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Abstract 

The Iterative Feedback Tuning (IFT) method is investigated in this dissertation, starting 

with the history and origin of this algorithm. The objective of this thesis was to apply the 

IFT algorithm to a physical system and the system chosen was a DC motor configured for 

speed control. The inertia of the load for the DC motor is varied to ensure that the 

algorithm will make the necessary adjustments to compensate for changes in load. Since 

the IFT is closely related to the well known Model Reference Adaptive Control (MRAC) 

method application that uses the gradient approach to its adaption. 

The equations for the MRAC gradient approach method are presented and applied to a 

DC motor for a speed control. The purpose of this application was to investigate how the 

MRAC gradient approach will behave in practice in order to give a base case against 

which to compare the IFT method. The differences between the theoretical and 

experimental responses of the MRAC are explained by simulation study and modification 

of the basic MRAC equations. 

The one degree of freedom controller was chosen for IFT application to a DC motor 

system for its simplicity since it requires only two experiments to be carried out on the 

DC motor instead of three as in the case of the two degree of freedom controller. The 

appropriate signals were generated in experiment 1 and 2 of the IFT algorithm and the 

control parameters updated in the third step, the values of the controller parameters for 

which the quadratic criterion is a minimum were produced. The iterations were repeated 

for a different load. 
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Chapter 1 

Introduction 

The optimization of industrial control systems can significantly improve their economic 

performance. Traditional methods of controller design, namely process modeling 

followed by the use of controller design methods require a high level of on-plant 

engineering expertise. Thus the ability to tune controllers on-line has always been an 

attractive but difficult problem in control engineering. 

As an example the South African mineral extraction industry has for decades designed 

and implemented sophisticated optimizing control systems on their unit processes and 

plants- A historic example being that of a milling plant described by Hulbert [20]. In 

subsequent implementations on other milling plants it was soon realized that once a 

control law had been designed for a particular plant the structure of its control was known 

and the design method merely set the parameter values for the controller. For a while 

however every new application was still tackled using the traditional approach of system 

identification followed by controller design. This procedure is a costly engineering 

exercise (21], so considerable research effort was put into determining the viability of 

using more sophisticated methods, like the well known adaptive control techniques to 

produce the control laws. 

The current project was launched to investigate the feasibility of automatically adjusting 

control parameters while avoiding the expensive system identification and controller 

design stages of the traditional approach to process control. Industrial experience in the 

mineral extraction industry had shown that the work had been successful in practice on 

1 



some Single Input Single Output (SISO) systems but had yet to be extended to the 

Multiple Input Multiple Output (MIMO). 

Thus this thesis investigates a number of tuning methods in order to determine their 

practical characteristics by implementing them on a physical system. Following an 

extensive literature review, Iterative Feedback Tuning was chosen as the method to 

investigate. It is a relatively new method in process control and has the potential to 

become very popular in industry as noted in the recent paper by Lequin 0, Gevers M, 

Mossberg M, Bosmans E and Triest L [5]. The main reason is that one does not need to 

know the model of the plant in order to design the parameters of the controller for that 

particular plant. 

Objectives of the thesis 

The main objective of this thesis was to investigate the Iterative Feedback Tuning (IFT) 

algorithm by applying it to a physical system. The system chosen was a DC motor since 

the literature review revealed that the IFT algorithm has not been tested on the DC motor 

configured for speed feedback. The IFT is closely related to the well known Model 

Reference Adaptive Control (MRAC) in that both are non-parametric methods that 

minimize a quadratic cost function that measures how closely the response of the 

controlled system matches that of a desired closed loop model. To provide a means of 

evaluating the IFT method against an existing technique the research started by 

implementing the MRAC on a DC motor. The experimental results were compared to 

those obtained from digital simulation studies. In the case of IFT, the structure for a 

feedback control for both one and two degree of freedom controller was investigated and 

specific equations were derived for a DC motor. Based on this the IFT algorithm was 

implemented and tested for the one degree of freedom controller while the MRAC was 

tested for a two degree of freedom controller. 
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Scope and limitation 

The one degree of freedom controller was chosen for implementation of the IFT 

algorithm on a DC motor because of its simplicity as will be explained later. This method 

is relatively new (See reference [15], dated 1994) and has been used for a variety of tasks. 

For example: In 1998 it was used in the tuning of a linear time-invariant MIMO system 

[13] whilst in 2002 it was used on the tuning of controllers for a two-mass-spring system 

with friction [ l]. It has also been applied to a magnetic suspension system [2], to the 

optimization of nonlinear systems [3] and the estimation of controller parameter 

sensitivity function [4]. 

Historical background 

The IFT method was proposed in the mid nineteen nineties see [13, 14, 15, 30] although 

the idea of it has been there for decades [22, 31] in the sense that it derives from Model 

Reference Adaptive Control method. 

Plan of development 

The literature review of the IFT algorithm follows in the next chapter. Chapter 3 

investigates and applies the MRAC gradient approach to a DC motor. Chapter 4 deals 

with the derivations of the IFT equations for a one degree of freedom controller. The IFf 

algorithm is applied to a DC motor in chapter 5 for a one degree of freedom controller. 

Chapter 6 shows the simulation for IFT one degree of freedom controller and the 

comparison between the simulation and the actual experimental results for a one degree 

of freedom controller is given. In order to verify that the minimum oft he criterion is 

produced by the IFT algorithm, the criterion minimization is investigated finiher in 

chapter 7 and the controller parameters for which the criterion is a minimum are 

determined. The inertia of the load for the DC motor is changed to verify that the 

algorithm works properly and can track process changes. The conclusions are drawn from 

the study and future developments are listed in chapter 8. For completeness and ease of 
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reference the theory behind the IFT method is presented in appendix 2, and includes the 

derivation of IFT equations for the two degree of freedom controller 
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Chapter 2 

Literature review 

2.1 BACKGROUND 

Based on the stated problem from the mineral extraction industry the initial aim of the 

research project was to survey the literature with a view to establishing the status quo in 

respect of automatic tuning methods for controllers, especially those encountered in an 

industrial setting. From this understanding the latest, most promising method was to be 

investigated in depth and to be applied to a laboratory installation in order to quantify the 

practical aspects of its application, such as algorithmic complexity, real-time operation, 

and more. 

2.2 RESEARCH OBJECTIVE 

The websites www.scirus.com and www.google.com were the main search engines used 

for researching the literature electronically (The former mainly for papers and electronic 

journals while the latter for useful web pages). The University of Cape Town Library's 

three departments namely, the loans desk, interlibrary loans and short loans centre were 

used to search for relevant books and journals. 

The search revealed that the adaptive control methods had been known since the 1950s 

(22]. Recent literature indicated that the Model Reference Adaptive Control (MR.AC) 

method had been superseded by a newer, non-parametric technique for tuning controller 

parameters - A technique known as iterative feedback tuning [8]. The method appears to 

have originated in the research work of Hjammarsson et Al [ 15] in 1994. International 

interest in the new method had been intense as indicated by the number of hits returned 
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by the two electronic search engines. Table 2.1 shows the number of journals and web 

pages that were found by the Scirus search engine using various key words as indicated. 

Table 2.1: Scirus search results 

Kev words No of Journals No of web oa,zes 
"Iterative methods" 5070 22 805 
"Iterative feedback methods" 65 280 
"Iterative feedback control" 65 317 
"Iterative feedback tunim?'' 22 100 

Table 2.2 shows the number of web pages that were found by the Google search engine 

using the same key words. 

Table 2.2: Google search results 

Keywords No of web oages 
"Iterative methods" 153 000 
"Iterative feedback methods" 9 
"Iterative feedback control" 24 
"Iterative feedback tuning" 410 

Table 2.2 shows the number of web pages that were found by using key words of the 

research topic. 

The large number of hits achieved from the key words "Iterative methods" from both 

www.scirus.com and ~ illustrates that the concept of iterative method is 

been there for a long time. As the key words become specific the hits are narrowed, for 

example the key words "Iterative feedback tuning" produced only 22 hits on the 

www.scirus.com website. This implies that the IFT algorithm is very recent. Most of the 

22 journals produced by Scirus are dated post the year 2000. The majority of the journal 

papers were produced by the Control Engineering Practice (CEP) while IEEE produced 

the least and Automatica produced some where between the two. 

With both Google and Scirus the keywords "Iterative method" produced papers and 

webpages dated from the nineteen sixties to the nineteen nineties, while most of the 
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results from the keywords "Iterative feedback tuning" are dated late nineteen nineties and 

early two thousands (when this project was initiated). 

2.3 LITERATURE REVIEW 

At the start of this project the special section on algorithms and application of Iterative 

Feedback Tuning (IFT) published by Control Engineering Practice (CEP) in 2002 was 

used as the initial source of literature material. In addition Automatics and various IEEE 

Journals produced other papers on Iterative Feedback Tuning method and its applications. 

In the Control Engineering Practice (CEP) journals of 2002 there are many papers on the 

application oflterative Feedback Tuning (IFT) algorithm- See (1, 2, 3, 4, 5, 6, 8, 9, 10]. 

These are now discussed in more detail: 

The IFT algorithm was applied to tune controllers for a two-mass-spring system with 

friction in [l], and tuning of controller with application to a magnetic suspension system 

in [2]. Iterative controller optimization for nonlinear systems described in (3], and the 

signal convolution method was used for estimating the controller parameter sensitivity in 

[4]. Iterative Feedback Tuning of PIO parameters were compared with classical tuning 

rules in [5], and the decoupling controller for a 2x2 system was tuned using Iterative 

Feedback Tuning in (6]. A special section in [8] dealt with algorithms and the 

applications of IFT algorithm, while in (9] Iterative Feedback Tuning is applied to 

internal model controllers. The IFT method presented in [ 1 O] shows how the parameters 

of a frequency domain controller are tuned. 

Since the IFT algorithm was proposed in 1994 it has been shown to work well when 

applied to various systems. For example, in (l] the algorithm was shown to be very 

successful in controlling the mass-spring system's position under heavy friction where a 

two degree-of-freedom IFT controller was applied to a servo system. Two strategies were 

adopted in order to deal with this heavy friction: The one is to separate the tuning of the 

feedback and feed fonvard controllers and the other is to employ the Broyden-Fletcher-
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Glodfard-Shanno (BFGS) method as a quasi- Newton method into a parameter update 

law. 

In [2] the IFT algorithm was used to tune controller parameters based on the correlation 

approach. This was done by making the output error between the desired and the 

achieved output response uncorrelated with the setpoint signal. By doing this the IFT 

method can be used as an objective technique for controller tuning. In [3] the data-driven 

model-free control design method that was proposed by Hjalmarsson in 1994 was 

extended to a case where both the plant and the controller are allowed to be nonlinear. In 

this paper it was shown that one can obtain an estimate of the gradient experimentally by 

using the actual system with slightly different setpoint signals. The IFT method proved to 

achieve a fast response to setpoint changes. faster settling time as well as less overshoot 

in [5] compared with other classical PID tuning method namely: The Ziegler-Nichols 

(ZN) tuning rules, the internal mcxlel control (IMC) method and the integral square error 

(ISE) method. 

The herative Feedback Tuning algorithm was applied to internal model control (IMC) 

and Smith predictor in [9]. In this case the algorithm was altered by doing four 

experiments instead of three to accommodate the tuning of the Smith predictor. 

The Automatics journals over the period 1995 to 2003 contained three papers on the 

application of IFT algorithm [7. 11, 12]. In [7] the relay auto-tuning of PID controllers 

using Iterative Feedback Tuning was applied to a process control problem, in which the 

PID controller was auto tuned to give specific bandwidth and phase margin using an IFT 

scheme. The algorithm was tested in the laboratory on a coupled tank and the theoretical 

results were demonstrated to be observed in practice. The paper in [ 11] introduces a 

model free tuning algorithm that is based on frequency domain properties of the closed 

loop system's signals. The scheme used for this paper exploited the feature of the 

Iterative Feedback Tuning method. 
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The iterative identification scheme was applied to a sugar cane crushing mill in [12]. This 

paper examined the Zangscheme iterative identification and controller design as applied 

in a modified form to a sugar cane crushing mill. The selection of excitation and data 

filtering for model identification is done by using the connections between identification 

and robust control design. 

The Iterative Feedback Tuning scheme was used to tune controllers for linear time 

invariant (LTI) multivariable system in [13] where the algorithm was applied to a 

laboratory model of a helicopter. As mentioned previously the paper in [15] by 

Hjammarsson presents one of the first publications of the Iterative Feedback Tuning 

method in 1994. 

It has since been applied for a variety of tasks from the simplest like optimal tuning of 

simple PID controllers [5] to more complex tasks like systematic design of controllers of 

increasing complexity. From the literature survey it was noted that application to a DC 

motor bad not previously been considered in detail. Since the DC motor is an important 

electrical engineering device and has dynamics that are very dependent on its loading it 

was chosen as the system on which to evaluate the IFT method. These results would give 

a good indication of the potential of IFT for engineering applications in the mineral 

extraction industry. In particular aspects such as the effect of its parameters, and the cycle 

time of its algorithm were to be investigated. 

The IFT method was developed to solve most of the problems experienced in industry 

concerning model identification. In the control industry many problems can be expressed 

or cast in terms of a cost function. To be able to find the solutions to these optimiz.ation 

problems the details of a plant's model need to be known [14]. In most industrial cases it 

is very difficult to model a plant and its disturbances in detail and as a result it is hard to 

obtain the best performance from the controller used. For this reason Iterative Feedback 

Twiing method was developed. The input - output data design methods have been 

proposed and suggested by many researchers including Hjalmarsson. The advantage of 
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these methods is that they do not depend on the model of the plant. They utilize the input 

- output data only. 

The IFT algorithm is based on iterative tuning of the controller parameters along the 

gradient direction of a given cost function. Tuning of controller parameters based on 

experimental data is a procedure that has been very actively researched of late. In [16, 17] 

the introduction of data identification is dealt with and, [ 18, 19] shows other surveys that 

de.alt with iterative identification prior to the proposal of the IFT algorithm in 1994. IFT 

method can directly tune the controller from experimental data and the algorithm's 

method draws on the ideas from Model Reference Adaptive Control - See [15). 



Chapter 3 

This section analyses, presents and applies an MRAC to an actual system before applying 

the IFT algorithm because the concept of using experimental data for model identification 

originates from MRAC. This will allow a comparison between the two methods to 

provide a motivation for the selection of one over the other 

3.1 ADAPTIVE CONTROL 

Adaptive control is a method that is been in existence for decades and this section of the 

dissertation is mainly referenced from the book Adaptive Control by KJ Astrom and B 

Wittenmark (1989) [22] that deals with MR.AC systems. 

When something adapts that means it changes its state or behavior in order to fit the new 

specification or circumstances. Model Reference Adaptive Control, is one of the main 

approaches to adaptive control. ( Another is STR or Self-Tuning -Regulator) 

For instance an adaptive regulator is a regulator that can modify or change its parameters 

and hence its behavior in response to changes in its process dynamics and disturbances 

[22]. A controller should be able to modify its signals due to changes in loop dynamics 

and disturbances, and this is the reason why feedback control was introduced. The 

adaptive controller does this but also modifies its parameter values for additional 

flexibility. 

Historically adaptive control systems were difficult to define as indicated in [22] that 

suggested the definition: "An adaptive system is any physical system that can be 
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designed with an adaptive viewpoint." In 1973 the term SOC (or Self Organizing 

Control) system was introduced but was not accepted by the control world. 

Until that point in time a meaningful definition for Adaptive Control which would make 

it possible to have a look at the regulator hardware and software in order to decide if it is 

adaptive or not had still not been found [22}. 

3.2. MODEL REFERENCE ADAPTIVE CONTROL 

The block diagram for a MRAC loop is shown in figure 3.1 (reproduced from [22]) and 

illustrates the basic principle of this algorithm. The desired performance is expressed in 

terms of a reference model, which gives the desired response y,,. to a setpoint signal uc. 

The system also has a feedback loop composed of a regulator and a plant. 

,...,. 3.1: Block...,._ for the MRAC system 122] 

Figure 3.1 consists of two loops: The inner and the outer loop. The inner loop provides 

the ordinary control feedback while the outer loop adjusts the parameters of the regulator 

in the inner loop. This MRAC method makes the assumption that the inner loop is faster 

than the outer loop, (i.e that the variables in the inner loop changes more rapidly than the 

parameters in the outer loop [22]). 
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Whitaker and his team originaliy proposed the model reference adaptive control in 1958, 

and further work was done on the method in the sixties and seventies. Whitaker 

introduced two ideas on the method [22], which are: 

• A model specifies the performance of the controlled system. 

• The parameters of the regulator are adjusted based on the error between the 

reference model and the system. 

Initially MRAC was derived for servo problems in deterministic continuous time 

systems. Later the ideas and the theory of MRAC were extended in order to cover 

discrete time systems and systems with stochastic disturbances [22]. 

