur with IFT.
¢ Find methods that prevent pole-zero cancellation and optimise the
controller to shift the poles instead.
¢ Simulate the methods and apply the best method on a DC motor
system to prove the results practically.
e Draw conclusions on the applied method and make recommendations

for future work.

LIMITATIONS AND SCOPE OF THESIS

This project was to use the current method of performing Iterative Feedback
Tuning written in Visual Basic 6. The investigation was to be done through
researching articles found from the University of Cape Town library, through
inter library loans and those accessible on the internet using search engines such

as scholar.google.com.



http:scholar.goog1e.com

1.5 PLAN OF DEVELOPMENT

This thesis begins with an overview of the relevant literature that was reviewed
at the start of this project. The next chapter then describes the method and
program used for the investigations. The document goes on to show that pole-
zero cancellation does in fact occur in IFT under some conditions and to
demonstrate problems that may occur because of this. Following this, four
methods are proposed for preventing pole-zero cancellation. These methods are
compared and the best method is chosen. The chosen method is then analysed in
more depth and the results of its application on a DC motor are presented.

Finally conclusions are made and future work is recommended.
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The output of this loop is y= r.

The IFT process begins with the selection of a desired model that when
perturbed with the same signal as the closed loop gives the desired response, ym.
The difference between the model output and the actual closed loop is the model

following error defined by em =y-ym. This arrangement is shown in fig 2.1.2.

+ e i }’

v —“7‘@—— K(s) g(s)
} @é&% em

m(s
() v

Fig 2.1.2- IFT Block diagram loop structure

After obtaining a model the next objective is to choose a differentiable, signal

based cost function, J. The commonly used cost function is:

J :_L[i(Lyemf)z—#Ri{Luuf)ﬂ @2.1.1)
2N f=] 5=

The objective of IFT is to minimize this cost function. By minimising this cost
function, the error on the output is minimized while there is still a penalty on the
control effort. The constant A defines the weighting on this penalty. The number
of samples taken in an experiment interval is N. The filters L, and L, are
frequency weightings on em and u respectively. For this analysis these filters are
set to one. The closed loop controller, k(s) has parameters that are tuned until the

cost function is minimized.



To obtain the parameters of a controller that would minimize this cost function,
the solution to the derivative of the cost function in equation (2.2.1) with respect
to the controller parameters is needed. Thus the solution to the following

equation is needed:

aJ _ 1

%N [Z@ em, (P))——"—(P)+/12(Luu,(ﬂ))m(p)} (2.12)

where p represents the controller parameters.

Using the gradient, g—J the solution to the above equation can be obtained from
0

the following controller update algorithm:
L 0
Piy = P, _%Ril__(pi) (2.1.3)
ap

where R is a positive definite matrix such as a unit matrix or an approximation of

the Hessian of J. The sequence 7, is a positive scalar that determines the step

size of a parameter update.

The signals needed to obtain B—J are: emM and « 8_u These can be obtained
P ap P
as follows:
dem _d(y — ym) _B_y
ap ap op
dy 10k kg
I S PR 2.14
ap k8p1+kg(r ») ( )

. .ok, . . :
The dlfferemlalafls easily obtained because the controller is known. The
o

signal . % ------- (r - y) is obtained by passing the error signal as a setpoint into the
+ g



closed loop during the second experiment. Therefore the IFT procedure involves

two experiments as follows:

IFT experiment one
The setpoint is set to r. During this experiment the control error signal ¢ = r-y

and the closed loop output error, em, are collected.

IFT experiment two
After all transients have decayed the error signal, ¢, which was collected in the

first experiment, is then used as the setpoint in the second experiment 50 as to

kg

obtain ———
- kg

(r—y)=y,. This will be the output during the second experiment.

1
This output v, is then filtered through giﬁ {which is known) so as
op

op
o Lok _E oy 2.1.5)
op  kopl+kg

During the second experiment stated above the process input is:

k Y
W, = {r - {(2.1.6)
Tod+kg Y)
Therefore:
ou 1ok, 2.1.7)
dp kap °

~d
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Using all these signals the gradient of the cost function (2.1.2) is obtained as

shown below.

o 1|& 1 ok uf 1 0k
p N]i,;em“ k ap Yo ;uh k 9p uzi ( )

This is used to update the controller parameters.

INTERNAL PERFORMANCE OF A CONTROL SYSTEM

The criterion for the internal stability of a control loop is taken from
(Maciejowski, 1989). The idea is that all the transfer functions from inputs to
outputs must be stable for the closed loop to be internally stable. Consider the

configuration in fig 2.2.1.

e (s)
u, () P08 g(s)

+

+

e(s) |+

k(s) x— 1 (5)

Fig 2.2.1- Control loop external and internal signals

If the loop transfer functions are defined such that:

{e.(ﬂ _ {H“(S) H ,(s) |
e,(s) H, (s) H,(s) ]

F‘(ﬂ 2.2.1)

u,(s)

Then for the above loop to be internally stable, the transfer functions H;(s),
Hja(s), Hai(s) and Hay(s) must all be stable i.e. they must not contain any poles
on the right half of the s-plane. Therefore even if the k(s) zeros cancelled the

unstable poles of g(s) the loop would not be internally stable.
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At the same time, good infernal performance is not guaranteed for a system that
is internally stable. The controller zero can cancel slow and/or oscillatory
process poles thus making the response to an input disturbance sluggish or

undesirable and thus exhibiting poor internal performance (Laplant, 1999).

Consequently a closed loop obtained using IFT that leads to poor internal
performance is one that is achieved through pole-zero cancellation and thus
retains a poor response to certain loop inputs. The internal performance of a one
degree of freedom control structure can be tested by adding an input disturbance
(Wei et al., 2006). The reason is that the transfer function from the input
disturbance to output will retain these undesirable open loop process poles. This

will be shown in section4.1.

ROBUST ITERATIVE FEEDBACK TUNING

IFT is a well studied automatic controller tuning technique and has been applied
on numerous processes (Hjalmarsson and Gevers, 2003). There have been many
attempts to improve the performance of the system. The main issues of concern
have been the speed of convergence (Hildebrand et al, 2005a & Solari, 2005)
and robustness of IFT (Prochazka et al, 2005 & Lecchini et al, 2006). This

suggests that IFT sometimes leads to a system that is not robust.

In (Solari, 2005) IFT is compared to pole placement design. Pole placement is
referred to as the “robust approach” to loop design. IFT design was only better
than the pole placement design when the complexity of the controller was
increased. Therefore the performance of the IFT loop depends on the complexity

of the controller.

