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ABSTRACT 

This thesis investigates several different control techniques as applied to 

hyperthermia-based models. These control techniques are control switching, Model 

Reference Adaptive Control, and Self Tuning Regulators. These three techniques are 

compared to a conventional PI controller. The objective of each controller is to regulate 

three temperatures associated with models which represent a three region tissue volume 

using a single input. Consideration is given to different types of blood perfusion levels as 

well as restrictions placed on the flexibility of the input power. This thesis shows that 

during simulations of the hyperthermia treatments, the Self Tuning Regulator technique is 

more effective at regulating the temperatures. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Hyperthermia Treatment 

This thesis will deal with the control problem associated with hyperthermia 

treatments. The biological and physiological aspects of the treatment will not be covered 

here; the focus of this thesis will be the regulation of the tissue temperatures. A brief 

introduction to the current treatment procedure will be discussed in this chapter. 

Hyperthermia treatments are performed on patients which have cancerous tumors. 

It has been proven that in addition to regular treatment methods, radiation and 

chemotherapy, if the patient undergoes hyperthermia treatments the tumor decreases 

further in size (Overgaard 1989, Arcangeli et. al. 1987, Gerner et. al. 1975). The goal of 

the hyperthermia treatment is to heat the tumor tissue approximately six degrees Celsius 

above the baseline temperature, that is, raise the temperature from the baseline 37 degrees 

Celsius to 43 degrees Celsius (Lin et. al. 1992, Strohbehn 1984). In this thesis, the tumor 

temperature is increased using a scanned, focused ultrasound system (Lin et.al. 1992) to 

produce the power deposition field. The power deposition field is generated and regulated 

by transducer tilt and rotate angles, focal depth, output acoustical power, and scan radius. 

During the hour long treatments, if the tumor tissue is not being heated properly or if the 

majority of the tumor is not being heated, the above parameters can be changed by the 

operator to achieve a more efficient power deposition pattern. However, in this thesis all 

of the above variables will be fixed and only the input power magnitude will be permitted 

to vary during the treatment. In order to still achieve acceptable results with these 

constraints, the present control technology needs to be upgraded. This thesis investigates 
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the use of adaptive control as a possible technique for upgrading the control strategy for 

the hyperthermia control problem. 

The main obstacle during a treatment is the over heating of the healthy tissue; it 

too can be damaged by an increase in temperature. Since previous research has shown 

that an increase in the temperature of the tumor tissue has a therapeutic effect, the 

temperature of the normal tissue must be kept below that threshold level. In this thesis the 

acceptable behavior will be defined as follows; the variables that model the tumor tissue 

dynamics need to be heated at least six or seven degrees Celsius and they need to reach 

this desired value within ten minutes, the variables that model the normal tissue dynamics 

need to be kept from heating more than five degrees Celsius at any given time. 

Temperatures associated with the tumor tissue dynamics raised more than ten or eleven 

degrees Celsius will be considered unacceptable since this temperature level may result in 

pain for the patient during an actual treatment. 

1.2 Present Hyperthermia Control Technique 

Hyperthermia treatments are currently performed at the University Medical Center 

in the Cancer Center. A PI controller (Franklin et. al. 1990, Nathanson 1991) is used to 

help regulate the treatment volume temperatures. This controller has been successful in 

controlling many of the temperatures inside the tumor tissue but in doing so it often 

neglects the normal tissue temperatures that are located inside the same physical region. 

In some cases the normal tissue is not regulated. Figure 1.1 shows how the temperatures 

of a hyperthermia treatment may respond using a PI controller. 

In all of the temperature plots throughout this thesis, , the state variable 

representing the tumor temperature in the dynamic model of the treatment volume, is 

represented by the solid line, x, and X3, which are the state variables representing the 
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normal tissue temperatures are represented by the dashed line and the dashed-dot line, 

respectively. A concern with this PI controller is that it regulates one output with one 

input and neglects the variables associated with the normal tissue dynamics. In some cases 

the blood perfusions allow the PI controller to work well. Twelve different blood 

perfusion combinations, that are discussed in Section 2.2 and Section 3.2, were used in 

simulations with the PI controller. There are cases where the PI control technique is not 

successful. Two blood perfusion combinations did not produce the desired responses, the 

(1,5) case as shown in Figure 1.1 and the (3,9) case. In addition the (1,1) case only 

produced marginal results. The PI controller also tends to produce output trajectories that 

peak during the transient portion of the simulations. These peaks in temperature are not 

desirable, a smooth curve would be preferred. The (3,1) case, see Figure 1.2, illustrates 

the peaks in the output trajectories. 