The MRAC's analysis and design consists of three basic approaches known as the 

Gradient approach, the Passivity Theory approach and the Lyapunov Function approach. 

This dissertation focuses on the gradient approach method because it is related to the 

Iterative Feedback Tuning. 

3.2.1 The Gradient Approach 

The gradient approach method does not always result in a stable closed-loop system, and 

as a result the application of stability theory is an alternative method to use. The gradient 

method is based on the assumption that the parameters in the system change more slowly 

than the variables. 

The modelling error e,,, in figure 3.2 is the difference between the output response y of 

the actual system and the desired output response y,,, . The regulator has two degrees of 

freedom and contains two controller parameters, tO and sO , that are changed based on 

this error e,,, [22]. 
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Fl9uN 3.2: Th• block c:laGram olth• MRAC gradient approach 
method 1h0Ws the ayltem for the DC motor speed control 

The controller in the figure has the two loops associated with MRAC configurations: 

• The inner loop, which is an ordinary feedback loop consisting of the process and 

the controller 

• The outer loop, which adjust the controller parameters in such a way that the error 

em = y- y,,, is driven to zero 

The MRAC algorithm is applied to a DC motor speed loop in which the process transfer 

function is as follows: 

G(s)== _a_ ................................................... (3.1) 
l+sT 

The assumption is made that the DC motor model is a simple one-pole system. 
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Following the example in [22], it is assumed that the controller has the form shown in 

figure 3.2: 

u = tO * r - sO * y ............................................. (3 .2) 

The closed loop output response y of the process is: 

a*tO 
y=-----r ........................................ (3.3) 

I+a*sO+s*T 

The model-following error e,,. is defined as: 

e,,. = y- y,. ...................................................... (3.4) 

where y,,. is the desired output response: 

y,. = 1 +::r,,, r ················································· (3.5) 

Thus, using equation (3.3), (3.4) and (3.5), the error becomes 

a*tO am 
e"' = 1 + a * sO + s * T r - I + s * T,,. r · · · · · · · · · · · · · · · · · · · .. ·· (3 ·6) 

By comparing equation (3.3) and (3.5) the following controller parameter equations can 

be derived to give zero - error in equation (3.6): 

a *T 
tO = m •••••••••••••••••••••••••••••••••••••••••••••••••••••• (3.7) 

a*T,,. 

T-T 
sO = m •••••••••••••••••••••••••••••••••••••••••••••••••••••• (3.8) 

a*T,,. 

For the feedback gain sO to be positive the following constraint has to be satisfied: 

T >T,. 
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where T is the time constant for the actual model and T. is the time constant for the 

desired model. This will ensure that the desired model is faster than the process [22] as is 

also obvious from a root locus plot of this first order system. 

The sensitivity derivatives [22} are obtained by taking partial derivatives of equation 

(3.6) with respect to the controller parameters tO and s0 

ae,,, = a r ......................................... (3 .9) 
otO 1 + a * s0 + s * T 

oe,. a 2 *tO 
osO = (1 +a* sO+s* T)2 r ···································· (3.lO) 

Equation (3.10) can be rewritten by using the actual output response in (3.3) to give the 

following equation: 

:~ =C+a*;+s*T )Y··································· (3.11) 

Equation (3.9) and (3.10) or (3.11) cannot be used directly in an MRAC algorithm 

because not aJJ the parameters are known. In order to obtain realizable parameter 

adjustment rules approximations are required for the missing parameters [22]. 

To derive the approximation for the parameters it can be observed that the optimal value 

of the controller parameters s0 is: 

I +a* s0 + s * T = I+ s * T,,, ................................. (3 .12) 

The next equation for updating the controller parameter can be derived using the 

approximation stated above: 
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~O = { I +s'•r. y J-, ..................................... (3.14) 

In equation (3.13) and (3.14) r is the adaptation gain, and the convergence rate depends 

highly on this parameter [22]. 

Figure 3.3 shows equation (3.13) and (3.14) in block diagram format. This is for updating 

the controller parameters s0 and tO, to make sure the error e,,. is driven to zero. The 

controller parameters tO and s0 get updated at every iteration towards the best value 

without ever having to break the loop. The Model Reference Adaptive Control's gradient 

approach influenced the design of the next method known as Iterative Feedback Tuning. 
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figure 3.3: The block diagram or the MRAC gradient approach mettlod wtlh the regulator 
parameters updating 

3.2.2 Application of MRAC gradient approach method on a DC motor 

The MRAC method has been applied to a DC motor before - See [23, 24, 25, 26]. In [23] 

the MRAC is used for integrator control for precision positioning, in [24] the influence of 

parameters and structure of PI-type fuzzy-logic controller on a DC drive is applied. The 

multirate adaptive optimal control is applied to a DC motor in [25] and MRAC of air­

lubricated capstan drive for precision positioning is applied in [26]. 

In [23] the single integrator controller is used to reduce the effect of friction so that good 

performance in precision positioning systems can be achieved. This paper proposed a 

double - integrator control in which two integrators are used to improve controller gain at 

lower frequencies. The double integrator was tested for precision positioning of an 
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aerostatic slide system in the presence of friction. The paper in [24] presents in detail the 

properties of the de drive system with a fuzzy-logic speed controller in the presence of 

varying drive system inertia. The influence of the parameters and structure of a PI - type 

fuzzy controller on the dynamics of speed control was tested in the presence of 

disturbances caused by the varying inertia load torque. 

The paper in [25] presents the implementation and theory of multirate adaptive optimal 

control system. This is done by combining the concept and theories of a multirate system, 

adaptive as well as optimal control. The real time control system is then studied with a 

number of simulations and control experiments using de motor. 

The MR.AC gradient approach method was applied in this thesis to the DC motor for a 

speed control loop as this method was not found to have been applied to a DC motor for 

speed loop control before. The purpose of this application was to investigate how the 

MRAC gradient approach method will behave in practice in order to give a base case 

against which to compare the IFT method. In particular the research investigated various 

practical aspects such as how updating of the parameters would affect the system, how 

measurement noise would effect the system and whether there were any additional 

practical problem that the basic theory in [22] did not highlight. 

19 



3.2.3 THE MRAC PROGRAM 

The program for the MRAC algorithm is written in Visual Basic and the main code statements are explained line by line: 

Table 3.1 Overview of the MRAC code 

COMPUTER CODE DESCRIPTION 

ts = Timer2.Interval I 1000 Toe sampling time t. 

Tm =1 The time constant T,., 

am= 1 The de gain a,,. 

gama = 0.2 The positive real scalar A 

p = Exp(-ts I Tm) Simplifying variables 

q = Exp(-am * ts) Simplifying variables 

rta(j) = sgGenerator(rGen, Plot _t) Compute the setpoint signal r, 

ysOt = ((1 - q) • yt + am * q • ysOt) I am Simplifying variables 

ytOt = ((1 - q) * rt + am • q • ytOt) I am Simplifying variables 

sOt = sOt + ts • gama * em • ysOt Calculate the updated parameter 

tOt = tOt - ts • gama • em * ytOt Calculate the updated parameter 

ut = tOt • rt - sOt • yt Calculate the input signal u 
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COMPUTER CODE DESCRIPTION 

ymt == (1 - p) • am • rt + p • ymt Calculate the desired output response y,. 

em= yt-ymt Calculate the error between the actual and the desired output response 
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rhc \,!RAC described in scclion 3.2. l was coded in Visual Basic and it w:,s 1.exccuted on 

~ PC in th~ Control and lnslrumcnlation Laboratory. The experim<'nlal data rnllected 

during a typical run are shown in figure (3.4). 
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Figure 3.A~ The results from the MRAC gradient appro~~h me,thbd on a de nlotor 

The graph labclc:d I in tigure 3.4 shows the input signal II in black giwn by equation 

(3.2) and the error signal e,., in red gh•en b}° equation (3.4). (iraph 2 shows the actual 

output respome y in blue as well as the selpointr in red, while! graph 3 shows the 

desired respon,e y,,, in red a.s well as the sctpni nt r in black. Last I y graph 4 shows the 

desired response y,. in red and the actual response y io blue. 

The s1ca1ly state error e,, in graph I achicvctl the o~ieclive or the MRAC gradient 

approach method, namdy that th<' error <',,, be driven to :tero as i!lustratc,J in graph 4. The 

actual output response y tracks the selpoint r perfectly m stcatly st.'lle after a settling 

Lime of about 5 seconds. l )nfortunately there is an overshoot of approximately 60% 
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whenever the setpoint r changes. This was not predicted by the theory presented in the 

textbook (22]. 

It is extremely unlikely that the overshoot is due to any random event such as noise or 

disturbances since the overshoot is absolute consistent in each step response. As noted 

later in section 3.2.5 the overshoot is caused by assumptions made in the basic theory. 

The implications of these are that the MRAC gradient approach equations do not 

represents the physical motor system adequately. 

3.2.4 The simulation of the MRAC gradient approach method 

This section uses the Simulink simulation to investigate the reasons for the unexpected 

overshoot that was observed in figure (3.4). 

The figure for the simulation of the MRAC gradient approach is shown in figure 3 .5 

,t 

Fls,ure 3.45: Th• simulation ofdM MRAC 9radlent •prHoh method 

It is important to note that the simulation has been configured to allow offsets on both the 

input and the output variables. In the initial simulation results these offsets are zero as 

required by the basic MRAC theory. 
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The following se,:lion shows lhc resulls obl:tine<l from the simulation of MRAC 

algorithm produl'.e<l by the schematic shown in figure .l.5 under such conditions 

- - --- -

, ·r "f;'!EJ 
----- -- . -

figure 3.6: Th.,. sinmlatinu nr thP ~r.tual nutpul. TP<pnn,,. 

The acrual ou1pu1 response y w a square wave; setpoint is shown in figure .l.6. As 

predicted by the theory, no overshoot is obs,;rvc,i in the simulation responses. 
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, , m lllr-1 £3 

Figure 3.7: The simulation of the desired output response 

Figure 3. 7 ~hows lhe desired output. re$ponse as prcdk1cd by lhe lhl.lC,ry, thi~ signal is 

almost idenlical 1.0 lhe one produt:cd in the n,al ~xp<'riment shown in figure 3.4 graph J 

Figure 3.8: The simulation of the input signal 
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Th~ input ,ignal 11 as predictt:tl by th•· th<.:ory is shown in figure 3.8. it has an (>Wrshoot 

approximately J ()% while the one produced by the real experiment in ligure 3.4 has 

approximately 25% overshoot. 

' = ~~D 
. - - -- -- - . 

Figure 3.9: The simulation of the error signal 

Figure 3.9 shows the error signal t:,, as pro,luccd by the simulation, and it is a.~ expected 

because Lhe design ancl actual outpttt response are equal. 

3.2.5 The phJ•sirn I ~1•sfcm 

The next section CXfllains the difference between the real system and the theoretit'al one. 

It was ohserved in section 3.2. I that the actual output response y had an overshoot sec 

figure (3.4), which ,~as not expected according 10 the simulation of the output response 

see figure 1_3.5 j. A possible reason behind this could he due to the signal offsets u. and 

i;, that exits 011 the input and output response of the real system as shown in figure 

(3.10), which more precisely represents th<.: cornplct<.: ,liagrarn of practical system. 
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Figure 3.10: ih• block diagram of\h,; real •v•tem of tho MRAC gradiMt>pproach m~thod 

The ,·fl,:cls lhat thcs~ orr.~~ts have on th,: MRAC l!quations ar<! readily deduced from the 

original equations, given in a hove. firstly the controller in figure 3. 10 has the fonu: 

II = (0 * r - s (J ~ y- sQ ·• );, - fi ,, ... . , ..... ....... , ..... , ... . ..... . .... ,.,. .. ..... , ........... (3. 15) 

The clos~d loop actual output response y is: 

., . .. . .. . ........................ . . ...... (3. 16) 

The real system output r~spons,, is given by: 

r = y.., J~ ...... ........................... . ....... . . .. .. .... ........ ........ . .. ... .. ............ (:1.111 

suhstituting ~quation (.1.16) into C:.17) giws th,· following ,:.1u,1tion: 

. a" 10 * r - u "Uc + Y,, ,. ( I + s * T) r a,----~~---.... 
I -r u • sO + s * T 

The model-following error e,. i, ddin,d a,: 

... .............. (.3. 18) 

em==}' - ) ',,v •··•··••• • ••••·• •• ••·•••·••·•••• • ••• •• •• • ·• •••• •• • ••••· 
. .......... .. ......... (\.I'}) 

whrn: y,, is the ,lcsircd output r,sponsc given by <!quation (.>.5) 

Thus. using equation (3.18). (3.5} an,! (3.19) the errnr hecomes 
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a • tO • r - a • U + Y, * (1 + s • T) e = o o 
"' l+a"'sO+s*T 

a,., r ..................................... (3.20) 
l +s*T. 

Since the inputs signals U0 and Y0 are independent of the controller parameter tO and 

sO , the sensitivity derivatives are obtained by taking partial derivatives of equation 

(3.20) with respect to the controller parameter tO and sO 

oe -a*(a*tO*r-a*U +Y: *(l+s*T)) os~ = (1+a*s0+os*;)2 ........................................... (3.21) 

oe. = a r ...................................................................... (3.22) 
otO l+a*sO+s*T 

The sensitivity derivative with respect to the controller parameter tO is the same as 

obtained in equation (3.9). 

Equation (3.21) can be rewritten by using the real actual output response Y in (3.18) to 

give the following equation: 

oe -a* y 
_!!.,. = ----......................................................................... (3.23) 
osO l+a*sO+s*T 

The gradient of the controller parameter tO and sO are independent of the desired model 

a,., respectively hence the following equation can be written: 
l+s*T. 

oe,,. 8Y 3 4 - = - ....................................................................................... ( .2 ) 
osO osO 

oe. BY 
otO = otO ........................................................ · ..... ·. · · · · · · · · · · · · · · · · · · · .... (3-25) 

where Y is the actual output response from the real system and is given by equation 

(3.18) 
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Figure 3.11: The ~imulation of th@ rul syst~m with offsets 

Figure 3.11 shows lhe simulalion of lh<' s~h,,matic in ligure 3.9 for the followin~ selting: 

The offsets U0 = l.00 an,1 )~ = :l.00. wi1.h these offsets the simulation illuslrate lhc 

results obtained from lhe experiment. 

The observa1ion in ligure 3.1 1 shows the overshoot experienced in the experiment. whi~h 

the theol)' from f~2l did not <.:ov~r. The overshoot ~xperi<.:nc~ by rhe actual output 

response y ~oultl not h..: reduced hence IFT algorithm was suggest~d. 



Chapter 4 

Iterative Feedback Theory for a Single Variable System 

For easy of the reference the general IFT theory is given in appendix 2, and will be used 

to develop a one degree of freedom system in this chapter. The one degree of freedom 

controller was chosen for IFT application to a system, while the two degree of freedom 

controller was chosen for MRAC application for this dissertation and the system chosen 

is a DC motor configured for speed control. 

The one degree of freedom of controller was selected for its simplicity in that only two 

experiments need to be run on the system instead of the three required in the case of the 

two degree of freedom controller ( for reasons that are explained in appendix 2). The type 

1 or PI type controller was chosen for the application of the one degree of freedom 

controller because it is widely applied to industrial problems. 

The DC motor system used in this experiment is not subject to any disturbances, 

therefore the design was modified from the general two degree of freedom figure in 

appendix 2 to suit the new situation. The DC motor does however contribute 

measurement noise to the system that is not accounted for in the theoretical equations in 

[14]. 
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4.1 IFT WITH ONE DEGREE OF FREEDOM CONTROLLER 

Ym 

f'l9ure ,.1: Block dlagrwn of a one d,g,., offi"Mdom controller In 
a cloNd loop ay...-n 

The block diagram in figure 4.1 shows the closed loop system of a one degree of freedom 

controller that is considered in this research on IFT. 

Let K be a type I controller, G an unknown model representing the plant and Td the 

desired model. 