In (Lechinni et al., 2006) it is shown that the H; criterion used for IFT does not
necessarily give a robust closed loop. This paper uses Loop Transfer Recovery

and LQG (Linear Quadratic Gaussian) synthesis techniques that are designed to
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Pole placement on the other hand relies on shifting the loop poles to the desired
location. Solari (2005) states that pole placement is the robust approach to design
and is in disagreement with the above conclusion. With pole placement the zero
positions are neglected and the pole location is chosen according to a
Diophantine equation. A final desired characteristic equation is chosen by the
user. The zeros and gain of the loop controller are then adjusted in such a
manner that the poles are located in that specific position. Lecchini and Gevers
{2002} give a method intended for non-minimum phase processes, which does
approximate pole placement for IFT. It does this by not having a fixed model but
a model with adjustable zeros. These zeros are tuned at the same time as the
controller parameters. This procedure would have been the right approach io
avoid pole-zero cancellation, however the controller that is obtained in the
simulation in (Lecchini and Gevers, 2002) has a zero that cancels a process pole,

A summary of their method is found in Appendix A3,

Middleton and Gracbe (1999) affirm that it is a well known fact that when doing
pole shifting a two degree of freedom controller is needed to prevent excessive
overshoat, Chen and Seborg (2002) in agreement state that the overshoot can be
removed by using a filter in the path of the setpoint. This filter can be seen as

transforming the closed loop into a two degree of freedom conirol structure.

DISTURBANCE REJECTION IN IFT

In process control disturbance rejection is more important than setpoint tracking
{Chen and Seborg, 2002). It is alse one of the main applications of IFT
(Hildebrand et al., 2005a). There have been cases where IFT focuses on output
disturbance rejection as reported in (Hildebrand, 2005a, 2005b & Wahlberg,
2005) and on the input disturbance rejection in (Hjalmarsson et al., 1998, Wei et

al., 2006 & 5Sobota and Schlegal, unknown}.

In this project the focus will be on the cases for input disturbance rejection
because the poor internal performance of a loop results in bad input disturbance

rejection (Laplant, 1999). In (Wel et al,, 2006}, when the controller was tuned to


http:rp',"f'T'.nn

reject input disturbances, the gain of the closed loop increased exponentially.
References (Hjalmarsson et al, 1998 & Sobota and Schlegal, unknown)
managed to improve on input disturbance and have an optimal controller. The
reason is that the cost functions were similar in the sense that they included the

penalty on the control effort. This limited the gain of the controller.

The cost function in (Wei et al,, 2006) did not include the second term in
equation (2.1.1) i.e. the penalty on the control effort. The reason was that it is
intrinsically defined in the choice of the model. This is useful because the
literature gave no means of determining a value for the constant A that is used in
equation (2.1.1). Therefore L can only be found using trial and error and
knowledge of the process. This makes the procedure less automatic and thus less

desirable.

The version of IFT performed by Wei et al (2006) had both IFT experiments
happen by injecting the signals through the input disturbance. The resuitant
transfer function, V(s), from the input disturbance, v(s), to the output response,

y(s) is:

y=—5—v=V(s)(s) 2.5.1)
I+kg

The cost function gradient then becomes:

af 1| &,, dk ., L& dk
ap N[;Zsl: Vap Vil N{;yhapyb} ( }

This version of IFT rejects input disturbances. However as mentioned previously

the gain of the controller increases exponentially.
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-
k,se

)=

(2.6.1)

where k, is a constant, . a time constant and @ is the delay. However it should be
noted that the resultant model will have a time constant longer that . because the
two poles are located on the same place. For a second order process a

disturbance rejection model is:

-
() = k,se

=d 262
(t.5+1)° (26:2)

where the coefficients are the same as stated above.

Lequin et al (2002) compare the tuning of a PID controller using IFT with that of
other classical tuning methods used in industry. IFT is not done using a model
but by having a mask period where there is no weighting on the cost function.
This mask period is started large and is decreased with iteration until the desired
mask period is achieved if the closed loop does not oscillate. This is compared to
the response obtained by the other classical tuning methods. IFT was found to
either give a resultant response that either matched that of the classical tuning
methods or one that bettered them. The weighting, A, on the penalty on the
controi effort was kept at zero for the majority of the experiments. The authors
also mention that the user of IFT is not really concerned about the transient but
that the setpoint is reached with overshoot but no oscillations. However having a
model on a system is a way of limiting the control action therefore the need for a

penalty on the control effort is not needed (Wei et al., 2006).

VIRTUAL REFERENCE FEEDBACK TUNING

One of the main problems with IFT is that it optimizes the cost function locally
(Solari, 2005 & Hildebrand et al, 2004). Therefore the initial values of the
controller parameters may dictate if the system will ever settle to the global

optimum. The settling time of the algorithm depends on many things but mainly

14



on the parameter update constant. If this constant is too large then the process
may never settle to a minimum. If on the other hand it is too small it will take a
long time to reach the optimum. Therefore it is beneficial to ensure that the

initial parameters are close to the optimal before the IFT procedure begins.

Virtual reference feedback tuning (VRFT) is a technique that has one global
minimum. It has the advantage that it is a one shot technique therefore it gives a
final controller after one iteration. However it is not always accurate for a closed
loop model that cannot be followed exactly with the class of loop controllers
being used. However [FT can converge to an optimum therefore the two
techniques are complimentary. VRFT can be used to get the initial values of the
closed loop and IFT can be used to “fine tune” or “polish” these parameter

values (Campi et al., 2002}

Nonetheless there is the difficulty of performing the VRFT technique when
working with transfer functions in the s-plane. The procedure requires the
inverse of the desired closed loop model. Majority of the models used do not
contain a zero therefore when they are inverted the result is a dynamic model
that is non-causal. The solution to this may be to add a non-dominant filter to
simulate the inverted model output, however the locations of the poles of this
non-dominant filter are limited by the sampling time of the program. VRFT is

discussed and the equations of a case study are developed in Appendix A1,

From the literature review it was evident that there was a gap in the literature in terms
of IFT performing pole-zero cancellation and ways of avoiding it. The next chapter
discusses the programs that will be used to first verify that pole-zero cancellation does
actually occur with IFT in view of the fact that it is not mentioned in any literature

apart from (Wei et al, 2006).

15



Chapter 3

Iterative Feedback Tuning Program

The IFT program used in this thesis was written in Visual Basic 6. It was originally

written by Wei et al (2006). The programs presented in this chapter will be used in the

subsequent chapters to investigate pole-zero cancellation in IFT,

31

3.2

IFT PROGRAM

Alterations were made fo the program allowing it to reach the predicted results.
Such as the optimal closed loop controller 15 no longer dependent on the initial
controlier values and IFT can be done at any reference setpoint. Modifications
were also made on the IFT program done through perturbation of the input

disturbance.