The goal of this thesis is to try and control the temperatures of the normal tissue as 

well as the temperature of the tumor tissue. Thus, one input, which corresponds to the 

power magnitude, will be used to regulate three outputs without adjusting the other 

parameters of the scanned focused ultrasound system. 
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Figure 1.1 PI Controller with the (1,5) plant 
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Figure 1.2 PI Controller with the (3,1) plant 
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1.3 Contribution of this Thesis 

The present control technique used in conjunction with the hyperthermia control 

problem, as discussed in Section 1.2, could use some improvement. This thesis 

investigates three different control techniques in reference to the hyperthermia control 

problem to look for improvements over the PI controller. The three different control 

techniques are control switching, Model Reference Adaptive Control (MRAC), and Self 

Tuning Regulators (STR). Each technique produces different results when applied to the 

system studied in this thesis. The three control schemes are compared and the better 

approach is identified. 

The difficulty in providing a successful control technique lies in the ratio of the 

number of inputs to the number of outputs, which are temperatures, to be controlled. For 

the present problem one input will be used to try to control three temperature values. 

These three outputs must conform to the constraints discussed in Section 1.1. The 

scanned, focused ultrasound system which provides the input is also constrained as 

described in Section 1.1. 

1.4 Outline of Thesis 

The first step in this control technique investigation is to develop a model of the 

system. The one dimensional system models that will be used throughout the thesis are 

defined in Chapter Two. In Chapter Three a control switching technique is developed and 

implemented. This controller is a simple controller, just as the PI controller currently 

used, but it allows switching between different controllers in response to the measured 

temperature values. The next two chapters are devoted to adaptive controllers to try and 

provide the dynamic model with acceptable temperature behavior over the entire range of 

perfusion values. The Model Reference Adaptive Controller is discussed in Chapter Four 
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and the Self Tuning Regulator is applied in Chapter Five. A comparison of the different 

control techniques is contained in Chapter Six. The conclusions along with areas for 

further research are also included in Chapter Six. 
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CHAPTER TWO 

DEVELOPMENT OF TISSUE 

VOLUME MODELS 

2.1 Introduction 

This chapter develops all of the tissue volume models (plants) to be used 

throughout this thesis. The term plant is used to describe the one dimensional model of 

the area to which the hyperthermia treatment is applied. The following assumptions are 

made for all of these plants. Each plant is linear and time invariant with unknown 

parameters whose states are accessible. Each of the plants is developed from the bio heat 

transfer equation (Potocki and Tharp 1992). The bio heat transfer equation (BHTE) is 

shown in equation (2.1). For the plants in this thesis, the arterial temperature,Tar, has 

been set equal to zero. Figure 2.1 illustrates the variables used in the finite difference 

approximation of the BHTE. 

p * c * ST/8t = (k*V2T)-W*c* (T-Tar) + Q (2.1) 

Insulated 

T - i  

Normal 
Tissue 

W -1 

-1 

' - 1  

Tumor 
Tissue 

Wn 

Qr 

Normal 
Tissue 

Qi 

Insulated 

T1 

Figure 2.1 Variables used in the finite difference approximation of 
the BHTE 
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2.2 Plant Development for the Control Switching Technique 

The control switching scheme described in Chapter Three obtains its models by 

numerically approximating the bio heat transfer equation. The bio heat transfer equation, 

shown in equation (2.1) and repeated here, is the basis for acquiring the plants. 

p * c * 8T/5t = (k * V2 T) - (W * c * T) + Q 

In the above equation V2 T is numerically approximated as [ T i+1 - (2 * T;)+ T M ] 

h2 

where h is the spacing between adjacent temperature nodes. Approximating the Laplace 

Operator with a central difference the BHTE, at each of the three different tissue areas, 

becomes: 

@-1: p * c * 8T ,/8t = k * [ T0- (2 * T_,)+ T_, ] /h2 -(W* c * T_,) + Q(2.2) 

@0: p * c * ST^St = k * [ T, - (2 * T0)+ T., ] / h2 - (W 0 *c*T0) + Q0 (2.3) 