K(z)= o-1(:~~)o ............................................................................... (4.1) 

As mentioned in Appendix 2 the IFT equations minimize a quadratic criterion. The 

detailed mathematics was obtained from the literature and is presented in Appendix 2 for 

completeness and ease of reference. The essential equations can be summarized as 

follows: 

In equation (4.1) above u 0 and u, are the scalar parameters of the chosen controller that 

need to be chosen to optimize the performance of the control system as defined by the 

quadratic criterion. These two parameters are elements in a vector of parameters. 

a= [u0 o-1 ]T . On the assumption that the noise and disturbances are zero the output 

response of the controlled system is given by 
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Y""c:;~x}"r ............................................................................... (4.2) 

Let T be the transfer function of the closed loop system and let S be the sensitivity 

function. These are defined as: 

G*K 
T=-- ...................................................................................... (4.3) 

l+G*K 

I 
S==-- ....................................................................................... (4.4) 

l+G*K 

Equation (4.2) can then be written as: 

y=T*r ····························································· ... , ................... (4.5) 

The modelling error in the IFT loop is defined as follows: 

e,. = y-y., ...................................................................................... (4.6) 

where y., is the desired output response given by equation (A2.2) in appendix 2 

4.1.1 Output signals for one degree of freedom controller 

Following the standard literature on the IFT algorithm the quadratic criterion J is 

represented by: 

1 N 2 

J = - re .. ··································· ............................................................. (4.7) 
2 I 

and the gradient of the criterion with respect to the controller parameters is represented 

by: 

a.I=-± e,,.. oe,., ················································································ (4.8) O(T I OU 
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As stated in appendix 2 the gradient of the error e.,., with respect to the vector of 

controller parameters u depends only on the actual response y and not the desired 

response y. . Thus the following equations provide the gradient for the cost function in 

terms of the elements of the controller parameter vector: 

ae,. =~ ....................................................................................... (4.9) ocr0 ocr0 

oe. = 0' ...................................................................................... (4.10) 
OCT1 OCT1 

In order to determine the parameter that minimizes the quadratic criterion in equation 

( 4.8), one needs to find the derivative of oe • . This is equal to oy , because the desired ocr ocr 
model Td is a constant and hence independent of the controller parameters (er). As 

shown in appendix 2 the required gradient becomes: 

---* ~--~ *---* ---- *-oy I ( G * K * r ) oK I ( G2 * K 2 * r) oK 
ocr - K (l+G*K) ocr K (1+G*K)2 ocr······················ .. ·········<4.IO) 

By substituting equation (4.3) and (4.4) into (4.10) the derivative can be rewritten as: 

oy =-l •°K •[r•r-T2 *r] ................................................................ (4.ll) ocr K ocr 

Thus equation ( 4.11) is a simplified version of ( 4.10) and is the one that is used in the IFT 

method to adjust or tune the controller parameters. 

In the general two degrees of freedom IFT controller, three experiments are needed in the 

algorithm but this is a one-degree of freedom controller so as explained in appendix 2 

only two experiments needs to be generated. 
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Thus only two N - length setpoint signals are needed, rJ> where i = 1,2 . The 

corresponding output signal is represented by: 

rJ> = r, y<1> = T * r .................................................................................... (4.12) 

rJ2> = ~y> - y(I>), y<2> = T*b(I) - y(l>)=T* r -T2 * r .................................. (4.13) 

It can be observed that the signal y<2> generated in equation (4.13) is exactly what is 

needed in equation (4.11), therefore equation (4.11) can be rewritten as: 

ay _ _!_ oK (i) 
- y ······················································································ (4.14) ou Kou 

In this application the controller parameters form a 2-vector hence o- = [ o-0 o-i], the 

criterion minimization in equation ( 4.11) readily determined and the update of the 

controller parameters is given by the following equations: 

a.I a.I 
O"oj+I :::: 0"0 -r * 'i,---r * 'i2- ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• (4.15) 

oo-0 oo-1 

a.I a.I 
0"1,., :::::o-, -r* 7 21 ---r* 7 22 -- ......................................................... (4.16) 

00" 0 00"1 

These two equations are derived from the general one given in equation (A2.12) in 

appendix 2. The constants 'ii, 'ii, r21 and r n are the elements of the matrix R i given in 

equation (A2.12) in appendix 2. 

4.1.2 Inpat signals for the one degree of freedom controller 

From the IFT control loop shown in figure 4.1 the process input is obtained from the 

controller as shown in the transfer function equation: 

u = K*(r-y) ................................................................................... (4.17) 

The closed loop transfer function T given by equation ( 4.3), the sensitivity function 

S given by equation (4.4) and expression for the response given by equation (4.5) can be 

used in equation ( 4.17) to produce the following expression for the process input: 

u = K*S*r .................................................................................... (4.18) 
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By generating the two actual output response signals, / 1
> and / 2

> in equations (4.12) 

and (4.13) the corresponding two inputs signal are the following: 

u(i) = K * S * r ................................................................................... (4.19) 

u(
2
> =K*(S*r-S*T*r) ................................................................... (4.20) 

where K is a controller given by equation ( 4. J) 

The gradient of the input with respect to the controller parameter vector sigma (u) is 

given by: 

ou =-1 ,..aK *u(2> .••.••.•..•....•.•••.•.••.••...••.•••.•.•••••.•..•.....•••.•••••••.••.•••.•• (4.21) au K au 
Since the controlJer parameter sigma (u) is a vector, equation (4.21) can be defmed 

further with respect to CT I and CT 2 respectively. This produces the two input-response 

gradients: 

a~O =(CTI* :+CTo) *u(2) •...••.••••.•.....•...•••...••.........•.•.•.....•.••••••..••.•..••..• (4.22) 

ou _ z * (2) 
au,-(u1"'z+uo) u ················································· ...................... (4.23) 

Similarly the output response's gradient with respect to the controller parameter (u) in 

equation (4.11) can be rewritten further in terms of the controHer parameters u 0 and CT1 
respectively: 

a~O = (ul ,fl:+ O"o) * y(2) •••. • • ... • ...•• •. •. •. • • • .... • •. • ................. •. • .•. •. • ••. • .. • • • • •• (4.24) 

a!, = (ul * zz+ O"o) * y<z) ..................................................................... (4.25) 
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4.1.3 Summary of the IFf one degree of freedom controller algorithm: 

With the given two-parameter controller K operating on the DC motor system, the 

signals y<1> and y<2> given by equation {4.12) and {4.13) 

r<1> = r (I) - T * 
J ' and Y - r Experiment # I 

rJ2> = ~}') - / 1>) and y<2> = T * ~}') - / 1> )= T * r - T 2 * r Experiment #2 

are the measured responses of the controlled motor system to the setpoints /t) and / 2). 

Once these experiments have been run the output gradient signals oy , oy given by 
ouo oui 

equation {4.24) and {4.25) 

By = 1 * y<2) 
O<To (0-1 * z + <To) 

oy z * y<2> 
au, = (0-1 ,i, Z + O"o) 

are computed by the IFT algorithm using equation { 4.8). The gradient of the criterion 

a, can be computed in terms of controller parameters u 0 and u 1 respectively. 
OCT 

a, N 01 -=-Le "'­au J m au 

Once the gradient of the quadratic criterion has been estimated, the next controller 

parameters u 0 and o-1 are updated recursively using equations {4.15) and {4.16) 

respectively. 

The R matrix used in these parameter equations is either the identity matrix or the matric 

computed from equation {A2.3 l) 
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that needs both the output and the input gradients with respect to the controller 

parameters. The latter are obtained from equations (4.22) and (4.23) 

4.1.4 Summary of the IFT parameten 

The following table shows all of the IFT parameters used in this research and their 

purpose in the algorithm. 

Table 4.1: IFT parameters 

Tbe parameters Tlteir role in the algorithm 

A, This is the weighting factor and its role is to scale the second term 

in the matrix R1 given by equation (A2.31). The user determines 

this parameter. 

r The constant r is a positive scalar that sets the rate at which the 

algorithm will converge. The user determines this parameter. 

N The finite length N is the length for algorithm iteration. The user 

determines this parameter. 

u 0 and 0"1 The controller parameters. This parameters are determined by the 

IFT algorithm thought the initial values are set by the user .. 

t This is the sampling time for the duration of each experiment, it is 

important as it gives the signal enough time to settle before the 

next experiment takes place. The user determines this parameter. 
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Chapter 5 

An Applications for the One Degree of Freedom IFT controller 

Having presented the theory for two -parameter one degree of freedom controller in 

chapter 4, it is now applied to a DC motor. The IFT algorithm has being applied to a DC 

motor in [4] where it is used in conjunction with a signal convolution method for 

estimation of controller parameter sensitivity functions. The reason for using the speed 

control of a DC motor on which to evaluate the IFT algorithm are that it is available in 

the laboratory and has parameters that can be varied in order to explore the parameter 

tracking ability of the IFf controller. 

The reason for applying the one degree of freedom controller is its simplicity, and the fact 

that the sensitivity of the actual response of the physical system to modeling error, 

disturbances and load changes has not been considered in previous literature. As 

mentioned before only two experiments are required in this instance while three are 

required for a two degree of freedom controller. 
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Figure 5. 1 i~ a picture of tho.; DC motor (S.,rvo motor) used for the ~pp!icatio11 of the !FT 

one dcgrc..- of f!\:(edorn wntrnller. 

:U APPLICATIO~ OF WT H>R 01\E OF.GRF:F, OF FitEEDOM CONTROLLE!t 

TO A nc -"lOTOR 

Figure 5.1: The picture of DC motor 

The DC motor used in this research for the MRAC and IFT methods consists of the 

following apparntus: 

• Pre - amplifier uni! 
• Attenuator unit 
• Op /\mp un it 
• Input poi unit 
• DC rnot0r 
• Reduction Gear Tacho uni! 
• OutpUI pol \Hli I 
• Servo Amp I il,er 
• Power supply 
• A nalogiDigiral Converter 

• Digital \llultimctcr 
• PC or Computer 



The AID system used was a Data Translation DT2801 (or DT302). Its range is set to -10 

to+ 10 [V] with a 12-bit resolution giving 20[V] for a 4095[Count] range. The DC motor 

is a +/-15[V] system so the experiments had to ensure that the range of the Data 

Translation card was never exceeded. 

5.2 EXPERIMENT 1- IFf CONTROL OF THE DC MOTOR 

The next section shows the results from the application of the IFT algorithm for the one 

degree of freedom controller. The starting values for the controller parameters u O and o-1 

were chosen after a test step with random amplitudes on the DC motor in which it was 

found that the motor operate better at low values of the controller parameters. When the 

controller parameters approach or exceed the value of 1 the output from the motor speed 

control becomes unstable. Hence the following starting values were chosen for the 

controller parameters. 

5.2.1 Conditions for the eiperiment: 

• The controller parameters starting values 

U 0 = 0.03 

u, = 0.03 

• The matrix R 1 

The matrix has constant elements that can have any value as long as it remains a 

positive matrix [ 14] hence the 2x2 identity matrix was chosen. 

R, = [~ ~] ........................................................................... (5.1) 

The signals that were obtained when this IFT control was connected to the DC 

motor are shown in figure 5.2. 
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Figure 5.2: The experimental results of IFT Control of the 
DC Motor 

Oraph 1 on iigure 5.2 shnws error sign;rl ,:~ in red given by equation (J.6) and the input 

s ignal ,,(i/ in blue giv ,'n by c4uation 13.1 7), while graph 2 shows the setp<>int signal ,. 11 1 

in black and the actual output response sig11al .l' in red. (iraph 3 sh<>ws the desired 

output response y,., io blue with thc sclpoinl :signal r /i) . while graph 4 shows the dc,irell 

<>utput response y,. in blue with the actual 0111put rc,ponsc y<11 in red. 

For this experiment the sctpoint r Ul had an amplitude <>f2[vJ and period of20 seconds. 

The cl'tcct or changing thl" sdpoim lo I f\il and 20 f s] is illustrated by repealing the 

experiment, as shown in Fig.5.3. 
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Figur@ S.3: Th~ exp~rimental reiulU for lf'T contr-41 of the DC m4tor 
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,,, 
2 

Figure 5.4; The resuh:5' from the •xpu'in>•nt 1 for th~ IFT .algori1hm 

Figure 5.4 shows an cnlargcm<!nt of the first two gt3phs from lig,1rc 5.2. The input 

signal 11(, ; in blue and the error signal r.?,. in red art.: given in graph I. while graph 2 shows 

th~ actual output rt:spons<! y''' in r<!d togt:lh<!r with the setpointr c,) in hlack in 

cxpi;rimcnt l part of the !FT algorithm 



. ..!!l . , 
••,•~'Jf,•ll.,. 

"" r y-- -
' f ··= -~ "~ - >.Ip "!"' 

-~·-. ', 
~.?\ 

3 

' M ~~,..,..,,.. 

':)..--
.. r· -I _/ 11,-Ctl . ,.. ~ '1 .... 

v -- . ...,..___ 
·" ,, 

4 ---~-...... , ... - - --·----·-· 
Figur~ 5.5: Th~ r~~ults from the: e)(p~r)ment '1 for th~ IFT algorithtn 

Graph 3 in figure 5.5 shows I.he ,ksir.:cl output rcspons.: Ym in hltrc: at dw top together 

with Lile selpoint signal ru, in black, whik graph 4 in Jigure 5.5 labeled 4 shows lh.: 

cl.:sircJ output n:spon;.,; .•··,, in blue tog.:1her wirh th<: ;1ctual ou1put r.:spons<: _v0> in r"d. 

The Jirst observation from this experiment sllown in ligure 5.3 and 5.4 is that changing 

the amplitude of the setpoint r 11i did not thange \he outcome of the shape of the 11ctu11I 

output response_..!,) . Secondly the overshoot experienced by the actual output rcsp(>nse 

yl') is smaller than the one experienced in the MRAC algorithm y by comparison of thi: 

responses in tigures 2.4 and tiguri: S.S. 

S.3 RESULTS FRO,:\,I EXPERIMEl'\T 2 FOR THE OC ,10TOR 

Experiment 2 of the IFT algorithm uses the dl:lta that ,v.1s generated in exp.::rirn¢nt. I. For 

-,xample the setpoint ,,(~i for experiment 2 111us\ b.:: given by .::qu.nion (3.13). This is 

generated in experiment I and used in t!xperim,mt 2 and is sho"n in figure 5.6. One 

nc.::ds to 11Jak.:: sure that lhe sctpoint used in experiment ~ is exactly the one generat.::d in 

experiment 1. rile following figures silow that . 
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Figure 5.6: The r • y" graph from IFT's 11,xperiment 1 
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Figure 5.7: The rt graph from IFT's experiment 2 

Figure 5.6 shows the data gt'nera1ecl in experi ment I namely the diffe rence betwucn the 

se1point signal ,.t,; and the actual output response),l' l, while figure 5 .7 shows 1hc da1a 

used in expcrimc,11 2 as the sctpoint signal r(?>. The two signals in figure 5.6 and figure 

5. i ar~ identical Lherd"ore !he result~ produced by Lhu algori thm arc for the correct 

se.1.poi111 . 
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Figure 5.8 shows the signal, ob1ained lrom e:s.f)t'riment 2 run b~ the !FT algorithm. In lht> 

grarh labeled I is th<" , etroir1t signal r Pi i11 blue given hy equatinn (5.13) which is the 

tliff<.:rence between th<.: sctpoint signal r!1l arid the acr.ual outpur rcspons'-' y'-'i from 

cxpcrim<.:nt 1. Th<.: ourpur rcspons<.: y!ll from the second c.xperimt:nt is shown in red. The 

graph 2 in tig11ri; 5.8 shows rhc input signal ,,(2l in red tOg<'tht:r with th,; serpoint 

signal r'1) iri black. 
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Figure 5.9: th~ results from both Experiment 1 •nd 2 ofthe IFT •lgorithm 

This figure .5 . ') shows results for hoth experiment I and 2 for the !FT 3lgorithm when the 

matrix R
1 

is an identity mlllrix . Graphs lahded I to 4 :m~ frorn experiment I whi le graphs 

5 ro 8 arc from cxrcriment 2. 

Graph 7 shows the actu.11 output response y(zi for experiment 2 in red when the setpoint 

,signal ,. (:i in blue given hy equation (4.13) is applied to the sy>lem. Graph 7 also shows 

that the actual output response / 2l is zero ~\hen the actu:,I output response /'i from 

experiment I graph labeled 2 has tracked the set point signal r1'1 . This is so because the 

sctpoint signal ,.(•l to expel'imem 2 is the di ffel'ence between the setpoint signal ,.'• :• in 

expel'iment I and 1he actual output resrunse / ll . Therefore if / Ji and yi•J ore equal it 

means that the setpoint sig.,1al in t.h,.; second experinien1 rn) is 7,ero and henc.: the actual 

01.1ip111 response y 121 is also zero. 
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Graph 5 in figure 5. 7 shows the output gradient with respect to the controller parameter 

u 0 and u 1 , 0' in red and 0' in blue. Graph 6 shows the input gradient with respect 
ouo 8u1 

to the controller parameter u 0 andu1 , °" in red and au in blue. The equations for 
O<Y0 ou1 

these time signals are those given in equation (5.22), (5.23), (5.20) and (5.21) 

respectively. Graph 8 shows the input signal u<2
) in red together with the setpoint signal 

r<2> in blue. 

5.3.1 Ringing in the IFT Responses 

The double trace on some signals in graphs 5 and 6 of figure 5.9 were not expected from 

the theory of IFT system and were investigated in detail. This showed that they were due 

to the phenomena of ringing as demonstrated in the following section that deals with the 

ringing phenomena in the IFT responses. 

The z - plane is a useful tool in analysis of digital, sampled data systems. In particular 

the effect of pole-positions can be summarized by the diagram in figure.5.10 for real 

poles that show the position of ringing poles. 