SIMULATIONS

For simulations the output of the transfer function of the desired closed loop
model, the output of the various closed loop filters as well as of the IFT
calculations was done within a Runge-Kutta (RK4) algorithm. The program was
originally writien to work on real tme using a timer interval. However for
simulation purposes this was changed to calling the IFT function repetitively so

as to speed up the simulation process.
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3.3 IFT PROGRAM FOR SETPOINT TRACKING

This thesis mainly focuses on systems consisting of a first order process

gis)= and a Pl controller k(s) =M and closed loop desired model
1+sT 5
mis) = ) ! . Therefore the controller parameter updates using equation
+sT,
{(2.1.3) are
aJ

pn =t0n-l _'}R"lemxg._
0

And so:

by, =by,p, ~ R emx y

no bis+b, " (3.3.1)
» s

b, zbi(n-i) - R emxb,s+b0 Ys

Figure 3.3.1 is an Algorithmic State Machine (ASM) diagram describing how
the IFT program works for setpoint tracking. The explanation of this ASM is

given below,

The abbreviations are:

» rRef is the setpoint operating point of the algorithm.

e rift is the IFT excitation at the closed loop input.

e iftN is the sample number.

® exp# is the experiment number

¢ #Samples is the maximum number of samples in an experiment
interval

o em(iftN] is the error between the closed loop output and the model
output at sample i{tN,

e pr(iftN) is the IFT setpoint at sample iftN during the second experiment.

17



The program is idle and waits for the timer interval to elapse. When the timer
interrupt occurs the sample number is increased. Depending on the sample

number there are two options that program can foliow.

Suppose that the IFT sample number is less than the maximum sample number
and the experiment number is one. IFT experiment one is performed. During
this experiment the setpoint 18 the sum of reference setpoint (rRef) and the IFT
setpoint (rift). The setpoint error (r(ift) = r — v) and the error between the
model output and closed loop output are collected. This is performed at each
timer interrupt until the IFT sample number (iftN) exceeds the maximum sample

number (#Samples).

When the IFT sample number exceeds the maximum sample number, the
experiment number is increased to two. During this experiment number two (a
dummy experiment used for the purpose of returning the loop to s initial status)
the IFT setpoint is removed and the setpoint is the reference setpoint rRef. This
is kept constant for the duration of one experiment to allow the closed loop to

settle in preparation for experiment number three which is IFT experiment two.

Once again when the maximum IFT sample number is exceeded then the
experiment number Is increased fo three. The states of the filters used to
calculate the gradients are then cleared and IFT experiment two is performed.
Puring this experiment the reference signal is now a sum of the reference signal
and the error collected during the first experiment ie. r = rRef + r(iftN). The
closed loop output is now collected and subtracted from the reference signal.
The reason is that it is the change in output that is required. The gradient of the
cost function is calculated using this differsnce. This occurs until the maximum

number of samples 15 exceeded.
When this maximum number of samples is exceeded the controller parameters

are updated and the experiment number is set o one and the cycle repeats until

the optimal parameters bave been obtained.
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This program is executed in Visual Basic in a number of slightly different forms

in the investigations in this thesis.

1N < #samples 7

Clear flter 1 F & 1 ann F
= g- R —_——— en(ifil) =
siates. p=pmr ae o do #samples ) 3a
) #=1 r=1 Ref+ (i
r=1Ref+ f‘(lm ::}ipﬂef_._ rift 1( m

l ] !

e d

Fig 3.3.1 - IFT program for setpoint tracking ASM
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34 IFT PROGRAM FOR DISTURBANCE REJECTION

Using the same case study as in section 3.3, the program algorithm has a slight
modification. This was necessary to take care of the differences in both the
transfer functions and the calculations. The controller parameter updates for the

PI controller occur in the following manner.

!

P =Pu — IR é?mxii
dp
Therefore:

- i
by, =by, , + R §€m><”"}"}
N {(3.4.1)

b, = g;’;(n,;) + R emX y,

For this process there are only two experiments because at the end of every
experiment the output returns back to the reference point, This method is shown

i the ASM diagram in fig 3.4.1. The explanation is below.
The additional abbreviations used in this figure are stated below:
e vift is the IFT excitation at the process input.
e v(iftN) is the IFT input disturbance at sample iftN during the second IFT
experiment.
A brief explanation of the ASM follows.
The program is idle and waits for the timer interval to elapse. When the timer
interrupt occurs the sample number is increased. Depending on the sample

number there are two options that program can follow.

Suppose that the IFT sample number is less than the maximum sample number

(#5amples) and the experiment number is one. IFT experiment one is

20



performed. During this experiment the setpoint is reference setpoint (rRef) and
the input disturbance is the IFT input disturbance (vIft). The change in the
closed loop output (y-rRef) and the error between the model output and closed
loop output (y-ym} are collected. This is performed at each timer interval until
the IFT sample number (iftN) exceeds the maximum sample number

(#Samples).

When the IFT sample number exceeds the maximum sample number, the
experiment number is increased to two. The states of the filters used to calculate
the gradients are then cleared and IFT experiment two is performed. During this
experiment the setpoint is kept at the reference setpoint, rRef and the input
disturbance is now a combination of the IFT input disturbance (that has been
rejected) and the output collected during the first experiment ie. v = vIft
+v(iftN). The difference in the closed loop output (y- rRef) is collected and used
to calculate the gradient of the cost function. Again this process occurs until the

maximum number of samples is exceeded.

When this maximum number of samples is exceeded the controller parameters
are updated and the experiment number is set to one. The input disturbance is
removed making it equivalent to a negative input disturbance and like before the

whole cycle repeats until the optimal parameters have been obtained.

This program is used in a number of variations in the investigations for this

thesis.



No

vift =7

Wait

Titner Interupt 7

1N < #8amples ?

Yes

v=vIfl + v i)

& ! o
Clear filter 5 e o eni i ANy -
states, do 3o #saMﬁfesn(map
t=tRef r=rRef
v=vI+ v(iiN}

Fig 3.4.1- IFT for input disturbance rejection ASM

The IFT investigations for the next chapters are performed using variants of the

programs presented in this chapter.
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Chapter 5

Preventing Pole-Zero Cancellation in IFT

In this chapter four methods to prevent pole-zero cancellation are proposed. The
methods are assessed, and the best method is chosen. These methods are explored
using simulation in Microsoft Visual Basic 6 on the case study presented earlier 1.e. A

first order process with a PI controller,

The four methods proposed and investigated in this chapter are as follows:

1. Using an input disturbance rejection model

2. Using time-weighted input disturbance rejection
3. Using an seipoint tracking model with overshoot since if is shown in

(Middleton and Graebe, 1999) that whenever there is pole-shifting there is
overshoot, and

4. Using approximate pole-placement Iierative feedback tuning.

Unless otherwise stated, the experiments in this chapter are done using the process

H
model g{§) =
8(5) 1+5s

5.1 USING AN INPUT DISTURBANCE REJECTION MODEL

This method originated as a result of (Wei et al,, 2006) where there is no model
for input disturbance rejection (l.e. m(s) = 0). It is shown that pole-shifting
occurred in this circumstance. The result was however accompanied by an
exponential increase in the magnitude of the controller parameters with every

IFT cvele. The reason is that for the output not to be affected at all by an input

disturbance the transfer function from the process input to output, s =

must be zero at all frequencies. Since g is fixed, this transfer function can only
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be zero at all frequencies if the controller k& has an infinite gain at all

frequencies.