Figure t5.10: Real pole position in the z-plane 

Specifically any poles on the negative real axis of the z-plane lead to the phenomena 

known as ringing. 
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An en larged vi~w of figure S.'> is gi-..cn in fi gure 5. 11 clear!)· shows the apparent double 

rracc in blue in graphs lat>ded :\ and 6. The· investigation showed that the ringing 

phcnornc-non re-suited from of the controller parameiers o-0 and u , having the same 
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• 
-000 

,. 

~ 

T 

' ' 
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6 

":,'_,jSIIIQt 

r,~ 
0a • . 

·, ,. 

1 

O•> '1cl,.fu0 

8 ' 

Figvrt 5.11: The re.suits trom experiment2 oft1,o lFT algorict,m 

With reference to equation 4.22, 4.2.1 4.24 and 4.25 poles for the J!<adienl transfer 

function of th<) input signal with r~spcct to 
cu 

the controller ran11neters · · 
Jo\, 

Ou 
and ·· - · . ;lS 

Grr, 

wdl as the- gradic-nl of the actual output rc-$pOnse with respc-ct to the contmll~r parameters 

system arc dc!ined by= = - ~ .'!. , In the ahovc- case- with the- starting .,., 
parameter,; set to be equal 1hi, mean,; that the poles are on the unit circle in the L-planc 

and on the negative real axis and hence thar the IFT will exhibit the ringing phenomena. 
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S.J.2 Varying the conlrnllcr pi,rnmctt•rs sigma <1
0 

and <T1 

I laving identified the cau.se of the problem noted with the WI' algorithm. the position of 

this ringing pole was mov~d by al!ering the controller parameters a,, and a,. as described 

in the next section. 
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' • ' ' ,JO.It ,.2.5 
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M ttu_r.1~·t0,t ..i.Jlctvlttl 

)l)IJ lS 

1 

fi9,u·~ 5.12: The- r•~ults from ttxpo,riment2 without th~ oscill:1tion(ringing) phenomena 

Figure 5. 11 shows thl.' resull< from e.xperimem :1 when the controller parameters 

have the ibllowin~ values a,, = 0.03 and 0'1 = 0.06 lhis place the pole z = -0.5. it 

can be observed !hat the ringing phenomena has disappeared, as can be seen in 

g.mphs 5 and 6. The IFT equacions are stable since the pole foils inside the unit 

circ le in the ,-plane and the transients due to the pole of magnilude 0.5 decay 

within six samples. 
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5.4 THE IFT PROGRAM 

The program for the IFT algorithm is written in Visual Basic and the main statements are explained line by line: 

Table 5.1 Overview of the IFT code Experiment 1 

COMPUTER CODE DESCRIPTION 

aljf) = alfl)z. Text Read the initial parameters 

alj1 = alj1z. Tex Read the initial parameters 

rta(j) = sgGenerator(rGen, Plot _t) Read the setpoint signal r , which is in a vector format 

yta(j) = yt Store the actual output response / 1
> 

etla(j) = rta(j) - yta(j) Store the error, which is the setpoint signal to experiment 2 

uta(j) = alj1 • etla(j) + aljD • etla(j) + uta(j - 1) Calculate the input signal u(t) 

ymta(j) = am • rta(j) - am • p • rta(j) + p • ymta(j -1) Calculate the desired output response y. 

emta(j) = yta(j) - ymta(j) Calculate the error between the actual and the desired output response 

ja = ja + 0.5 • emta(j) "'2 Do the summation of the criterion J 
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Table 5.2 Overview of the IFT code Experiment 2 

COMPUTER CODE DESCRIPTION 

rt= etla(j) Read the setpoint signal, which was generated and store from experiment l 

yta2(j) = yt Read the actual output response for / 2
) 

et2a(j) = rt - yt Calculate the error between the setpoint signal and the actual output response for 
experiment 2 

uta2(j) = alj1 * et2a(j) + aljV * et2a{j) + uta2(j - 1) Calculate the input signal u(2
) 

ut = uta2(j) Store the input signal 

dy _ dalft)t(j) = (yta2 (j) - aljD * dy _ daljDt(j)) I alf1 Calculate the output gradient with respect to the controller parameter u 0 

dy _ dalj1t(j) = (yta2(j) - aljV * dy _dalj1t(j - 1)) I alj1 Calculate the input gradient with respect to the controller parameter u1 

du_daljDt(j) = (uta2(j) - aljV * du_daljDt(j)) I alj1 Calculate the input gradient with respect to the controller parameter u 0 

du_dalj1t(j) = (uta2(j) - alft) * du_dalj1t(j- 1)) I alj1 Calculate the output gradient with respect to the controller parameter u, 

dy _ aljD _tot = dy _ aljV _tot + dy _ daljOt(j) Calculate the summation of the output gradient with respect to the controller parameter 

O'o 

dy_alj1_tot = dy_alj1_tot + dy_dalj1t(i) Calculate the summation of the output gradient with respect to the controller parameter 

u, 
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COMPUTER CODE DESCRIPTION 

du_aljD_tot = du_alf_tot + du_da/ft)t(j) Calculate the summation of the input gradient with respect to the controller parameter 

CTo 

du_alfl_tot = du_alf_tot + du_dalflt(j) Calculate the summation of the input gradient with respect to the controller parameter 

er, 

dj _ dalft) = dj_ daljD - emta(j) * dy _ daljDt(j) Calculate the criterion minimization for controller parameter er 0 

dj_da/fl = dj_dalfl - emta(j) * dy_dalflt(j) Calculate the criterion minimization for controller parameter er, 

rllt = ((dy_alf()_tot) A 2 + lamda * (du_alft)_tot) A 2) I 1000 When R1 is defined by (3.30), one needs to calculate the indexes of 

[rl I r12] R = , the next four lines this one included does that. 1 r2I r22 

r12t = (dy_alft)_tot * dy_a/fl_tot + lamda * (du_al/D_tot * 
du alfl tot)) I 1000 

r2Jt = ((dy_alfl_tot * dy_aljV_tot) + lamda * (du_alfl_tot * 
du_aljD_tot)) I 1000 

r22t = ((dy_alfl_tot) A 2 + lamda * (du_alfl_tot) A 2) I 1000 

a/ft)= a/ft) - (gamaz * rl 1t * dj_dal/D) I JO()() - gamaz * rl2t * 
(dj_dalj]) I 1000 

The calculation of the updating controller parameter er 0 

a/fl = alfl - (gamaz * r21t * dj_da/ft)) I 1000 - gamaz * r22t * The calculation of the updating controller parameter cr1 
(dj_dalfl) I 1000 
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Figure 5.13 shows the Graphic User lmecfoce (GUI) for the Vi;ual Basic code for the IFT 

algoril hm with all the parameters inputs depending on the user, it also shows amt plots 

the relevam .signals at ;;,very iterntion. 



55 BOl:NDARIES FOR THE CO:'ITROl.l.~:R l'ARAMETt:RS 

The nc,,t ~"'ction ,le!em,ines tht' domain of th~ controller parnmeters IT,, and IT1 for which 

lhe system is stahle, unstahle or osci llatory. l'his domaitl is predicted th<.'Oretic.1lly and 

verified experimentally. 

S.S.l The boundary as 1klim.-d l>y th1· real system exp,:rimentally 

The IFT algorithm assumes that one does oot know the syst"'m or plant that is bc:ing 

controlled. r-or thi~ sf'ction of the thesis however it is assum<1d that the plant i~ known in 

order to determine values ot' the controller p~,ramctcrs o-,, and <T
1 

that will give the best 

response for lhc DC mo1or. The be~t responst' is the one tha1 minimizes the quadralic 

criterion for 1he mNor. This provides a basi:, against which to compare the controller 

paramckrs produced by th'-' !FT algorithm. 

The tran,;fer funclion model for c.hc servo motor (DC molor) ,;ys1cm in open loop " •as 

found from step responst= data. 

This trat1sfer t'tmction i~ converted to ari cqui11atcn1 stcp-invari:inl pulse-uansfcr funclk,n 

by z-1ransforma1ion with a Zero- order Hol,I. Th.: r.:sull is given in lerms of the sampling 

time 1; 

1.01• [1 J·?;-:J . -, 
gh(z)= •·· •r······-,--]· • [1•]![1,] .. ..................... . ................. .... .. ...... ...... ().-'} 

I '• ' 
~ Z -· e'· ; ·j 

\ 

In the cxperimclllal work 1hc sampling lime T, =0.05 sc.:,,nds 
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The controller K(z) is given by equation (5.1) and can be modified in order to make the 

coefficient of the denominator variable z unity as shown below: 

u,•(z+::J 
K(z)= (z-1) ............................................................................ (5.4) 

The open loop pulse transfer function becomes: 

1.01 •(,-J=fl)-u, -(,+~ J 
q(z)=gh(z)•K(z)= ( (-r,)J .................................... (5.5) 

(z-t)• z-e 2 

And the closed loop characteristic equation is given by: 

9>Jz)~ (z- t)•( z _ ,(-f) J + r•(z + :: ) ...................................................... (5.6) 

where r is the root locus gain and T, is the sampling time. 
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Figur9 5.14: Root iotus for cht controU~r parameteri n0 and o 1 

Figure 5. 14 sho,vs the four boundaries of !h(l contwllcr par~mc11.:r c; 0 and (T, . Graph I 

shows the rout locus fur 0-0 ·• · 0.03 aml a, .,, 0 .06 and the system is stable. Graph 2 

shows the point ,,.here the actually l\!Sponse y starts to be oscillatory anti 1he c.0111rolk:r 

parameters have the valu.: c;0 ~ 0.03 amt a, "' 0.0 165 at chat point. In graph 3 the ringing 

phenomena tl1at was explained in section 5.3. I is shown. Lastly in g raph 4 if the pole 

z = 17
'" goes to the outside the unit circle of a L · plan.: the system becomes unstable as 

a, 

will be shown later with equations for !FT. 

The controller parameter a " an,l a, values wero lound by exp<'rimcn1 10 ]ii.) within the 

boundaries giv~~n in Table 5.3. 
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Table 5.3: The controller parameter variation 

no 

1 

2 

3 

4 

5 

6 

7 

8 

a o 

0.03 

0.03 

0.03 

0.03 

0.03 

0.03 

All values of a 0 

+ \ -ao 

• I 

rlnglnaL115 

al 

0.03 

0.06 

0.09 

0.12 

0.15 

0.165 

a1 <ao 

-\+al 

. 
I v---ory 
I 
I 

IJl3 

' ' 
:~ unsteble 
I 

Fl1ur• C5.1C5: The controller param•t•r boundary 

Results 

Ringing 

Stable 

Stable 

Stable 

Stable 

Stable 

Unstable 

Unstable 

Figure 5.15 shows the regions and boundaries for the controller parameters a 0 and a 1 

used in the DC motor experiment. The zero at - a O for the type 1 controller given by 
al 

equation (5.4) must be inside the unit circle meaning thata1 > a 0 , since this is a zero for 

the controller K it is also a pole for the gradient of the output and input given by 
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equation (3.20), (3.21), (3.22) and (3.23). The IFT system starts to be oscillatory when 

0-1 > 0.165 as this is the region the DC motor system does not operate properly. 

The next section determines the domain for the controller parameters by theory and 

simulation 

5.5.2 The boundary as defined by theory and simulation 

The diagram for the IFT control system is repeated in figure 5 .16 

f ..... 1.18: Block • ..,.. of a on•••,.• off'rffdorn controllor In a closod loop_,... 

Let the type 1 controller be defined by the transfer function: 

K(s)== Po+ /3, * s ......................................................... (5.7) 
s 

where /30 and /Ji are controller parameters in the s - plane 

Let k1 (z) be the z-tranform of K(s) in equation (5.7) 

k1 (z)= (/3° + f )*)-/Ji .................................................... (5.8) 
z-1 

By comparing equation (5.8) and (5.1) the following equivalences between the 

parameters of the two controllers can be defined: 

CT0 = -/J1 ....................................................................... (5.9) 

CT1 ==Po+ /31 ·································--····························--·· (5.10) 
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The error e,,, in equation ( 4.6) has to be driven to zero for the actual controller parameters 

to satisfy the condition for which the quadratic criterion J is a minimum. This means 

that the transfer function of the closed loop system must be equal to that of the desired 

model: 

G*K am 
= ............................................................ (5.11) 

1 + G * K I+ s * T,,, 

a a*/3,+a*P*s 
where G = --- and G • K == 0 1 Hence 

l+s*T s*(l+s*T) 

a* Po +a* Pi * s am ____ _..;;.. __ -..c... ____ =---
s*(l +s* T)+a* Po +a* P1 * s 1 +s*T,,, 

............................ (5.12) 

Cross multiplying the denominator and numerator of equation (5.12) gives: 

(a* /30 +a* /31 * s) • (1 + s * T,,. )= am * (s * (1 + s * T)+ a* /30 +a* /31 * s) ................ (5 .13) 

I 
Iii 

l!I 
I 

I ~ 
I 

Fl9ure 1.17: Th• root locus of the actual closed loop system 

Comparing the coefficient of s the following equations can be derived from equation 

(5.12) 
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l /30 =-- ...................................................................... (5.14) 
a*T,.. 

T 
/3, = -- .......................................... ······· .................. ····· (5.15) 

a*T,,, 

For the actual system the time constant T = 2seconds and the gain a= 1.01 , while the 

time constant of the desired system T,,, = 1 second hence: 

/30 = 0.99 ....................................................................... (5.16) 

/Ji= 1.98 ········································································ (5.17) 

By substituting equation (5.16) and (5.17) into (5.9) and (5.10) yields the following 

values for the controller parameters sigma in the z - plane : 

o-0 = -l.98 ..................................................................... (5.18) 

cr, = 2.97 ....................................................................... (5.19) 

The pole for the input and output gradient with respect to the controller parameter sigma 

u on the z- plane is at z = -0.667 ,and this condition is explained in line 8 of table 5.3 

as unstable. 

5.6 THE IFT ALGORITHM WHEN R1 IS NOT AN IDENTITY MATRIX 

For this experiment the matrix R1 is defined as: 

equation (A2.30) 

es{! (cr 1 )] =[a!•]· ....................................................................... (5.20) 

00'1 
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es{: (u1 }] = [a:U,] ··· ..................................................................... (5.21) 

OCT1 

These equations come from equation (4.23), (4.22), (4.20) and (4.21) respectively. 

The first term in the matrix R1 works out to be: 

............................... (5.22) 

Similarly the second term in the matrix R1 works out to be: 

i•es,[~(u )l*es1[ 00 (u )r = 
00" 1 J OCT 1 J ............ (5.23) 

Hence the elements of the matrix R1 are defined by the following scalar equations: 

__ 1 N t3J., * OU 
(( J

2 ( J2] r11 - N~ O<To +A O<To ......................................................... (5.24) 

r12 =-

1 f((~•~)+i•(~•~))············································· (5.25) N ,_, ou O au, ou O 00-1 
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............................................... (.5.27) 

R1 -[;,: ~j---------------------------------------------------------------------------------- (5.28) 

5.6.1 Results from the IFT algorithm for general R 1 matrix 

Once matrix R1 has been computed from data collected during initial experiments on the 

motor system, it can be incorporated in to the IFT algorithm. The matrix RI for this 

experiment was found to be: 

R1 -[::::: ~;:::~]----------------------------------------------------------------------- (5.29) 

When observing this matrix's parameters, it is clear that the off-diagonal entities 7j2 and 

r21 have the same value. The reason behind this is that in this experiment one is dealing 

with scalars, hence the dot product of the term are equal ( OJI * oy J = ( oy * oy J ou0 ou1 ou1 ou0 

where else if it were vectors the result is not necessarily true. 

The results produced by the IFT algorithm with this matrix R 1 are shown in figure 5 .18 
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ut:ieod r12 
) !"e(,I 

•. v----

Figuro (1.18. The IFT algoritlm, result• wh~" lhe R matrix is defiMd t>yth9 equation 
(A2.'.30i in appendix 2. 

The signals in rigure 5.1 ~ look .similar to tho:5c obwin,;d using th<: idmlit} matrix R, 

given by equation (:,. I) an<l ~hown in tigurc 5.2 for experiment I and figure 5. JO for 

ex periment 2 , this means that for the DC motor probkm the identity matrix worked as 

well as th1: R, d:;Jin~d by o;,quarion (A2.:.0) in appendix 2. The !it(:rawrc srnt~d [14] that 

this is not always lh ,; case for more complex problem,. 
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Chapter 6 

Sin111lation 

The next sc:ction of tl1.: dissertation simulates the one degree of freedom !Fr controller 

using Simulinl<. and lhc rcsuh, arc.: ..:omparn<l 10 those.: oblaincd through exp~:ri,m:nts in 

chapter 5 

6.1 SIMULATION OF IFT FOR 0:\11<: rn:CREE OF FREF:HOM CONTROLLER 

,. 
L .. ,. 