A method that can prevent this gain from rising to infinity was shown in
(Hjalmarsson et al., 1998 & Sobota and Schlegal, unknown) where IFT was
done through the setpoint but with an input disturbance during the first
experiment. It involves choosing a non-zero value for A in equation (2.1.1). This
penalises the control effort and thus prevents the gain from rising. However
different values of A will give different minimum points for the cost function
and thus different values for the controller parameters. Some that may cancel the
process poles. Since a systern is needed that automatically tunes itself, choosing

A\ may be difficult.

To avoid this, the suggested method in this section is to use a model for input
disturbance as shown in fig 5.1.1 (p(s) = f(s) = 1 and n =d = r =0). This will also

involve setting A in the equation (2.1.1) to 0. Recall that for setpoint tracking

U= ﬂr (Wei et al., 2006). For input disturbance rejection this becomes:
g

v (5.1.1)

Therefore there is still no need to penalise the control effort as it is done

implicitly with the choice of the input disturbance rejection model.
+
¥ m(s) ———————-———-9{2@}——) em
d + R

g(s)

r )

£(s)

Fig 5.1.1- Control loop with input disturbance rejection model

The problem now becomes one of choosing a model for the rejection of input
disturbances. Instead of choosing a setpoint tracking model, an equivalent input

disturbance rejection model can be used. As shown earlier in equation (4.1.1), if
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does. This method of defining input disturbance rejection may result in a good
system. However the user cannot directly specify the closed loop damping factor

and speed through the choice of the model.

TABLE 5.1.2- The effect of ¢ on the closed leop pole positions

Fractional | ¢ Controller | Closed loop | Damping | Settling
change Zero poles factor time (77}
0.25 0.625 | -0.988 -0.348+/-j0.608 | 0.497 20.1

0.20 0.500 |-0.902 -0.407+/-j0.623  0.547 17.2

0.15 0375 | -0.807 -0.506+/-j0.632 | 0.625 13.8

0.10 0250 |-0.693 -0.716+/-j0.584  0.775 9.8

0.05 0.125 | -0.801 -0.962+/-j0.675 | 0.819 73

This method avoids pole-zero cancellation. As can be seen as ¢ is decreased so
does the settling time and hence the damping factor of the final system. It is
suggested that IFT is started with a conservative (large) value of ¢ and if this
does not meet the speed or damping factor requirement, ¢ be decreased until it
does. This method of defining input disturbance rejection may result in a good
system. However the user cannot directly specify the closed loop damping factor

and speed through the choice of the model.

The value of ¢ is chosen through trial and error using simulation and as can be
seen it is difficult to find a model that will give an output with the combination
of damping factor and speed requirements that are specified in the characteristic
equation. However an estimate value of A and T can be obtained through step

test before IFT is performed. The data from these tests can produce better results
because ¢ = ? . In this situation ¢ = é =0.2 would give the desired settling time

and damping factor.
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As can be seen in fig 5.4.2 the controller zero is dependent on the value of h and
when & = 0.032 it cancels the process pole at s = -0.2. The damping factor is also
non-linearly related to A. Some values of A can worsen the damping factor.
However after a certain point the damping factor increases with an increase in A
as it did before the manner of measuring settling time was re-evaluated.
Unforwumately another consequence is that the settling time of the closed loop
increases with A. This is expected since the controller magnitude decreases as A
increases and the controller zero approaches s = 0. The reason is that the

criterion becomes one of minimising » as stated earlier.

Nonetheless it is shown that there is a value for A that will result in pole-zero
cancellation. Therefore time-weighted IFT may be a solution for preventing
pole-zero cancellation but not at all values of A As mentioned earlier the
selection of A is not automatic but through trial and error. Therefore the user
may select a value for A that results in pole-zero cancellation. The alternative
would be to have no penalty on the control effort 1e. A = 0. However as
mentioned earlier this may result in a lightly damped system or a high controller

gain.

In practice this time-weighted IFT would have to be performed differently. The
reason is that there is the presence of noise in some systems. Therefore the input
signals would have to be larger so that the signal to noise ratio is high. A
change in the definition of settling time to a value such +/-2% of final value
instead would be needed to avoid the effects of noise. However this bigger band
can also result in a bigger error as the gradient does not accumulate when the
output is within this band. It is up to the user to determine what value of & to
use. This maybe influenced by the desired settling time since the desired settling
time may result in a closed loop that is not damped. It is then concluded that if
the time-weighted IFT can be applied with A = 0 and the resultant system is non-
oscillatory then time-weighted input disturbance rejection may be a good

approach to avoiding pole-zero cancellation.

On the other hand if the initial closed loop is already settled in this time period

there will be no change in the controller parameters no matter how unacceptable
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the trajectory is. Using a penalty on the control effort has the following
disadvantages. Firstly the transfer function from the input disturbance v to the
controller output # contains the controller in the numerator so there is still a
chance of pole-zero cancellation for some values of A as shown. Secondly the
selection of A is chosen through trial and error. It is not an automatic selection.
As shown previously the use of a model may eliminate the need for a penalty on

the control effort.

USING A SETPOINT TRACKING MODEL WITH
OVERSHOOT

Middleton and Graebe (1999) show that for a one degree of freedom closed loop
arrangement, pole-shifting will give a closed loop that overshoots when there is
a setpoint change. This led to the idea proposed in this section that having a
setpoint tracking model with some overshoot might produce a controller that
will shift rather than cancel the process poles. This method of deliberately using

a model with overshoot was not found in the literature.

This model must have less than the maximum overshoot permitted by the
system and will need to be second order or higher (for overshoot). The setpoint-

1

tracking model that is chosen ism(s) = —————
s°+1.75s +1

. This gives the same

characteristic equation as the previous models and satisfies the design
requirements. Classical setpoint tracking IFT was attempted with this model

with A set to zero. Table 5.3.1 shows the results of this.

As can be seen, this technique resulted in pole-shifting as opposed to pole-zero
cancellation. This meant that the characteristic equations of all the transfer
functions are the same as shown in section 4.1. However the results were all
different from that of the closed loop speed requirements. This method of

specifying the closed loop performance is not ideal.
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control structure) and in doing so avoids pole-zero cancellation. Looking at the
transfer function from the input disturbance to the output it can be seen that if
the process does not have any zeros the only closed loop zero is that which
belongs to the controller. The basic idea is that the zero of the PI controller is

inserted into the model whenever there is a controller parameter update.
Using the case study the closed look setpoint tracking transfer function is:

. A(b,s +b,)
TS+ (AbL+ 1)s + Ab,

Abs N Ab,

= I T (5.4.1)
o (Ab +1)s N Ab,

T T

A pole placement design will place the poles of the closed loop at the location
defined by a characteristic equation such & +cs+d chosen by the user. The
problem that arises is that A and 7 are unknown. If they were known b, and by
could be chosen in such a way so that the poles are placed at the required

DOSHIon.