Figure 6.1: The simulation figure for one degree of freedom 
controller 

Figttl'e 6. 1 shov,s th-, ci!'cuit for the simulation of a one degree of fre~dom ..:ontrolkr for 

th~ lirst step of the IFT algorith1n. 
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Flg,ur~ 6.Z: Th~ simulation for th• i~tpoint rt 

I 'igure 6.2: shows the sctpoint r used for the simulation as stated in th~ ligurc the 

amplitude is I unit and the pcriud i;. 40 seconds. The simul ation period is twice that of the 

experiment. The reason behind this is that with the simulation there is no limitation to rhe 

v.iriablcs and 40 second;, is long enough for the signals to settle. 

Figure 6.3: Tho simulation oftM ><wal rupo11•• v 

Figure 6.3 shows the actual output response y as predicted by the simulation program. 

rhc time constant is 2.5 seconds. 
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Figure 6.4 shows the dr.:sireJ ou1put response .•·,. as predi~tcd by the Simulink prog,rnm. 

It has lhl' 1i1nc: cons1ant uf2.5 seconds. 

'"' ~fiilf:3 ----- --- - . - . 

Figure-6.S: lht: ,s,imul:ited error em 
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' ~· ll'lr-1 E:l --- -- -·---- . 

Figure 6 .&; Th9 1>imul.1tion of the error em 

l'igure 65 and tig11rc (,_(, shm,-s two sim11lated grnphs for the error e,. whid1 is 1hc 

difference be1wcc11 the actual output response _,, and the desired output respon~~ Y ... . The 

dilkrcncc between the two graphs is the scaling for they - ,ui.t, with Lhe graph on the 

right zoom 10 scale_ The ccror e,,. is approximately zero and overshoots either to 0_004 or 

to -0.004 whenever the sclpoinl 1; 0hanges. 

Figure 6.7: Th~ $imul1-ted input $ignal u 

Figure 6.7 shows the 111pu1 signal u, as simulated by the progrdm_ 
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The signal simulatl•tl in ligure 6.8 is gcnr;:ratc,l in experiment I and U!iCJ as a setpoint / '-l 

in cxp~rimcnt 2. 

<,.2 l>ISC:l!SSIOl'i 01< TIIE SIMlil.A'flON Rl•:SIJl.'J'S 

The foll(nving section discusses the actual experimr;:nml results with the ones obtained 

from the simulation using Simulink. 

• The actual outpul response v(•l generated from experiment 1 of the IFT 

algorithm shown in figure S.2 graph 2 had a slight overshoot of l!% which is not 

found by !hi) si1nulatl)tl figure 6.4. This observation Jc,l to a study of the etfec.t <>f 

the electric lime constant oflht' DC mol<ir as presented in sr;:ction 6.3 below. 

• The overshoot c:1.pcricncctl in the IFT algorithm is far less than that produced by 

using the :'vlR.AC gradient approach method in chapter 3. the reason for thh is 

that the JFT algorithm eliminates disturbances a~ explaint>d in appendix 2. fhese 

disturbances inclu,tc the offsets on the input and <>utput variables thal were 

shown I<> be the cause of the overshoot in section J.2.5 



6.3 THE APPROXlMATIO~ OF TIU,: l{K.\L SYSTEM 

The simulati(-o shown in se.:1 ion 6.1 rak,'S the model or transfer function of the DC motor 

as: 

A ,ds) . (l • s * 1:,) ... ... ... .... .... . .. ... ... ... .. ........ ... . .... , ....... ....... . .... .. ... .... ... ..... 6. 1 

Where 11 is th<' gain and 1:, is the 111echanical time constant of the DC motor. The real 

1rnn~for fun.:tion of the DC motor is a~ follows: 

g(s) (1 • s •r_.·;] .cs ·•T, } ... .. ... ... .. ... .. ... ...... .. ...... .. .. ... ....... .. . ....... ...... . ....... 6·2 

Where r, is 1hc clc.:1ric 1imc const.int. For 1hc si1nul.11io11 it was assumed that t.he electric 

time constant 7; is very small h.-nce the transfer fonclion in equation 16. I J. The follo"ing 

section shows 1h..- simula1ion when the electric time constant is taken into account. 

---··-·-·--.. -·-------i 

~~,_.._r_~_: ____ ~J>---········ -,.j :11 
--------~ ;1 j 

,. 

Figure 6.9 shows the si1nulation circuit when the electric ti111e constant T, is taken into 

account. The mechanical time constant 1;, is greater than T,., therefore the simulation has 

rhe following mathematical expression fore/t:ctric time constant: 

r 
.,; - 2... ................ ........ .. . . . . ........ . .. .. .. . ....... . . . . .. . . .... .. 6.3 

~ 
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The following ligurc~ show~ simulation from Siinulink when 'f; is taken into a,:count: 

figure 6.10: The •imulation of1he actual ooJtput re,ponse y 

The simulatioo i11 figure 6. 10 look place under !he following .:ondition: 

T 
T,. = ~· ········· ···· ············- ··· ·•""·· ·· ··· ··· .... .. ........ ........... 6.4 

Figur<! <,. 10 shows the a,,tual ou1p111 rcspon~c c:-.:pcricn..:cd an overshoot of approximately 

I 0%. thercfor:c it could be assum~d Iha! the electric tim~ constant contributed to the 

overshnol of _.. shown in graph 2 fi gurc 5 .2. 

f,) foP l" 6i lii , et 

Figur.,6.11: th~ simulated "rr<>r signal "m 

Figure 6. 11 sho,~s the error signal er. with the overshoot which rcsernbl-,s graph I figure 

5.2. 
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Chapter 6 

S imulation 

The next section of lhe dissertation simulates the one degree of freedom IFT comrnl ler 

using Simulink and the rcsulrs an, compared to those obtained through experiments in 

chapter 5 

6.1 S IMlJLATIOI\ O F IJ.'T FOR ON.t,; DE(;IU:1,: 01.- l<'REEl>OM CO I\TROLLER 

<------,..il:J 

Figure 6.1; The simulation figure fQr one degree of freedom 
controller 

Figure 6. 1 shows 1he circui t for the simulation of a one degree of freedom controller for 

the first step of the IFT algorithm. 
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Flgur• 6.2: Tl•• • lmulatio1> for tfla .. tpoint rt 

1-'igure <i.2: shows th,, setpoint r us~d for the simulation as Slated in the tigur~ the 

ampli1ud~ is I unil and !he periou is 40 seconds. The simulation period is twice 1hat of 1he 

cxp~rimenl. Th~ reason l>ehim\ this is chat with the simulation there is no limitation to the 

varial,Jes and 40 seconds is long enough for the signals 1.0 seUle. 

' "' laJ El 

Figur~ 6.3: l h~ 'lin1utation of th~ c11ctu3J respon\~ y 

Figur~ 6.3 shows the actual output response y .is preuicted by the simulation program. 

the rime constant is 2.5 seconds. 
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' ,.. p1Jr-J£3 

Figurt t .4: Th~ simol.acion of the: d~!ir~d outputym 

Figure 6.4 shows the desil.'l!d o.u!pttl respotise Ym a.s predicted by the Sirnulink program. 

11 has rhe ti me co11stant of2.5 secr>aids. 
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Figure 6.6: The stmulation ofthe error i:m 

Fi!_!ure 65 and tigure 6.6 shows two simulated graphs for the error eM which is the 

ditkrence betw.:cn the 3Ctual output t.:spo1,se y and the desired output respons~ y.,,. Th~ 

difierencc hetw.:cn the two !_!raphs is the scaling for the y - axis, with th.: graph 011 the 

right zoom t., scale. rhe error e,,. i,; appmximaldy zero and overshoots ~ilh~r lo 0.004 or 

to •0.004 whcn~vcr the scrpoinr r, .:hangos. 

Fig,ur~ 6.7; Thf: ~1mvlite<f input iign-al u 

Figure fi .7 shows the input signal u, as simulat~d by the program. 
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Figure 6.8: The simulated r-111 signal 

The signal simulated in figure 6.8 is g,,nerated in experiment I and used as a setpoint ,.(, , 

in cxpcri m<:fll 2. 

6.2 l)ISCl'SSION OF THE SIMULATION RF:SULTS 

Th<: following si;ction discusses !he ac\ual cxp~rim.:ntal results with the ones obtaine,t 

from the simulation using Simulink. 

• The actual output response _.,(•) g,os·rated from exp,rimenl I of the IFT 

algorithm shown in tigur,: 5.2 graph 2 had a slight overshoot of 8% which is not 

round by the simulated figure 6.4. This observation led to a study of the effect or 

th" electric time constant of the OC motor as presente<l in section 6.J bdow. 

• The overshoot experienced in the 11-'T algorithm is far less than that produced by 

using the MRAC gradient approach method in chapter J. The rea.~on fur this is 

that tile IFT algorithm diminatl!S disturhances as explained in appendix 2. These 

disturbances include the offaets on the input and output variablcs that. were 

shown 10 be th,: cause ofthi: overshoot in s,c1ion 3.2.5 
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6.3 THE APPROXIMATION OF THE REAL SYSTEM 

The sirnulati0n shown in section 6.1 takes the nw<ld or transfer function of the DC motor 

as: 

.i:(,) - (1 , .:. T,., ) .. ... .. , .... ................... .. . ....... .. . ........................... ... .... ... .. 6· J 

Where A is th..: g.ain aml T_, is th,~ mcd1anicat timt' constant of the DC motor. The !'1:!al 

trans/er /unction of the DC motor is as follows: 
.,, 

g(s) (1 H * T Xi ;,.;;:-)· ··· ···· .. ··· · .... · .. ··· ... · .. 
. " . ( 

... ... ........ , .. . ... ........ .. ... ... ...... 6.2 

Where T, is the declric Limi:- consUml. For th<: simulati0n it ,vas assumed that tlw elt,ctric 

time constant ( . ;, very smalt hence the tran,fer function in equation (6.1 ). The following 

section shows tlw simulation when the clectri<: l ime constant is takcn into ac(·otmt. 

·- ·-··1 
CJ 
"" 

r:s~~------- -+<i•. 
"''~ <it"t ,,te, "" ""' 

·:==:'· >----- ,, 

. .......... __ JT7_j~ 1))-- --+I•~ 
~ ---------

figure 6.9: The simulation figv.r~ of the IFT one degree offr~ed~m controUer 

Figure 6.9 shows the simulation circuit wh.-n the electric time constant T, is rnkcn into 

acc0unt. The mechanical time c011stant 1~ is greater than r, , therefore the simulati011 has 

the following mathematical exprcssi0n tor clLlClric time constant: 

T. = T., . . . .. .......... ......... ...... .... . . .. ..... .. ...................... 6.J 
X 



where x is positive scalar 

The following ligurcs shows simulation frn111 $imulink when T. is taken irito account: 

figure 6.10: Th" simulation of the actual output respons<t v 

rhc simulation in flg,ire 6. 10 took p!ace under the fol lowing condition: 

... 1;, 
1, - -3 ·· ··· ·· ... ............... ... .... ............... .. ...... ............... 6A 

f igure 6. 10 shows rhc actual t,utput response experienced un overshoor. of approx imate ly 

10%. lhcrelore it could be .issumcd chat th~ electric 1imc cc,11sm111 contributed to the 

overshoot of _1· shown in gruph 2 figure 5.~. 

,1 P1l11 1:- 0 ~ 
- - ~ 

Figure 6. JI shows the ~rror signal ~. with the overshoot whid1 resembles graph I tigure 

5.2. 
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Chapter 7 

Validation oJthe Iterative Feedback Tuning Results 

The purpose of this chapter is 10 investigate in dclail the quadratic cost function ./ of the 

one degree of frccdoan IFT in order to find the controller flaramcters for which the cosl 

function is a minimum. The incrria of the load for the DC motor is also varied to ensure 

that the IFT is able 10 tune lh<' controller parnmclcrs on-line in onk:r to compensate for 

process changes due caused by different loads. 

7.1 nm CONV~:RG~:NCE OF TJn: J>ARAM~:TER TO LOCAi. OR CLOBAL 

MINIMA 

When dealing with a problem of optimization. it is viwl that the optimization algorithm is 

s1.1ncd with sensible initial parameters that in rhis case mean parameters that are within 

the corrncl region or domain in which the function optimi;!cd. Two mcrhods arc used here 

10 find nr search for the controller parameters for which rhe guadratic criterion is a 

minimum. 

• Thi! first search is done manual taking into account the stable region of the DC 

rnotor explained in chapler 5 

• The second search is done auwmatically where by the Visual Basic code 

s..:archcs the cnrirc region 10 find the controller parameters for which lhe 

,1uadra1ie criterion is a minimum. 

In bo1h cases the aewal DC motor system is used ancl ir is antkipatccl that the inhercnl 

noise and uncertainly will cause ,tcviations from lhc ideals of the basie theory. 
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7.2 FINDIN(; TIIE CRrn:RH)N .YIINIMlJM 

In order to find through manual search methods the parnmeter point where the <:OSI 

fun,:1ion is a mi11in1um, the following procedure was carried ou1 on the DC motor 

;y;tem: 

• Keep one controller parameter <"onstant and vary the other Utllil the minimum 

of the quadratic criterion is found in that axis direction. For e.,ample keep 

o-~ constant and vary o-, . 

• When lhe <:Onlroli.:r parameter I hat is being varied reaches a poin I where 1he 

t.jUndratic criterion is a minimum. then it is kept a1 1hat point and the other 

param.:ter, which was kt:p1 constanl is varied along it; axis until the minimum 

is found. for l'.xamplc 0'1 is now k-cpt constant and o-0 is varied. 

• When the second controller parameter that is bdng varied reaches the 

minimum for the quadralic crilerion. then 1he 1wo poinls arc 1aken as thl.) 

parameter values for which the quadratic crilerion surface is close to its 

minimum. (Further searching would be needed to !ind the actual optimurn 

parameter point bm was no! carried ou1 as lhe approximate position is assumed 

to be close ~nough to the optimum 10 allow a check on 1hc resulls of the 

automated st!arch.) 

7.2.1 Manual tuning of the controller parameters for criterion minimiiafion 

The search for 1he ..:rilerion minimizaLion·; parameters i; <lone manual in this 

section, one paramet<'r is increased by a constant increment unli I lhc lowc;t value of 

1he criterion J is obtained. The same ; tcps ar~ done 10 obtain 1he oth.:r parameter. 

This manual method provides a rough indication of1hc position of the cost function 

minimum in the sigma parameter space. 



' 
' 

Table 7.1 Shows the resulls f~1r the quadratic criterion./ when the controller parameter CT, 

is varied and er,, is kept constant: 

- •• + -··-·· - - --·-----···--
Number Sigma() CT0 ' Sigm~ , (TJ Crite rion J 

-·-·-· .... 
I 0.020 0.022 0.1172 

~ 
~ 0.()2() 0.026 ' 0.1100 

--·- --·-···--· ·······--··· ·-· -- .. ·- .. ... - .. - .. , . - -,, ....... 
' 

...... _ 
3 0.020 0.028 0.0920 

: 
4 I 0.020 0.032 o.m:so 

-···- .. ·-··· . .. ·- .. ... . .. ... ·····-
5 0.020 0036 0.07670 

' ·-
6 0.020 0.03/\ (1,()5970 

..... . .. .. -···- .. -
7 0.020 . 0.042 0.07650 

} 
I 

. ·-·- - . - ... - .. -
8 o.o::.o 0.044 0.07470 : 

....... ....... ..... ·····--·-
9 (1.()20 ; 0.046 0 08000 

i --- . .... ............. 
I ... -·-· ---

10 0.020 I 0.048 0.08050 
' 

_J~~~50 
-- ---

11 0.020 ! ().()905() 
,. - . 

The results for the expcrimen; shown in table 7.1 indicatcJ O', = 0.038 a; the ,alu..: for 

which the quadratic criterion is a minimum in the a , axis when CT., = 0.020. The 

corresponding value t'orthe criterion is 0.0597 as indicated in row 6 oftabk 7.1. 



• 
. 

The ftllMIIMIZalllln Ol lhe Clltl!fiiiln in Hie sigrr.a 1 a~ ... 

006 

a os.l\1 004 0045 

Jeigur.: 7. 1 show, th\C': minimization of the 4ua,lrn1ic crit.:rion in the o-1 axis as giv<'-11 by 

tahle 7.1 . Notice tl1" tlucruatioo in the quadratic function. This is ascribed to variations in 

the capturcJ Jara due lo me;,suremenl noise and otht'r disturhan-:.:s that are- present in 

pl1ysical ~ystem. 