Comparing the closed loop characteristic equation with that of the desired

characteristic equations, we obtain the following two equations:

_(AB+D g a=80
T T
Using the later and rearranging the result becomes:
a_d (5.4.2)
T b
The desired setpoint tracking model will then be:
msy =Ly ST by (5.4.3)

b, s’ 4cs+d

As can be seen the numerator has the zeros of the Pl controller. This model

always ensures that the final gain of the model is always one. No pole-zero
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5.5 SUMMARY OF THE INVESTIGATED METHODS

This section summarises the four investigated methods. The best method is then

chosen.

5.5.1 Using an Input Disturbance Rejection Model

This method 1s dependent on selection a value of the variable ¢ in the equation

(051

T o —
(%) sP+ds+e

where d and e are constants chosen according to the loop

requirements in ferms of speed and damping. The variable ¢ can be chosen
depending on the maximum height of output allowed as a fraction of the input
disturbance. However it does not always result in the desired closed loop
dynamics therefore the value ¢ can be adjusted until the desired closed loop is

achieved,

A wvalue for ¢ can be obtained by doing open lcop tests on the process and
obtaining estimates for the gain of the process, A, and time constant of the
process, 7 (provided there is a first order process and the model is second order).
If A and T are known then the desired performance maybe achieved. However
this approach takes away the benefit of IFT in which the process model does not

need 1o be known.

5.5.2 Using Time-Weighted IFT

The second method investigated was using Time-weighting IFT. When using
time-weightings the control effort may need to be penalised. However the
choice of the value of A influences the resultant closed loop and the final zero of
the controller. It was also shown that there is a value for A that will give a
controller zero that will cancel the process poles. The ideal speed of response is
achieved when & = 0. This gives the desired speed of disturbance rejection; on
the other hand it gives no conirol on the damping factor of the final closed loop.

Once there is a non-zero value for A the speed of response is compromised.

Lt
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5.5.3 Using a Setpoint Tracking Model with Overshoot

The third method that was investigated was one of using a setpoint-tracking
model with overshoot. This method prevented pole-zero cancellation. However
the settling time changed with the place of this model zero. The damping factor
of this closed loop was also dependent on the zero position. The zero position
that will result in the desired closed loop performance can be obtained through
trial and error. However like the method of using a disturbance rejection model,
an estimate of the zero position can be obtained from doing tests on the process

and obtaining A and 7.

5.5.4 Using Approximate Pole Placement IFT

The fourth and final method was approximate pole placement IFT. This method
provided a consistent closed loop characteristic equation regardless of the
process being used. It does not depend on trial and error, and the design

requirements are closely met every time.

5.5.5 Chosen Method for Preventing Pole-Zero Cancellation

It is clear that approximate pole placement IFT is the ideal method for
preventing pole-zero cancellation. The reason is that it gives a closed loop that
satisfies the design requirements every time. In the literature review pole
placement was stated to be the robust approach to design. The advantage is that
it is automated thus is not prone to process modelling errors. For these reasons
this is the chosen method to prevent pole-zero cancellation. This method is

investigated further in the next chapter.
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Chapter 6

Analysis of Approximate Pole Placement

Iterative Feedback Tuning

This chapter analyses the approximate pole placement IFT (APPIFT) algorithm. In the
previous chapter this method was chosen as the preferred means for preventing pole-
zero cancellation and thus improving on internal performance of the closed loop. The
aim of this chapter is to investigate its feasibility on physical processes that are not

ideal.
The investigations mainly focus on:

e The effect on closed loop performance when the model output derivative

(%—-"1—) is not used in the cost function gradient calculation for first order and
i

second order pole placement.

® The performance when the process is a damped second order process and
hence appears to be first order.

# Developing approximate pole placement IFT for second order processes,

¢ The effect of the sampling time changes when using approximate pole

placement IFT.

All the investigations in this chapter were performed through simulation uvsing

programs written in Visual Basic 6.
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@, =s"+Bs'+Cs+D (6.3.3)

With this characteristic equation the optimum controller parameters are:

b = e 6.3.4

o= (6.34)
C-d

b = 6.3.5

= (6.3.5)
B¢

b, = 6.3.6

Ol (6.3.6)

However the controller above is not causal therefore the controller needs to be

of the form:

_bs’+bhs+b,

k(s 6.3.7
(s) T +1) 63.7)
Where the pole at s:—]—is added for causality. The closed loop transfer
function is then:
2
h(s) = ad{b,s” +bs+by) 63.8)

T.s* +(1+T.c)s’ +(adb, +c+T.d)s’ +(adh, +d)s +adh,

For the above transfer function to be similar to the optimal in equation (6.3.2),
7, must be small. For the experiments in this section 7. is chosen to be 0.01 so
as to make the pole added for causality less dominant. Therefore the equation of

the closed loop becomes:

B ad(b,s’ +b,s+b,)
0.01s* +(1+ 0.01¢)s’ + (adb, + ¢ +0.01d)s’ +(adh +d)s + adh,

h,,(s) (63.9)

However, since the process is generally unknown the h(s) in equation (6.3.2)
will be used, which has a characteristic equation that is an approximation of that

in equation (6.3.8) for small values 7.
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$

The controller used in the response above is k(s):l which cancels the

process pole. The above figure shows a closed loop that takes a long time to
reject the input disturbance. Therefore the previous circumstances are overall an
improved process. The end result is that a prefilter can be used to eliminate the
undesired effects of pole placement while keeping the transient decay rate of all

the other signals the same.

For a process with dominant or non-minimum phase zeros a possible algorithm
would be to use the algorithm in (Lecchini and Gevers, 2002) to approximate
the zero position. This way pole placement IFT can occur as normal and also

avoid pole-zero cancellation. However this is not in the scope of this thesis.

This and the previous sections motivate the next chapter where a simpler version of

approximate pole placement iterative feedback tuning is developed.

oD
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Chapter 7

Approximate Pole Placement IFT using a

Prefilter

In the last chapter approximate pole placement IFT was analysed. In this chapter a
simpler way of performing approximate pole placement IFT is developed. It is also

analysed in a similar manner to that of the previous chapter.