Tl1c next sc-:tion find, the value of the controller parameter in 1hc u
0 

a:-.is for which the 

criterion i, a minimum when a-, = 0.038 . The res.ii ts for the quadratic criterion ./ are 

given in Tahle 7.2: 

N,~mbl!r . I Sig.ma 
-· .. ---··- · 

Sigma 0 o-~ 1 u, . Criterion .I 
• ·- ... 
I 0.022 . 0.03& 

i 
00540 

2 0.024 0.0J& 0.0495 

-·-·-· ··----·-·· .. . - . ·· ··- .. ., 
3 0.026 ; 0.038 0.04~5 ; 

! 

4 0.02& 0.038 (l.0500 i 
----·· ·- ·· 

5 • 0.()3() 0.038 0.0540 
' 
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0.034 

9 0.036 

0.038 

00}8 

: 0.0550 

0.0623 

I o.0760 

The results for the expcrimenl shown in tabk 7.2 indicat~d <7,i ,· 0.026 as the value for 

which the quadr;1tic criterion is a minin,um in the o-, axi~. the value for the criterion is 

0.0425 as indicated in row:, of table 7.2. The data sh<1wn in ligure 7.2 gives an indication 

of the spac.: of the qu:1.:lratic criterion in thi.' dir.:ction of the o-, axis 

o~.---.----.---..---,---.----.---.. : i 
0

::: .•.••. .J ____ .. t ....... .i ._ ..... J. .... J.·-····L···z 

J•.:· i:r· L Ii i .. • 
i o:=-:;1········r······~(~·······--r ........ . 

. . . . 
0\.'46 ······-·=·--·"\.-i· -/······!·········~-------·+-····-··+··· · ··-

: i : l 1 : 

Flgur"? 7.2: Th4l mlnlmbl1:!on of the quadr-~c c:riterlQ,f'I ih 'th~ o 0 uis 

The foll<n~ing conclusion c:m be made from these two mamwl experiments: 

For the domain a, ,, [0.0'.!2 0.05] when a-
0 

:: 0.IE the minimum for lhe yuatlrntic 

criterion was fouml to lie at et, ~ 0.038. and li,r rhe domain a,, = [0.022 0.036] when 

u , .,. 0.038 thc minimum for the quadratic criterion was found to lie al <r,, = 0.02(i. 

The domain for 0-
0 

is determined 1:-y the fact that er, > 0-
0 

as cxplainc,I in table 5.3. The 

'values for the controlh:,r parameters for w!lid1 the quadraiic criterion is a minimum. for a 

1hc following given domain <T = [0.022 0.05] for the l>C motor given in the following 
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formato- = [0-0 o-1 J, iso- = [0.026 0.038]. The value for the quadratic criterion for 

this minimum for the given controller parameters is J = 0.0425 . 

7.2.2 Automatic taniag of parameters for criterion mieimimtion 

The following section determines automatically the parameters of the criterion 

minimization. This is done by the Visual Basic code for the IFT algorithm that is given in 

table 4. l and table ·4.2. The parameters are updated after experiment 1 and experiment 2 

are completed. Each experiment runs for 50 seconds in order to ensure that a number of 

responses to the same setpoint change are averaged in the IFT. 

To determine the parameters automatically the following procedure was implemented: 

• The code was run without the boundaries stated in section 4.5.l in order to avoid 

additional complications due to any nonlinear effects that constraints at such 

boundaries might cause. 

• The starting points for the controller parameters were I 00/o and 5% away from the 

value of parameters for which the quadratic criterion is a minimum. This is done 

to ensure that the Visual Basic code can be able to tune the parameters 

automatically if they are displaced from the true position. 

• One parameter is tuned automatically while the other one is kept constant, the one 

that is tuned is been displaced by 10% and 5% of its true value. True value 

meaning the value determined manually at which the criterion is near its 

minimum. This process is done for both parameters. 

• The third stage allows the IFT to tune both controller parameters at the same time 

The Visual Basic code for updating for the controller parameters given in table 4.2 is 

repeated in equation (7.1) and (7.2) 

a/ft)= a/ft)- (gamaz * rl Jt * dj_dalft)) 11000-gamaz * rl2t * (dj_da/fl) I 1000 ...... (7.1) 

alfl = alfl - (gamaz * r21t * dj_dalft)) I 1000- gamaz * r22t * (dj_da/fl) I 1000 ..... (7.2) 
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In the cqua1ion in (7. 1) and (7.2), lhe only variable thal depends on th,· us-,r's input is the 

gamaz or 1 as it is written in equation (3. 15) and (3.16). The: constant gwna: or 7 is a 

posilive scalar that sets the rate at which the algorithm will converge. If the value of this 

scalar is too large, the increments for the updating, of 1he controller parameters will be 

high and lhe paramelers mig.ht cnt,-r in the region stated in ,;;ection 4.3. I anti result in lhe 

ringing phenomena or instability. While if the scalar is too small th\.' rate of which the 

algorithm will con\oerge is too slow. Designers of the IFT parameters have to lin<l the 

trad~-offbetwec-n the-two when determining the value ,:,,f the scalar,/. 

l'he following sec11on tum,s the conlrnller parameter a, . while a ,, ls kept conslant al 

0.0234 

" '= 

500 l"lO 1500 2000 25c,; 3000 3500 •OfO 

Figute 1.3: f1i~ ~UtOI tun in 9 of u1 with o
0 

kept ~0111,n11t 

Figure 7 .. l shows the auto tuning of the cor11roller parameter o-1 wi1h ,:;" k~pt constant. 

The starting value l<>r the conlrnllc-r paramt!ler is ", ~ 0.0342. this value is I 0% less than 

the value of the controller parameter a , for which the criterion is a minimum. The 

controller parameler started going lhe opposite direction to the expected value, whi.:h is 

a , = 0.018 shown hy the hlue trace in flgure 7.3. The controller parameter started 
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i1h·rc:1si11g steadily between I = [300 900_j seconds, hut the ins·rcasc was very slow. The 

value of the po, irive scalar ;, was increased from y = 0.00015 to y = 0.0015at 

f = 90 I seconds, that resulted in the increase of th,; r:tte at which the c.ontrollcr p:tramctcr 

tr1 i, <'.hanging. Ir took approximately 35(10 .sernnds before the rnntrollcr parumo:11.:r 

tr1 reached the expected value. a Iler oscillating arou,id the optitllal value for I 000 

seconds. 

(1114~ r· -- -] . ·-"T • 

! 
' . . 

. : ,·-----1 : : : : 
: ' : : . :\ : : 

fHH ... ..... f,~--~1 ----;--·1.11------f ~-\ .. ;·-- ~;·~~T-- -- ;------i 
Ill ~--:. --l-- ~-j- '7~-..:::- -.=-; 
g_ : : : / ; . : : : : 
;:; : ' : : : 

: : I l : : : ; ; ; 
--·--·;--·-- ,j ··i··---- ;-------;------;------;------;------' 

' ~ ' . ' ' ' . . . . . . . . 

. . 
0.03 '------'----~!---i . _ _j__J,..__j_,_ __ ..:_ __ ~ 

100 ;:,io ;o?. ,oo soo soo 700 eoo o;;oo roe.a 
Im\(- ltl SfiCUt1d s 

Figure 7.4 shows the auto tuning of the rnntrollcr parameter ,,-, with o-0 kept constant at 

0.0286 The starting ,-aluc for the rnntroller parameter is tr, = 0.0418 , thi s value is I 0% 

more than the value o f lh<.: cootrc,fkr parameter <r1 lbr which the ~riterion is a minimum. 

The controlkr para,n,.,tcr took approximately I 000 seconds to settle afier initially 

oscillating. The reason for the parameter reaching its final va!u~ more quickly is !hat the 

valneofln<.: scalar which is y = 0.0015. 
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Figure 7.5 ~hows the aul0 luning of the controller p~r:irnetcr o-1 wilh o-,, kcpt constant :it 

0.0247, Thc st.1rti11g value for the controller pammct,;:r i~ u , ,. 0.0361. this value is 5% 

less than thc value of the conlroller parameter a-, for which th,· criterion is a minimum. 

Once again the controller parameter started going th;, oppositc dircction to the cxpccted 

value. which is 1,1 = 0.038 sho,\11 by the blu~ trac-c in figure 7.5. The comrollcr 

parameter started incr~asing steadily ,m!il it reached the expected valU<" of 0.03& aflcr 

approximately 1600 scconds. rhe value for the positive scalar is y ~ 0.0015. 
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Figure 7.6 shows th,\ ,w10 1,ming of' the conlrollcr para111ctl.)r ,,., with r10 kl.)p1 co11stall1 m 

0.0273. l'hc starling value for lht: commller para1m:1er is 0'1 = 0.03':19, this valui:: is 5% 

mon;; than the value of the controller p,1rar11i.:tcr rr, for which the criterion is near its 

minimum. The comrollcr p,lrnmcwr star1"d oscillating and decr.,asing unlil it r,,achcd the 

expected v,1lue of 0'1 = 0.038 shown hy the b!ul.) trace in figure 7.6. It took ,lpproximately 

1400 s~conds 1,1 seHk. Th~ value R1r the positive scalar is 7 = 0.0015. 

80 



The next S<'<:tion tunL,s the contl'ollcr ~•aramelCr a .,, whik: <T, is k,:pr constant. 

J/'1·~✓- - -~- •.. . . 

' ' /: : : 

0 026 ,. 

~ 000

: :--: : :::· ·:::c: ::::::7::r· :~~~: ::1::: :::::: ::1:::: ::::: :1: ::: :: : :: 
E , • ' , . 

~ .1 02,s . ~ /·) --· .. -( -.. ·······~-·-··-·---·~ · ······-·· 
:,/ : . : : 

0.J2• ·· · ···,/····· ·····~··········· : ···········l·· ········· i_·· · ·· ·· ··· 
.,/ i : : : 

/ : . . : : 
D.Cl:i35 ............ : · ······· ·· -:···· · ····· · : ····· ····· •······ ········--···- · · ·· 
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' J oiJ ._ _ ________ .,_ __ _,_ __ __,_ 

r, s1n 1 .ir.n ·• ;:oo :.rJJo .?Soo 
... 
J0llJ 

umc in caccuco 

Figure 7.7 ,hows the auto tuning of the controller parameter er,, with o-1 kept ~onstalll at 

0.0:142. The starting value for the comrolkr parameter is ere, = 0.0234, this value is I 0% 

less than the value of !he controller pal'a111etcr cr0 for which the criterion is a ,ni11irnum. 

The colltrollcr parameter starii.;d iucn:asing ste.iJily toward the expL..:tcd value of 

er, ~ 0.026 shown by the hloc trace in ligure 7.7. ll rook approximately .,000 .~econds to 

settle. Th!! value for the posirivr:: scalar is r = tJ.0003. The value of y was in~r.:ased to 

increase the rate of change of the controller parameter. 
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Figtit'e 7.8: Tf-1@ Ji.Ito tuning of oflwith o
1
lept c:onst:ant 

Figur.: 7 .8 shows the auto tuning of the contmlkr parnm<-'lcr IT,, with <T1 kept constant at 

0.04 18. Th" starti11g. valw, for the controller parameter is IT"= 0.0286. this value is I 0% 

less than the: value of th.;' controller parameter <T,, for which th.: criterion is near ils 

minimum. The controller parameter 51arted decr.:asing steadily toward the ex.peered value 

of ('1'1 0.026 sho,vn by lhe hlue trace in figure 7.8. It look approximately 2000 seconds 

to settle. The value for the positive scalar is y = 0.0003. 
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Figure 7.9 sho,1-s the au10 tuning of the conlrollcr parameter <.J"" wilh a, kept conslant at 

0.0361. The sm,1.ing value for the controller parameter is <1,, ~ 0.0247, this value is 5% 

less than the value of th, co,11roller parameter <70 for which the criterion is near its 

minimum. The controller parameter started increasing steadily toward the expected value 

of 0'1 0.026 shown by lh<! blue trace in figure 7.9. ll took approximately 1500 seconds 

to settle!. l'he valm, for the positive .scalar is y = 0.000:l . 
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Figure 7. 10 shows the auto u111ing of the con1roller par,,mt:ter cr
0 

with r,,kepl rnn~tanl at 

0.0399. The starting \'alue for the controller paramct.er is o-0 , 0 .0273, this value is 5% 

more than the value of the con1roller parameter lT" for which th1: cri terion is a minimum. 

l'he contt·nllcr raramerer started decreasing slt:atlily toward the expected value nf 

0'1 ·, 0.026 shown by the hlue trac<! in figur<! 7.8. 1t took approximatdy 1500 ~L"Conds lo 

~enle. rhe value for the positive scalar is y = 0.0003. 
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Figure 7.11 sh(ms the aulomati,. luning (,fthc hoth c(,nfr(,11,·r parameters simultaneously. 

the st~rting values for the controller parameters was 10% Jc~~ than th"' cxpt,ckd value for 

which the quadratic criteri(•n i~ near its minimum. 811th controller parameters increased 

steadily until tht: r,xpectetl value, as illu~trated in iigure 7.11 that the time for the 

controller parameters to reach their respective expected values is n11t neccs~arily the 

same. It look a-, approximately 1 ~ I 500 seconds to rea~h the expectet! value of <T-; .. 0.026, 

while a, t(x1k appn,ximmdy t = :?OOO~cond~ to reach the expecl.t'd "aluc ofa, = 0.038. 

The value for the positive scalar is 7 = O.Omn. 
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Figure 112: The auto tuning of both n11 and uJ s.imult.in<!ou,111 

Figure 7. 12 shows the automati,: tuning of th"' both rnntroll<!r parmndcrs simultaneously. 

the starting values for the ,,ontroller parameter., wa, I 0% more than the expected valt,e 

for whkh lhe quadratic criterion is near its minimum. Oorh controller param-:tcrs 

de..:reased steadily until the expcct-:d \•aluc, ,ls illustrated in figure 7.12 that the time for 

thc controller parametc~ to reach tht:ir respe-ctive expect<:d values is not necessarily the 

same. It took O-;, approximately 1 = 1700 seconds lo reach the expected ,·aluc of.,.
0 

, •• 0.0'.!6 , 

while n-1 took approximately 1 ~ 1900 ,econd~ 10 reach the cxpcded val111: ofo·, = 0.038. 

The value for the po~itive scalar is y = 0.0003. 
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Figut1;' 1.13: The auto tunio9 of both o0 .and o
1 

simu1tiiln~ou~lv 

Figure 7. 13 shows 1he autorn:itic t<Jning of the both cootrolkr pnrnmct.:rs simultaneously. 

the starting values for the rnnln•ller parameters was 5% less than the expected value for 

w hich the 4uadratic criterinn is near lls minirnum. Hoth controller parameters increased 

steadily unril the expect~-<l value, as iliustwtetl in tigure 7.13 that the Lime for the 

controller parameters to rea1:h thdr respective exrected values is not necessarily the same 

but it 1vas shon er than lhe on<' in figure 7. 1 I and figure 7 .12 for obvious rea.sons. It 

took.,r,, approx.imaldy t = IOOO;;ernnds to reach the expected value of..,.,, - 0.026, while 

u, took approximate!)· 1 ~ 1200scconds to reach the expectetl value ofa·, = ll.tl38 . The 

valm: for th~ positive scalar is 1 = 0.0003. 
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Figure 7. 14 ~hows the automatic tuning of th<.: both controlh:r parameters sim11ltaneously. 

the sL1rting value., for the controller parameteTS wa, 5% more than the expected value for 

which the guadratic criterion is near its minimum. Both controller parameters decrea,etl 

steadily until the i::xpected value as illustralc<l in ligurc: 7.14. It lookff;;approximal.:ly 

, = 1200 seconds 1c, reach the expected value -of o-,, ~ 0.026 , ,~hile o-1 rook appmximatdy 

t = IOOOseconds tt• r,each the cxpi::ct~<l valu<:: of..,-1 - 0.038. The value for th.: positive 

scalar is y ~ 0.0003. 
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Figur.: 7. 1:- sho," lhc (race for the comroll~r param.,ters ,,-,, and": when their ,;1a11ing 

valui:,s are I 0% les~ than their expected value. The blue dol circled hy the red 1'<>undary i~ 

the expeclcd p<>i111 where both ~omroller parameters have reached their expected value. 

o.m~ - ~-~ --~-~-'--~-~-'~--~---, : : : ~ : : : 

Q O~!i-n••••~ ••• ••••~ ••• ••••~•••• •••~•••••••f • ••••••l•• •••• ~•••••••~•••~• • 

0 026 - · · •p•j · · .... j .. · .. _j ...... ) .... ~ .!. • .. · .. l ..... · · ; ... • · ~-t -
: : : : ; : ♦ • 

~ : : : -1' 

c., 0 CC76 -· ···· •~···· ···~·······~·······~··· · ... ~ •..•..• ~ •. ,._ ... ~·······~· . .. 
«J ' ' ' ' ' 
E ; : : : ;+ 
~ 0-011 -· · .... f--··· .. ~· .. ····r·· .... ·t··· .... ~ ....... ;-...... ~•···· .. r··· · .. 