71 DEVELOPMENT OF THE NEW POLE PLACEMENT
ALGORITHM

If regular IFT for setpoint tracking is done by passing the setpoint signal through
a prefilter, p{s}, pole placement can occur. When p(s) has a pole that is located
at the same place as the zero of the conirolier, the zero of the controller will be
cancelled. The loop controller parameters are tuned in such 2 manner that the
closed loop for setpoint tracking without the presence of the zero is tuned to
resemble the model. Therefore it can be tuned such that the two denominaiors
look the same, since the numerator will not have any zeros. The only difference
will be the denominator. By doing this, the zeros have been cancelled in the
open loop, since the zero is not present to cancel the pole to achieve the desired
performance. Thus no pole-zero cancellation should be possible.  These
ohservations are now demonsirated in the mathematical equations below, In the

loop considered the iransfer function for setpoint-tracking is:

n, nn, —
;?yr by AR {(7.1.13
d, mn,+dd,

Therefore if d, = 1, then this becomes:
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7.2

0,

S —— 7.1.2
nn, +dd, ¢ )

¥r

The numerator n, can then be varied to give the transfer function a unity gain at

low frequency.

APPIFT USING A PREFILTER APPLIED ON FIRST ORDER
PROCESSES

When the procedure is applied to a first order process the closed loop transfer

function becomes:

Aby Abs , Aby
ho= T x T T
y’ Abts+A_bo 52+(Ab,+})s+Abo
T T T T
Ab,
= I (7.13)
N (Ab, +1)s N Ab,
T T
For the above to be equal to the second order process
d
mis)=——— (7.1.4)
ts) st+es+d
by =§z (7.1.5)
A
p =L (7.1.6)
A

Therefore pole placement to ¢, = s+ cs+d can be achieved.

This was attempted for a number of first order processes, where the aim is to
place the closed loop poles at s = -1+/-j0.5. The results are tabulated in table
7.2.1.

The results confirm that approximate pole placement had been achieved for all

the first order processes. The pole positions were even more accurate than the



7.3

previous version of pole placement IFT. This can be seen by comparing table

7.2.1 with table 5.4.1.

TABLE 7.2.1- APPIFT using p(s) applied on {irst order processes

Final k(s) | Closed loop | Damping | Settling
g(s) g(s) poles )
Zeros h(s) poles Factor | Time (7T)
1
-0.500 -0.830 -1.01+4/-0.50 0.896 6.9
1+ 2s
1
-0.333 -0.713 -1.01+/-j0.49 0.900 6.9
1+3s
! -0.250 -0.703 -1.01+/-j0.49 0.500 6.9
1+ 4s
1
-0.200 -0.692 -1.01+/-;0.49 0.900 6.9
1+ 5s
! -0.167 -0.691 -1.00 +/-30.50 | 0.894 7.0
1+ 6s

Next to be investigated is the effect this will have on damped second order

systerns that appear first order.

APPIFT USING A PREFILTER APPLIED ON FIRST ORDER
APPEARING SECOND ORDER SYSTEMS

The processes simulated are the same as those in section 6.2. This was to see
how the closed loop performance would be affected when placement for first
order processes is used on a damped second order process; hence they appear to
be first order. The non-dominant poles are progressively shifted closer to the
dominant pole at s = -0.5. As before a PI controller and a sampling time of 20ms
are used so that the results are comparable. The aim was to place the closed loop

poles at s = -1+/-j0.5 in all the cases considered.

Figure 7.3.1 is the final setpoint-tracking response for the process

g{s)= once the controller parameters have settled. The prefilter is

s2+1055+5
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Chapter 9

Conclusions and Recommendations for

Future Work

This chapter concludes the observations from this thesis and makes recommendation

for future work

9.1 CONCLUSIONS

In this section the conclusions are drawn from the results of the experiments and

discussions in this thesis.

9.1.1 IFT can give a system with poor internal performance

This thesis demonstrated that under some conditions the controller given by IFT
can be one that cancels the process poles. This was shown to occur through
simulation and on a real system. Though this will only occur if the controller
complexity is enough for pole-zero cancellation to be achieved. Nevertheless it is
shown that through pole-zero cancellation, the desired model can be achieved. In
this thesis this is demonstrated through the used of a Pl controller and a first order

process and model.

9.1.2 IFT for avoiding pole-zero cancellation

Four different methods for preventing pole-zero cancellation were proposed and
investigated. All these methods avoided pole-zero cancellation under certain
conditions. Still it was approximate pole placement IFT that gave a closed loop
with dynamics that resembled that of the model specifically in terms of damping

and speed of rejection. Therefore it does not give a closed loop with poor internal
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performance. This method was then chosen as the best method for further
investigation in this thesis and was applied to a2 DC motor where it achieved the

desirad resuits,

9.1.3 Approximate pole placement is best for first order and second order
dominant systems

Approximate pole placement iterative feedback tuning was analysed in this thesis.

It was found to work very well for first order and second order processes. The

APPIFT method for second order processes is highly dependent on the sampling

time of the program. The reason is that it requires the use of a non-dominant pole

and has controller parameter that is a coefficient of a high power of s. However

without the limit on sample time this method works very well.

9.1.4 Approximate pole placement iterative feedback tuning works in practice

Approximate pole placement was done on a DC motor system. [t was shown that
pole placement does in fact work on nonlinear physical system that can be
approximated by linear models. If IFT is to be done using a process model, the
better option would therefore be to use a prefilter that will cancel the controller
zero so that the closed loop is tuned 1o vield the closed loop poles that resemble
those of the model characteristic equation. This will give a closed loop that is the

same as the desired model in terms of damping factor and speed of response.

9.2 FUTURE WORK RECOMMENDATION

In this section some future work is recommended. The recommendations are
based on parts of the IFT methods that were explored during this thesis project but

were not within of the scope of the present project.

8.2.1 Performing APPIFT on a microprocessor

APPIFT in this thesis was done on a motor for speed control. For position control

the motor sysiem can be approximated as a second order process thus APPIFT for
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second order processes is needed. As it was shown in chapter 6, pole placement
for second order processes needs a controller with a non-dominant pole added for
causality. This controller places a requirement on the sampling time. A
microprocessor with an internal crystal can accurately sample at high speeds.
Therefore pole placement for a second order process can be performed for

position control.

9.2.2  Performing approximate pole plucement virtual reference feedback
funing

The APPIFT done in this thesis was all performed with the same initial

controllers. VRFT is a method used to obtain initial controller parameters before

using IFT for “fine tuning”. This can not be used for the APPIFT because the

controllers zeros are cancelled by the prefilter. A possible method for performing

approximate pole placement virtual reference tuning is proposed in Appendix A.2.

9.2.3 Finding a faster means for achieving a settling point

When doing IFT with controller parameters that are far from the optimum, it can
take a long time before the controller parameters settle. When performing IFT,
data is collected for a specific period of time. This period of time must be longer
than it takes for the process transients to settle for the IFT experiments. However
usually the aim is to decrease the closed loop settling time, thus the settling time is
usually faster on the last I[FT cycle. There to reduce convergence time, there can
be a means of detecting when the process output has settled before beginning the
next IFT experiment. For example: when the output has reached within a certain

standard deviation of the model output then the next IFT experiment begins.