: : : : : -t : ~ : 
0.0..~ -····· ·~--· · - ·t····· ··~ ····· ··~· · ·· · ~= · ·· · · ··; ···· ···i · ····· ·i-. ... . . 

: : : ! + : ~ : ! 
: ~ • ♦ : . : ' 

0 016 - · .. · · ♦ .... ·i ... _. ... ;. · ... --; .. --·--!· ...... ; ....... :-• .. -· ·! ..... ·-
: : : : : r : ; . . . ' . . . . 

0 0255 l i ~ ; f i I i 
0.0375 0 038 0 0386 0 039 0 03:15 0 04 0 0405 0 041 0 04 15 0 04~ 



Figure 7. 16 ~hows the I race f'or lhe controller parameters o-,, imd IT, when lh~ir staring 

v~ lucs w~s 10% less than their expcctci.l ,aJuc. The blue <lol circled by the red houmlary 

is the expected point where both comroller parameters have reached their expected value. 
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Figure 7. I 7 shows !he trace for the controller parameters a,, and o-, when their starling 

values are 5% less than their expected value. The blue dot circled by the red boundary is 

the cxpcctcd point where both controller parameters have re~ched their expected va lue. 
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Figure 7. 18 shows 1hc tmc.: for the cnnlrolkr parameters r,,, and ,,., when thdr starting 

valu;,s are 5% mor<' I han their expected val llL'. l'hc blue dot circled by the red houndary i~ 

the expeckd point where both contl'(;llcr para,nekr~ have reached Lhcir expected values. 

The observation from figure 7. I 5-i . 18 sho\\·ing the trace of " • and ,,., is that som<' trace 

shows osci llation. this i.~ due to the value of 1 a, rhis is the :;calar rha1 controls rhc rate of 

change. 

7.2.3 Auto tunin~ of the IFT paramcrers for the DC motor wi1h varying 

inertia 

Thi:; :;ectiu11 of the di:;scr1ation varies the inertia of the load fur the DC molor to ensure 
rhaL rhe IFT algorithm Visual Basic code works regardless oflhe varying load. and can be 
able to find the cnntroll<'r paramct~rs for which any given system for which it has a 
minf,num . 
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Figure 7.20 sho\\·S lhe auto tuning of t,,,th commller parameters a ., anti <1. , 1hc chosen 

staning values for the rnntrnller parameters is 0.026 and 0,038 respectively, These 
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staning values were chosen b<:caus" th..:y :m: 1he values for which the quadratic criterion 
of the IFT algorithm is near ils minimum for a DC mot.or wi1h heavier load as slated in 
section 7.2.2. Tht> vah1t•s for the control ler pMatncters for whi{:h th" crikriun is near its 
minimum for lhc ligh(~r load is ro.022 0.03J ) in the following fonnal [u,, <:r, ). 

93 



Chapter 8 

Conclusion and future development 

8.1 CONCLUSIONS 

The following conclusions can be drawn from the results in this thesis: 

• It was shown that the MRAC gradient approach method is related very closely 

to the IFT algorithm. The MRAC algorithm produced the actual output 

response y with an overshoot of approximately 60%. The overshoot was 

shown to be due to the real system containing offsets which were not 

accounted for by the literature in the book Adaptive Control by KJ Astrom and 

B Witten mark (1989). 

• The IFf algorithm was applied to a one degree of freedom controller problem 

for a DC motor. The algorithm worked well for the controller parameter 

a defined within the stable region or domain of the DC motor. The overshoot 

experience was below 40%. Thus the overshoot produced from the IFT 

algorithm was very small compared to the MRAC algorithm. 

• It was shown that the controller in a IFT algorithm in a closed loop generates 

the data that contains enough information for the identification of the model 

suited for a better and improved control design by updating the controller 

parameters (1' 0 and (1'1 • 
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• For the controller to be tuned properly one has to collect the closed loop 

experimental data so that the estimation of the gradient can be calculated. The 

advantage of this algorithm is one can improve the controller successively from 

time to time without breaking the loop. 

• The controller parameters for which the quadratic criterion is a minimum for a 

given domain are u = [0.026 0.038] in the following formatu = [0-0 0-1]. 

• The IFT algorithm automatically tuned the controller parameters to the desired 

valued stated above. 

• The IFT algorithm was able to produce the correct controller parameters for a DC 

motor with a different load to ensure that the algorithm compensates for changes 

in the inertia of the load. 

• It was shown that the rate at which the IFf algorithm will convert to the correct 

controller parameters for which the quadratic criterion is minimwn depends 

entirely on the positive scalar 1, if this scalar is given a value which is too large 

the chances of missing the minimum increase. While if the scalar's value is too 

small the algorithm will take a long time to converge. 

8.l FUTURE RESEARCH 

The following are the future work that is suggested through the observation duration of 

this research: 

• The IFT algorithm can be implemented for a one degree of freedom controller 

with a disturbance signal and the overshoot on the output signal reduced to zero 

percent. 
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• The effect of large changes in inertia were observed to cause instability in the IFT 

controller and this could be investigated in detail. 

• The effect of the IFT parameter gamaz or r could be linked to the rate at which 

the controller parameters converged to the optimum and this rate could be 

optimized. 

• The equations of the IFT parameter optimization could be modified to provide a 

forgetting factor functionality in which past data is discarded at a controlled rate 

set by the forgetting factor. 
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Appendix 1 

This section of the dissertation derives and explains equations that were stated and used 

in the earlier chapters. (The equation numbering used in this appendix folJows that of the 

main text for ease of reference) 

Al.1 DERIVATION OF MRAC EQUATIONS 

a*tO 
y=----r ............................................ (3.3) 

l+a*sO+s*T 

Equation (3.3) is obtained by replacing u in this equation y = a u with 
l+s*T 

u =tO*r-sO* y 

a *T 
tO= "' .................................................... (3.7) 

a*T 
"' 

T-T 
s0= "' ................................................... (3.8) 

a*T.,,. 

The parameters in equation (3.7) and {3.8) are obtained by comparing the numerator and 

the denominator of the actual and the desired transfer function given by (3.3) and (3.5) by 

writing them in such a way that the coefficient of s is one as illustrated in (3.3a) and 

(3.5a). 

y=[ ~ ] ............................................... (3.3a) 
s+-+-*sO 

T T 
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Y,,. = 

a.,, 
T,,. 

l 
-+s 
T,,. 

...................................................... (3.5a) 

oe a 
-= 7 ................................................. (3.9) 
otO l +a* sO + s * T 

oe a2 *tO 
osO = (1 +a* sO+ s* T)2 r ························ ..................... (3.lO) 

Equation (3.9) and (3.10) are obtained by taken the derivative of the following equation 

a*tO a,,, e,,. =-----r----r .... (3.6) with respect to tO and 
1 + a• s0 + s * T 1 + s • T,. 

sO respectively. 

Al.2 DERIVATION OF IFr ALGORITHM EQUATIONS FOR TWO DEGREE 

OF FREEDOM CONTROLLER 

k(u)*G l 
e.(u)=y(u)-y111 =( () r-y 111 )+ () d ........................ (A2.4) 

l+f u *G l+f u *G 

Equation (A2.4) is the difference between the actual and the desired response 

=+) ok (u)•r0 (cr)•r-+) a/ (cr)•qr0 ]2(cr)*r+T0 (cr)•s0 (cr)•d) .......... (A2.13) 
k\cr o<:r k\<:r o<:r 

The equation in (A2.13) is obtained by taking the derivative of the actual response y with 

respect to the controller parameter sigma <F • 
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Al.3 DERIVATION OF IFT ALGORITHM EQUATIONS FOR ONE DEGREE 

OF FREEDOM CONTROLLER 

8y 1 G * K * r oK l G2 * K 2 * r oK ---•---·---*----*- (49) ou - K (I+G*K) vu K (I+G*Kf ou ............................................ . 

The equation (4.9) is obtained by taking the derivative of the actual response ywith 

respect to the controller parameter sigmau for a one-degree of freedom controller. 

cy =_!_* f}K * [r• r -T2 * r] ................................................................... (4.11) au K ou 

Since T G* K equation (4.9) can be summarized into (4.11) 
l+G*K 

~=_!_* oK * y(2) .............................................................................. (4.14) 
ou K Bu 

The term in bracket in equation (4.11) is equal to the actual response yf>from 
experiment 2, hence equation (4.14) 

ou =_!_* oK •,/2) .............................................................................. (4.21) au K au 
Similarly with the input derivative in equation (4.20) u<2> is the input signal from 

experiment 2. 

O~o = (0-1 * :+uo) *u(2) ........................................................................ (4.22) 

:::., =(a,*:+ uo) * "(2) ....................................................................... (4.23) 

Equation (4.22) and (4.23) are obtained by replacing the type 1 controller with the 

equation K(z) Ui • z +uo and separating the vectoru = [u
0 

uJ 
(z-1) 

a*/Ji+a*f:Ji*s a 
s * (1 + s * T)

0
+a* Po +a* A.* s = 1 +s: T.,. ············--··········--· ..................... (S.lZ) 
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----~ ....... nv1 .:1.uu numerator of equation (5.12) gives: 

(a* /Jo+ a* A* s)•(t +s * T,,.)=am *(s* (I +s • T)+a* /Jo+ a* A* s) ................ (5.13) 

coefficient comparison of equation (5.13) 

s2
: a*/3,.*T.,=am*T ....................................................................... (5.13a) 

S
1

: a* Po *T,. +a* /3,. =am +a,,, *a* A ................................................... (5.13b) 

s0
: a* Po =a,,,* a* Po ....................................................................... (5.13c) 

But the gain for the desired model a,. = 1, therefore from equation (5.13a) 

T P1 =-- ................................................................................... (5.15) 
a*T,,, 

Equation (5.15) into (5.13b) produces (5.16) 

1 Po = -- .................................................................................. {5.16) 
a*T., 

Al.4 DETERMINING THE DC MOTOR TRANSFER FUNCTION 

The DC motor's transfer function was found to be: 

g(s)= ( l.Ol )[v]![v] .................................................................... (5.2) 
l + 2.00* s 

This value is not I 00% accurate as it is calculate by approximation and its contains the 

system noise from the apparatus from the servo motor mentioned in chapter 5. 

Al.5 THE DC MOTOR APPARATUS 

Table Al.1: The table explains the use for the apparatus used for the DC motor in this 

thesis 

Pre - amplifier llllit This is used to reverse the direction on the motor 

Attenuator unit Used to attenuate or vary the amplitude of a signal 

Op Amp unit This is used for unity feedback 

Input pot unit Not used in this thesis 

DC motor The motor drives a gear-box 
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Output pot unit Not used in this thesis 

Servo Amplifier This controls the speed of rotation and also the direction 

of rotation of the servo-motor 

Power supply This provides the various a.c. and d.c. supplies required 

Analog/Digital Converter Convert analog to digital signals 

Digital Multimeter Display the results numerically 

Reduction Gear Tacho unit This produces the speed which is fed to the ADC 

PC or Computer Used to code visual basic and run the algorithms 
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y,., = 

a,. 
T,,. 

l 
-+s 
T,., 

...................................................... (3.5a) 

ae a - = -----r ................................................. (3.9) 
otO 1 + a * s0 + s • T 

oe a2 *tO 
osO = (I+a*s0+s*T)2 r ............................................. (3.lO) 

Equation (3.9) and (3.10) are obtained by taken the derivative of the following equation 

a*tO 
e =-----r 

"' l+a*sO+s*T 
a,,. 

---r .... (3.6) with respect to tO and 
l+s*T.,, 

sO respectively. 

Al.2 DERIVATION OF IFf ALGORITHM EQUATIONS FOR TWO DEGREE 

OF FREEDOM CONTROLLER 

1 k(a)*G l 
elll(a)=Y\O")-y,., =( l+J(o-)*Gr-y,., )+l+J(a)*Gd ........................ (A2.4) 

Equation (A2.4) is the difference between the actual and the desired response 

=+) ok (a)*T0 (u)*r--(1 )__?l__(o-)•qr0 ]
2 (0-)•r+T0 (0-)*S0 (a)•d) .......... (A2.13) 

k,o- ou k o- ao-

The equation in (A2.13) is obtained by ta.king the derivative of the actual response y with 

respect to the controller parameter sigma u. 
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Al.3 DERIVATION OF IFT ALGORITHM EQUATIONS FOR ONE DEGREE 

OF FREEDOM CONTROLLER 
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The equation (4.9) is obtained by taking the derivative of the actual response y with 

respect to the controller parameter sigma a for a one-degree of freedom controller. 

_2.=_!_* 8K •(r• r -T2 * r] ................................................................... (4.11) ocr K ou 

Since T= G* K equation (4.9) can be summarized into (4.11) 
l+G*K 

0' =_!_* oK * y(2) .•••••. ••••••••• ·••••••• ••••••••••••••••.••••••••.•••••••••••••••••••••••••••• (4.14) au K ou 
The term in bracket in equation (4.11) is equal to the actual response y}2)from 

experiment 2, hence equation (4.14) 

au=_!_* oK *u(2) ············································································ .. (4.21) au K OU 

Similarly with the input derivative in equation (4.20) u<2
> is the input signal from 

experiment 2. 

:::.o = {u, *: + uo) * u(2) ........................................................................ (4.22) 

:::., = (u, *:+Go)* u<2
) ....................................................................... (4.23) 

Equation (4.22) and (4.23) are obtained by replacing the type l controller with the 

equation K(z)= u, (* z +to and separating the vector a= (a0 o-J 
z-1 

a*Po+a*P,*s 
s *(1 +s* T)+a* /Jo +a* /J., * s 

_am=-- ................................................ (5.12) 
1 +s*T,,. 
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Cross multiplying the denominator and numerator of equation (5.12) gives: 

(a• /Jo +a• /Ji •s)•(1+s*T111 )=a. •(s•(t+s*T)+a• Po +a* /Ji •s) ................ (5.13) 

coefficient comparison of equation ( 5 .13) 

s 2
: a* /Ji• T111 =a,,,• T ....................................................................... (5.l3a) 

s
1

: a• Po •rlll +a• /Ji =a,,, +a,,, •a• A··················································· (5.13b) 

s0 
: a• Po = a,,, •a• Po ....................................................................... (5.13c) 

But the gain for the desired model a,,, = 1, therefore from equation (5.13a) 

T Pi= -- ................................................................................... (5.15) 
a*T,,. 

Equation (5.15) into (5.13b) produces (5.16) 

l Po = -- .................................................................................. (5.16) 
a*T.,,. 

Al.4 DETERMINING THE DC MOTOR TRANSFER FUNCTION 

The DC motor's transfer function was found to be: 

g(s)= (t + ~:. s)[v]![v] .................................................................... (5.2) 

This value is not I 00% accurate as it is calculate by approximation and its contains the 

system noise from the apparatus from the servo motor mentioned in chapter 5. 

Al.5 THE DC MOTOR APPARATUS 

Table A 1.1 : The table explains the use for the apparatus used for the DC motor in this 

thesis 

Pre - amplifier unit This is used to reverse the direction on the motor 

Attenuator unit Used to attenuate or vary the amplitude of a signal 

Op Amp unit This is used for unity feedback 

Input pot unit Not used in this thesis 

DC motor The motor drives a gear-box 
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Output pot unit Not used in this thesis 

Servo Amplifier This controls the speed of rotation and also the direction 

of rotation of the servo-motor 

Power supply This provides the various a.c. and d.c. supplies required 

Analog/Digital Converter Convert analog to digital signals 

Digital Multimeter Display the results numerically 

Reduction Gear Tacho unit This produces the speed which is fed to the ADC 

PC or Computer Used to code visual basic and run the algorithms 
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Appendix2 

Iterative Feedback Tuning 

This appendix chapter is mainly from the paper Iterative feedback tuning: Theory and 

Applications by Hakan Hjalmarsson, Michel Gevers, Svante Gunoarsson, Olivier Lequin 

( 1998) that deals with IFT systems. 

Al.1 BACKGROUND 

Many of problems experienced in the control industry can be expressed in terms of a 

criterion or cost function. In order to explicitly find solutions to such optimizations 

problems, it requires one to know in details the model of the plant and its disturbances. In 

practice it is often that the plant and the disturbances are not known in great detail and as 

a result it is hard to achieve the best possible performance with the controller [14]. 

In order to tune the parameters of a controller for optimizing the performance of the 

controlled system one requires iterative gradient-based minimization procedures. It is 

very complicated and cumbersome to compute the gradient of the criterion function with 

respect to the controller's parameters because of the model for the plant and the 

disturbances. If one does not know the model for the plant and the disturbance it is not 

known how one can be able to compute the gradient [14]. 