9.2.4 Finding a means of having unrestricted controller when doing APPIFT

As shown in chapter 6, when doing pole placement for a first order process a
controller with two variable parameters is needed and for a second order process a
controller with three variable parameters is needed. IFT is designed for a
controller with restricted complexity. However for the purpose of APPIFT, there

is a need to be able to increase the degrees of freedom of the controller complexity
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automatically if it is evident that pole placement will not be achieved with the

given controller complexity.

9.2.5 Using IFT as a modelling technigue

Normal IFT operates by tuning the controller parameters until the closed loop
matches the model output. If the model and the process output look exactly the
same, then closed loop has a transfer function that is like the model. Suppose that
IFT was to be done to tune the process model to resemble the closed loop. When
the process model and the closed loop look exactly the same, the transfer function
of the closed loop will be that of the model. Using this model and coniroller
parameters the model transfer function can be reverse engineered to find the
transfer function of the process. An example of a possible manner of doing this is
provided in Appendix A.4. This technique can also be compared to other normal

system ID techniques (e.g. RLS).
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Appendix A

Complementary Techniques for Iterative

Feedback Tuning

A.l1 VIRTUAL REFERENCE FEEDBACK TUNING

The main content of this section 1s taken from (Campi et al, 2002).

Virtual Reference Feedback Tuning (VRFT) is similar to IFT in the sense that it
does not need a model of the process to tune the controller. However it is a one shot
technique that produces a controller with just one set of data based on a step test. It
is sub-optimal for restricted controller classes therefore it is a complementary

technique to IFT which is optimal for all controllers.

In this section the theory is developed in the s-plane and is a change from the z-
plane used in (Campi et al, 2002). The idea of VRFT is that there is a process

output v=
Pt +kg

r in closed loop for a one degree of freedom control structure and

a desired model output, y=mr. When the closed loop and the desired model
output are the same then the input into the two transfer functions will give the same
output, y. There is a certain process output, y when a process has a particular input
i.e. y=gu. Suppose that a known set of data of u is used as an input into the
process g to obtain another set of data y. Using this particular output data set, v, the
setpoint, r, required by the desired closed loop model, m, to obtain an output

equivalent to y can be calculated. This is done by passing this output through the
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inverse of the model (i.e.r=m™"y). This setpoint, r is referred to as the virtual

reference as it was not applied to the closed loop.

In closed loop feedback the input into a controller, &, is the error, e, between the
setpoint and output i.e. u=ke. This error, ¢, can be obtained using the virtual
reference and the output i.e. e= r-y. When both the closed loop and the desired
model and have this virtual reference as a setpoint, the outputs will be the same for
the optimal controller. Therefore the optimal controller is one that produces the

vector of data u when fed with e.

N
As a result the criterion to be minimised is: J = —;}-Z(u(t) —k(s;p)e(t)f .
f=1

Let k(s;0)= B" (5)8

b

For example for a PI controller k(s) -—“M will be k(s; p) = [1 1}(;}

s 5 \
Then,

13 T 2
J= §Z(u(z> —" (1) (A.1.1)
i=1

Where
@(1) = B (s)e(?) (A.1.2)

When the optimum parameters have been obtained, the cost function is zero and the

parameter vector is defined by:

6 = {Z@(ﬂ@(f)q [Z«;ﬂ(wu(f)} (A.1.3)

In the case that the controller does not belong to the class of controllers that can

.....
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and u are passed through a filter L(s) to obtain an approximate minimum point. The

procedure can be obtained from (Campi et al, 2002).

Consider the following case that was studied in this thesis: A Pl controller,

_bis+b,

and a first order model

k(s)

, a first order process g(s):1

m(s)z#. This first order model can be achieved in closed loop with the
+T s

complexity of this controller as shown in chapter 4. Using a step input, u(t), into the
process g(s), the output data, y can be collected. However in obtaining the virtual
reference r(t) the inverse of the model m(s) is needed. This will give the transfer

+T.5

function but this is non-causal. This will thus require the use of a filter to

add non-dominant poles so that the inverse transfer function can be achieved. This
non-dominant pole will have to have a steady state gain of one so that it does not

change this model by much such as:

T s

m$) =1+ +75)

(A.1.4)

where 7, is chosen to be small., compared to T,. For example when 7, = 0.01 the
T s

inverse model is m(s) ' =14+ —2——
(1+0.015)

. However this will put a constraint on the

sampling time of the simulation that was chosen to be less that 10 times smaller

than 7. Therefore a sampling time of dt = 0.001 can be used.

This was applied on the transfer function for the process g(s)=

! , using the
s

28
i
(1+0.01s)

model m(s)=1 ! and its approximate inverse m(s)” =1 From

equation A.1.3 the controller parameters were given by:
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A2

1 (e [ (e, B %
bO_N;(sJ N;S NZ A15
b1 Ll L L (A.15)
T2 Efee et | [ y2e
Nf i N N 1=1 N 1=1
and resulted in the controller k(s) = w This is the optimum controller that
s

can be achieved with this configuration as shown in section 4.2.1. Note that the
summations are divided by N to prevent them from growing too big as N becomes

large.

POLE PLACEMENT VIRTUAL REFERENCE FEEDBACK
TUNING

Since Virtual Reference feedback tuning can be used to obtain the initial
parameters before performing IFT as a fine tuning technique, there needs to be a
method to obtain the initial parameters for the approximate pole placement
algorithm developed in this thesis. VRFT uses the inverse of the model to obtain
the optimal parameters needed to achieve the closed loop model, however in pole
placement the model zeros are unknown since these are the zeros of the optimal
controller that is being sought. Therefore the traditional VRFT cannot be used for

pole placement.

However the pole placement algorithm in chapter 7 performs pole placement using
a prefilter that cancels the process pole. VRFT for pole placement is developed in
this section. Once again consider the case of the use of a PI controller,

k(s) _bstby

and first order process g(s) :T%' In closed loop this will give
s
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i(b,s%—i@
e Ab, +1S+Al’)0
T T

the closed loop h(s) = that was the case study in this thesis.