In the past all attempts at obtaining the minimum of a control performance criterion 

always relied on having the model for the plant and the disturbances. A number of 

methods have been proposed for the direct tuning of the controller parameters [27), [28) 

and [29], these methods are all based on achieving some certain properties of the closed 
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loop system of the plant. Until recently different schemes have been proposed to address 

the problem of model based designing of controller parameters namely [ 14]: 

• Control design 

• Iterative identification 

The way these schemes work is they iteratively perform the identification of the plant's 

model and they update the model-based controller and every updated controller is being 

applied to the plant. The present controller in a closed loop generates the data, and this 

data contains enough information for the identification of the model suited for a new and 

improved control design. For every iteration the controller is tuned better and better than 

the previous one and it is getting closer to the control objective and the performance is 

improved on the plant [14}. 

Previous attempts at minimizing the control performance criterion by direct controller 

parameters tuning has failed because of the difficulty of having to compute the gradient 

of this cost criterion with respect to the controller parameters [14]. For a controller of low 

order structure the experimental and industries have reported successes with iterative 

identification based controller design schemes. The Gauss-Newton based scheme can be 

used to minimize the criterion. For a controller with a two-degree of freedom, three steps 

are performed at each step of the iteration process: 

• Collect data from the controlled plant under normal operation conditions 

• Feeding back at the setpoint r the output measured during normal operation 

• Collect data under normal operation conditions 

Because of this procedure the method is named Iterative Feedback Tuning (IFn. When 

the controller has one degree of freedom the third step becomes unnecessary and it is left 

out when the criterion minimization process takes place, this will be explained later in 

chapter 4 and 5. The algorithm docs not require one to know the model of the system to 

be controlled, hence the method is growing in popularity in industry because of their 

large and complicated systems which at times are very difficult to model as mathematic• 

systems see [5]. 
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Iterative feedback tuning also known as IFT is a method based on iterative tuning of the 

controller's parameters in the direction of decreasing gradient of a given cost function. 

The gradients are estimated using the closed loop experimental data, and an update of the 

parameters of the controller is estimated at each iteration. Hjalmarrsson [8] first proposed 

the IFT method in 1994 after the industries experience problems of always needing to 

know explicitly the model of the system in order to design any control for it. 

People in industries encountered further difficulties, as other systems could not be 

modeled properly. When using the IFT algorithm one need not know the model of the 

system to be controlled, and like other numerical optimiz.ation routine one can use a step 

size on the parameters, which enables one to control the rate of change between the new 

and the previous controller [14}. 

IFT scheme because of its simplicity is used for a variety of tasks from the simplest like 

optimal tuning of simple PIO controllers to more complex tasks like systematic design of 

controllers of increasing complexity [14). The other advantage of using the IFT algorithm 

is that the controller can be improved successively from time to time without ever 

breaking the loop [14]. In process control applications one of the objectives in controller 

designing is to achieve disturbance rejection, while with IFf scheme the tuning of the 

controller parameters for disturbance rejection is driven by the disturbances themselves 

[14). 

The IFT algorithm is analyzed in the following section, the equations are derived for a 

general two degree of freedom controller system. This section is mainly based on the 

following resources: The paper iterative feedback tuning, Theory and application by 

Hakan Hjalmarsson, Michel Gevers, Svante Gunnarsson, Olivier Lequin (1998) that deals 

with IFT systems, the paper Iterative feedback tuning of linear time-invariant MIMO 

system by Hjalmarsson H, Birkeland T (1998), and the paper A convergent iterative 

restricted complexity control design by ~almarsson H, Gunnarsson S (1994). 
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Al.2 ANALYSIS OF THE IFT METHOD 

flture A2.1: Block • ..,.. for a two cl•.,.• offreodom controUer for a 
closedle•J9fltNI 

The figure above shows the feedback system with the following notation: 

• G represents the plant's transfer function 

• d is the process unmeasurable disturbances 

• Td is the desired transfer function 

• e,., is the error between the actual and the desired output 

• y is the actual output response 

• y,., is the desired output response 

• u is the input signal 

• r is the setpoint 

• f and k are the controllers 

Assuming that the system is controlled by a two degree of freedom controller as 

illustrated in figure A2. l the following equation can be derived: 

u = k(u)• r- J(u)• y ............................................... (A2.l) 

In equation (A2.1) a is the controller parameter 

Let the desired output y,., represent the output response from the closed loop system, 

and it can be defined as: 

y., = Td * r ........................................................... (A2.2) 
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The actual output response y is represented by: 

_ k(o-)•G 1 
y(o-)- ( ) r+ ( ) d ......................... (A2.3) 

l+fo- *G l+f o- *G 

The error e,. between the actual and the desired output response can be written as 

follows: 

( _ k(o-)*G l 
e,.o-)-y(o-)-y,. =( () r-y,. )+ () d ............ (A2.4) 

l+fo- *G l+fo- *G 

The error e,. in equation (A2.4) is caused by disturbances as well as incorrect tracking of 

the setpoint signal r. 

The quadratic criterion in equation (A2.5) will be considered for this section: 

The parameter lamda 1 in this quadratic equation is a scalar and N is the finite length 

for which the experiment is performed in a given time. 

In equation (A2.5), ~t(LYe,,,(o-}Y +At(L.,u(o-))2] is the expectation with respect to 

the disturbance d . 

The controller parameter (o-)is defined as follows: 

o-• = argminJ(o-) ............................................................ (A2.6) 

Equation (A2.6) means that the correct controller parameters sigma (o-) are those for 

which the quadratic criterion is a minimum. 
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The purpose of the quadratic criterion in equation (A2.5) is to tune the process response 

to a desired response of finite length N in a mean square sense. The first term in equation 

(A2.5) is an errore.,, frequency weighted by a filter LY. The second term is the penalty on 

the control effort that is frequency weighted by a filter L.,. The two filters LY and L., can 

be set to 1, but if one wants to give added flexibility to the design one can set them to 

other values depending on the problem at hand [14]. 

Let T0 (u) be the closed loop and S0 (u) be the sensitivity function. Therefore the 

following equations can be derived: 

T0 (u)= l :<;{:)~G ....................................................... (A2.7) 

1 
S0 (u)= 

1 
+ /(u)*G ....................................................... (A2.8) 

T0 (u)+S0 (u)= 1 ........................................................... (A2.9) 

Substituting equation (A2. 7) and equation (A2.8) into equation (A2.5) gives the 

following equation: 

In equation (A2. l 0) the first term is the tracking error, while the second term is the 

disturbance contribution and the third and last term is the penalty on the control effort 

[14). 

A2.J THE MINIMIZATION OF THE QUADRATIC CRITERION 

The gradient of the quadratic criterion J(u) is derived in this section, the purpose for this 

is to satisfy equation (A2.6), to find the controller parameter sigma (u) for which the 

quadratic criterion is a minimum. 
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Al.3.1 011tp11t signal 

A criterion or cost function has been defined as a function of the controller parameters 

sigma (u). Its minimum is found by partial differentiation of the cost function J(u) with 

respect to the controller parameters. The resulting equations are re-written to make them 

dependent on measured plant variables, first with an independent setpoint and then with a 

derived setpoint. The resulting data can be used to determine the optimum parameters 

without bias due to measurement noise. For simplicity the derivation will assume that 

both filters LY and L.,, are equal to 1. 

In order for the correct controller parameters sigma (u )to be obtained that satisfies 

equation (A2.6) , the gradient of J(u) is obtained and at the point where this gradient is 

a minimum the correct controller parameters are found. In order to achieve that, the 

gradient is equated to zero as shown in equation (A2. l ). 

-(u)=- L e.,(u)-"' (u)+..tL u(u)-(u) =0 ..................... (A2.ll) a, l~N fJe N i)u ] 

OU N ,_, OU t=I au 
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• 
Figurl'? A.2· 'fh":' illvstration o(t'h"? lfT t,fterfon mmimaza.don m 3-0 

Figure A2.2 illustratl:' the procedure to find the cont.roller pararnetets to satisfy equation 

(A2.6) '·a· = arg m,n .l(a)" where by the c.ontroller parameter sigma (a) is a vector 

made of[; k}. The search for rhe controller parameters of the given function hi1s lo be 

done in hoth axis 10 makes the quadratic criterion .!(a) a minimum. To illustrate thar in 

figure A2.2 the hypothetical quadratic criterion is a minimum when th'-' comroller 

rarameter (o-) has the following indexes!/1 kl]. 

One cannor solve equation (A2. I I) ,lirectly as it st,mds hecause it has one too many 

unknowns and it will be cu1nberso1ne to compute the gradient a.J (cr}. lfit were rossible 
ca 

to comrute it the solution will he oM.ained from the following iterative algorithm: 

oJ er .• , ~ o- -y.R
1
·
1- (a . ) ................ ...................... (A2. 12) 

• 
1 

• Ca · · 

111 the iterative algorithm equation (A2. l2) ahove r
1 

is a positive re,11 scalar that 

determines th,; Ster si:i:e, while R
1 

is" positive matrix fl41. 1n order to tlcterminc the 

I 12 



point "u" at which the criterion is minimiz.ed the following quantities need to be 

generated: 

• The error signal e,,, (u) and the input signal u(u) 

• The gradients oe,,, (u) and au (o-) 
0(1' 0(1' 

While the following quantities needs to be computed: 

• Thefollowingproducts e,,,(o-)•oe., (u) and u(u)• °" (u) 
0(1' au 

Performing the following process can generate these quantities: 

Firstly the error e,,. is obtained by taking the difference between the actual and the 

desired response as stated in equation (A2.4), the desired response is independent of the 

controller parameter sigma (a-) therefore the gradient oe., (u)= oy (u) 
0(1' au 

Equation (A2.13) is derived by taking the derivative of equation (A2.4) with respect to 

the controller parameter sigma (u) and using equation (A2. 7), (A2.8) and (A2.9) to 

simplify the resulting derivative equation. 

In equation (A2.13) the expressions k(ul ok (u) and of (u) are all known functions 
0(1' 0(1' 

which depend on the controller parameter sigma(u). The closed loop T
0
(u) and the 

sensitivity function S0 (u)depend on the unknown system and as a result they cannot be 

computed at this stage. 
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The following can be observed in equation (A2.13): There is a double filtering of the 

setpoint r and the disturbance d and this can be expressed mathematically as: 

[T0 f * r + T0S0 * d = T0 y ............................................. (A2.14) 

Equation (A2.14) is derived by using the expression for the actual output response in 

equation (A2.3) as y = T0 * r + S0 * d. 

Substituting equation (A2.14) into equation (A2.13) gives the simplified version of 

equation (A2.J 3) 

l [( ok of ) of ] =-() -(u)--(u) *To(u}*r+-(u)T0 (uXr-y) .................. (A2.15) 
k u au au au 

The last term in equation (A2. l 5) is the difference between the setpoint signal r and the 

actual output response y . This term can be obtained by subtracting the actual output 

response signal from one experiment on the closed loop system from the setpoint signal, 

and this error signal can be used as the setpoint signal in the new experiment [14]. 

The IFT algorithm for a two degree of freedom controller's initial stage can be 

summarized as having the following procedure: 

For every iteration j of the controller~tuning algorithm, three experiments will be used 

and each will be of duration N with a constant controller c(u) = {t(o-1/(u )} operating 

on the plant. Experiment one and three consists of collecting the data under normal 

operating condition, while experiment two is the most interesting one. The setpoint signal 
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is hasN - length ry> where i = 1,2,3, while the corresponding actual output response 

signal is represented by y(i\u;) where i = 1.2-'l hPn,. .. 1-1,,.- +'~ 11 ----'-

r}1> = r, y<l}(o-J= To(o-J• r + so(o-J• d}1
) •••••••••••••••••••••••••••••• ••••••••••••••• (A2.l6) 

rJ2> = ~- y<1>} y<2>(uj )= T0 (ui X.,.- y<1>(ui ))+s0 (0-i )• df> ......................... (A2.17) 

rJ3> = r; y<3>(0-J= To(uJ•r+S0 (0-J•df> ............................................... (A2.18) 

The last tenn on the equations are multiplied by a tenn dy> this represent the disturbance 

acting on the system during experiment i at iteration j . The disturbances come from 

different experiments therefore it is a reasonable to assume that they are mutualty 

independent. This assumption can only be satisfied if the length N of one experiment is 

greater than the time of the disturbances [ 14]. These experiments yield an exact 

realization ofe.(o-J: 

e,.(ui )= y<1>(0-i )- y,. .................................... (A2.19) 

Let est[ oy ] denotes the estimation of the gradient oy 
00" 00" 

This estimation of the gradient in equation (A2.20) can be further rewritten by straight 

substitution of equation (A2.16), (A2. l 7) and (A2. l 8) in (A2.20) hence the following: 
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When comparing the gradient equations (A2.2l) with (A2.15) two conclusions can be 

drawn: 

• The disturbance generated in the first experiment is no longer causing any 

problem 

• The output of the first experiment with the disturbance is exactly what is needed 

as setpoint signal in the second experiment to generate an estimate of ae. [14]. aer 

A2.3.2 Input signal 

One can generate the measurements of the process input by using the setpoint signals 

from equations (A2. l 6), (A2. l 7) and (A2. l 8). The signals are generated in the 

following manner: 

In the first experiment the setpoint is set to a particular function of time, and then the 

actual output response y(I) is produced. At the same time the signal r - y(l) is 

generated and stored and used in experiment 2 as the next setpoint r<2> = r- y<I) that 

produces the second actual response y<2>. By so doing the estimate of the sensitivity 

function ou (er 1 ) can be generated from the following: oer 

u(u)= k((\:;r- Jt)pd=S0 (ul.t(u)r- J(u)i) ............................ (A2.22) 
l+Jer I+Jer 

080 (er)= _ _!_T0 (u)s'0 (u) of (0-) .......................................................... (A2.23) 
OlT k OlT 

Equation (A2.23) is derived by taking the derivative of the sensitivity function S0 in 

(A2.8) and using (A2.7) and (A2.8) to simplify it. 

The gradient of the input signal with respect to the controller parameter can be derived 

equation (A2.22) it follows that 
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= S0 (0.{ .E!_r-~(o-)y] 
'lao- ao-

= So(o-f ok (o-)-..?[_(o-► + of (o-Xr-y)l ..................................... (A2.24) 
1._ 00" 00" 00" J 

When the setpoint signals, which are defined in equation (A2. l 6), (A2.17) and (A2. l 8) 

are applied to the system in the three experiments the corresponding three sets of inputs 

are produced and can be logged: 

u<1>{0-i )= S0 (0-i lt(o-i ►- J(o-)dy>] ....................................................... (A2.25) 

u<2>(0-i )= S0 (0-1 lk(o-1 X,- - y<1>(0-i ))- J(o-i )i?> ] .. ., ..................................... (A2.26) 

u<3)(0-i )= s0 (0-1 lt(o-1 ►- J(o-1 )ij3
> j ..................................................... (A2.27) 

u<l)(o-) is a perfect realization of u{o-) meaning that the input signal obtained in 

experiment 1 is equivalent to u(o-) the one needed in equation (A2.l l) for computation 

of the criterion minimization process. Therefore 

u(o-)= u(l)(u) .......................................................................... (A2.28) 

The estimation of ou (u i) can be expressed as the following: 
00" 

est[°" (o-i )l = ~[( ok (o-1 )- of (o-i )lu<3>(0-i )+_?l_(o-i }t<2>(0-1 )1 ............. (A2.29) 
oCT J k\o-i J ou oo- ) oo- J 

The equation (A2.29) is an approximation of equation (A2.24), and it has the generated 

experiment input signals u<2
) and u<3

) from equation (A2.26) and (A2.27) respectively. 

When looking at equation (A2.29) and equation (A2.24) and comparing the two, the 

above equation can be rewritten as shown below: 
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A2.3.3 Summary of the IFT algorithm: 

With a controller c(o-) = {k(o-} f(u )} operating on the plant, the response signals 

y<1>(0-} y<2> (u} y<3
) (o-) given by equation (A2.16), (A2. l 7) and (A2. l 8) respectively need 

to be generated. The input signals u<1>(u}u<2>(u},/3>(u) need to be generated as well. 

These are given by equation (A2.25), (A2.26) and (A2.27) respectively. The next step is 

to compute e.(u}es{!, (u)],u(u) and es{:; (u)]using equation (A2.4), (A2.20), 

(A2.28) and (A2.29). Based on these estimates the next controHer parameter can be 

updated by the recursive equation (A2.12) ui+I = <Ti -yiR;1 oJ (uJ. 
00' 

Al.4 SELECTION OF MATRIX R1 

There are a number of choices when it comes to this matrix Ri, though it has to be 

positive definite matrix. The matrix has to ensure that it gives the negative gradient 

direction, in this research two types are investigated. The first one is the identity matrix 

while the second one is given by this equation: 

where the first term in the bracket is the dot product of the estimation of the gradient of 

the output response y with itself, while the second term is the dot product of the 

estimation of the gradient of the input signal u with itself and the latter result is 

multiplied by a weighting factor lamda ;L . The role of lamda 4 is to scale the second 

term in equation (A2.3.1) 
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