Clearly the zero positions that would achieve pole placement to the required
positions are not known because there is no process model. However if the zero of

the controller is cancelled by a prefilter on the setpoint the closed loop transfer

Ab,
function becomes A(s) = b Zl e Therefore there are no zeros in the
st + ; s+ TO

closed loop and as a result no zeros are needed in the model. Thus the model can be

of the form m(s) = . The normal VRFT procedure can now be applied.

st+es+d

The inverse of the above model will be needed; therefore non-dominant poles will

2
have to be added to the inverse model m(s)™' = W— where ¢ and f will

(es*+ fs+d)
have to be small. This will allow for the reference model to be obtained. The error
signal is now needed to obtain the controller that will give that output when the
input is the virtual reference signal ¢, = pr-y however p is not known since it is the
inverse of the final controller numerator with a gain of one. The process input u =

ke, = k(pr-y) so that:

“szs+be( b,

r—
s bs+bh, %

b_or_b,s—kbo
s

={ y)

:(("'_ )’)iﬁ“bis}')

_ (ebo -—b,sy)

§
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A3

e
= [— - y) (A2.1)
s

Therefore (;9:r -—-(E - y} can be used in equation (A.1.3) and VRFT can be
§

AN

performed as normal to obtain:

ST
\.._/

(A2.2)

M-
PN

w |
N’

X

<
A

“Mz iM=
TN

The challenge is to select the position of the non-dominant poles to obtain the
virtual reference. This will also pose a restriction on the sampling time

requirements in digital implementations.

IFT FOR NON-MINIMUM PHASE PROCESSES

This section is obtained mainly from (Lecchini and Gevers, 2002)

When doing IFT for non-minimum phase processes that includes those processes
with a delay, both the zero and the delay must be present in the model. The reason
is simply that in model following control, if the zero is not present in the model the
controller may attempt to cancel the zero as it tries to reduce the phase lag. Since
the integrator is fixed in IFT the controller zero will be tuned to cancel the
integrating pole. However when doing IFT it is assumed that there is little or no
knowledge of the process. Therefore the non-minimum phase zero location is not

known.
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Assuming that the transfer function from the setpoint to the output is stable, it is

generally known that it can be expressed as a Laguerre expansion such as:

T(2,0) = 2, (D)L, (2,0) (A3.D)
k=l

k-1
L (z.a)= K(}”ﬂ with K =~/1-a’

Z—d\ Z—d

The adjustable reference model can be modelled by:

Mz =Y L, (z,a) (A32)
k=1

subject to the constraint; M(1,77) =1.

For pole placement, the criterion will be minimised with respect to both the

controller parameters and the model parameters i.e. g—J and %{— are needed. The
P n

adjustable parameters of the model will be tuned to obtain the process zeros and
delay. Therefore this algorithm models the process zeros while also performing IFT.
The zeros of the model are completely free so the controller will spend its degrees
of freedom into pole placement. However this is approximate pole placement
because the controller may not have enough degrees of freedom to place the process
poles. Since the model is a sum of Laguerre functions in terms of poles in a, the
model will have r poles located at the same place. There will be a possibility of n-/

zeros. Therefore there are n extra derivatives to calculate.

In (Lecchini and Gevers, 2002) when the Cost function was optimised for pole
placement, the resulting controller cancelled the process pole. The model numerator
also duplicated the remaining coniroller zero. This can be avoided by using this
method in conjunction with the pole placement algorithm in chapter 7. This is
because the use of the prefilter cancels the controller zero and the desired closed

loop model can contain zeros that are also optimised during the IFT. The result will



A4

be that the model will neither duplicate the controller zero nor cancel the process

pole.

OFFLINE POLE PLACEMENT USING IFT

Normal IFT is done by tuning the controller parameters so that the closed loop can
resemble that of the desired model in a least squares sense according to a cost

function such as the errors squared cost function shown below.

wﬁ

(A4.1)

J = 2;[2@ }m}

P

The derivative of the cost function with respect to the controller parameters is used
to tune the controller parameters iteratively. The model derivative is zero so it stays

constant,

For simplicity once again consider the following case: A PI controller,

. bs+b, ) A . . .
k(s)=-—"L and a first order process g(s)=——. It is shown in section 5.4 that
$ 1+ 7Ts
if a second order model 18 used and the zero of this model has zeros that are at the

same position of the controller zero, the IFT algorithms will perform pole

. , , bs+b,
placement. Therefore if the model is fz;{sé——xm the controller

by s +cs+d

parameters will be adjusted so that the closed loop characteristic equation becomes

2
S Hos+d.

Another manner of performing pole placement is to cancel the controller zero from
the closed loop using a prefilter and using a model will no zero. Therefore the
d
3

model will be of the form: m(s) =
§°cs+d

. The closed loop transfer function for

any controller parameters will be:



Ab,

_ T
MO =——2551 4p, (A4.2)
57+ 5+

T T

since the prefilter has cancelled the controller zeros.

In this section a different manner of performing pole placement is suggested. IFT
should be performed and optimised according to what model parameters would
result in the smallest cost function in a least squares sense. Therefore IFT
experiment one is performed by applying a setpoint into the closed loop and that of
the chosen initial model. During this experiment the output, y and the model output
ym are collected. The difference is that this IFT experiment one happens once on
the closed loop. The data is stored and is continuously used to tune the model

offline. Thus for the cost function stated earlier the derivatives:

oJ _ __i 83"” (A43)

will be needed. Where o represents the model parameters.

The model:
df}
m(s) = ———"——— Ad4
(5) s’ +ds+d, ( )
. e o oJ
can then be tuned using the same IFT algorithm i.e. o, =0, — ¥R e —(o,).

Once the optimal parameters have been obtained (i.e. the optimum values of dy and
that of d;) the optimal parameters that can give pole placement can be obtained.

Therefore since dy, d;, by and b; are known, the values of A and T can be calculated.
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Using these values of A and T that are calculated one can calculate the required

values of by and b, that would give the desired pole positions. Using:

T -1

b=— (A4.5)
T
b= (A4.6)

Therefore this method uses iterative identification to perform pole placement.
Normal pole placement IFT can then also be used tune the system so that the bias of

noise in the original signal is eliminated.



Appendix B

Supporting Figures for the Analysis of
Approximate Pole Placement IFT

B.1 APPIFT FOR FIRST ORDER PROCESSES APPLIED ON FIRST
ORDER LOOKING SECOND ORDER PROCESSES

This section is a continuation of the experiments mentioned in section 6.2, where
the aim was to place the closed loop poles at s = -14/-jJ0.5. The second order
processes investigated have damped poles and thus they appear to be first order. At
time t= Os there is a unit step input disturbance applied to the processes for IFT
experiment one. IFT Experiment fwo begins at time t = 20s where the output

during experiment one is added to the closed loop as a new input disturbance.

It can be seen from Fig B.1.1, Fig B.1.2 and Fig B.1.3 that the initial input

disturbance was similar in all cases. All the closed loops improved on the input

disturbance rejection. However process g(s)= ERVTIT) had a final input
57445542

disturbance rejection time that was almost double that of the model. Clearly the
input disturbance rejection became worse as the faster process pole was moved

closer (o the slower one.

As mentioned in Section 6.2 any further movement of the slower process pole past

s = -2 resulted in the controller parameters increasing without bounds,
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