@1: p * c * 8T,/8t = k * [ T, - (2 * T j)+ T 0 ] / h2 - (W , * c * T ,) + Q , (2.4) 

where p = tissue density = 1000 kg/m3 

c = specific heat = 4000 J/kg C 

W 0 = tumor tissue blood perfusion 

T = temperature in C 

t = time in seconds 

h= .01 m 

W ,  , W =  n o r m a l  t i s s u e  b l o o d  p e r f u s i o n  Q  ,  =  . 2  *  Q  0  

k = thermal conductivity = .5 W/C m Q . ,  =  . 3 * Q ,  

Q 0 = input to get tumor tissue to seven degrees, which will be reflected in the 
reference input, r. 
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The above parameter values are substituted into equations (2.2) - (2.4). Solving each 

equation with the differentiator on the left produces the state space form of the system, 

equation (2.5). In this equation 1/pc has been approximated by .3 * 10-6. A variable 

change, from T's to x's, is made to remain consistent with the subsequent representations. 

x(t) = A * x(t) + B * u(t) (2.5) 

where A = [ -(.00125 + .001 * W.,) .00125 0 
.00125 -(.0025 + .001 * W 0) .00125 

0 .00125 -(.00125 + .001 * W,)] 

and B = [ (.3 * 10-6)* .3 
(.3 * 10-6)* 1 
(.3 * 10-6) * .2 ] 

The system, in equation (2.5), is scaled so that time is changed from seconds to minutes 

and the input is changed from Watts/m3 to Watts/cm3. The new scaled system, shown in 

equation (2.6), will be used in the control switching chapter. 

x(t) = [60 * A] * x(t) + [60 * B * (1* 10®)] * u(t) (2.6) 

2.3 Plant Development for the Model Reference Adaptive Controller 

The Model Reference Adaptive Control scheme is covered in Chapter Four. The 

plants used in that chapter are defined in this section. Initially, four discrete time reduced 

order plants were received from previous research (Potocki 1992). These four discrete-

time reduced-order plants were obtained using the bio heat transfer equation and a state 
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space reduction technique based on balancing (Potocki and Tharp 1992). The plants are 

identified by the blood perfusion in the tissue. The first coefficient in the ordered pair used 

to identify each individual plant is the perfusion value assigned to the normal tissue and the 

second coefficient is the perfusion value assigned to the tumor tissue. The plants are as 

follows; (1,1); (1,5); (0,0); (5,1) and are displayed in Appendix C. 

The discrete time representation of the reduced order plants is shown in equation 

(2.7). 

x(k+l) = Ad * x(k) + Bd * u(k) (2.7) 

y(k) = Cd * x(k) 

In the above equation, Ad is a 3 x 3 matrix, Bd is a 3 x 1 matrix, and Cd is a 3 x 3 matrix. 

During the implementation, both Ad and Bd are assumed unknown with (Ad, Bd) being 

controllable. For the Model Reference Adaptive Control scheme that is used in Chapter 

Four, the plants need to be changed from the discrete time form into a continuous time 

form. This transformation is performed using Control C (Systems Control Technology, 

Inc. 1985) with the sample period set to 15 seconds. As a result of the transformation, the 

system pair (Ad,Bd) becomes (A,B). The plants are then scaled so that time is changed 

from seconds to minutes and the input is changed from Watts/m3 to Watts/cm3. These 

scalings have been performed to allow the elements of A and B to have a closer numerical 

range. The continuous time scaled system is shown in equation (2.8). 

x(t) = [60 * A] * x(t) + [60 * B * (1 * 106)] * u(t) (2.8) 

To achieve the final form of the plant that will be used in Chapter Four, a transformation 

using the Cd matrix is performed. The resulting system is as follows; 
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xp(t) = Ap * xp(t) + Bp * u(t) (2.9) 

yp(t) = Cp * xp(t) 

where Ap = Cd * [60 * A] * inv(Cd); Bp = Cd * [60 * B * (1 * 106)]; 

and Cp = [ 0 1 0], In this representation yp equals xp2, which corresponds to the state 

variable that models the tumor tissue temperature. 

2.4 Plant Development for the Self Tuning Regulator 

The plants to be used with the Self Tuning Regulator, described in Chapter Five, 

will be developed in this section. Initially, the system is represented as 

x(t) = Ac * x(t) + Be * u(t) 

y(t) = C * x(t). 

In this equation, Ac and Be are the continuous time plants that were obtained from the bio 

heat transfer equation and scaled as described in Section 2.2. This is the same system as 

described by equation (2.6). For the Self Tuning Regulator scheme, this system needs to 

be converted to discrete time. Control C is used to obtain a zero-order hold discrete time 

equivalent system; the sample interval was 15 seconds. The resulting discrete time system 

is shown in equation (2.10). 

x(k+l) = Ad * x(k) + Bd * u(k) (2.10) 

The C matrix assumes one of three possible vectors. Either [1 0 0], [0 1 0], or [0 0 1], 

which correspond to the output equaling x,, x^ or x3, respectively, will be used as the C 
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matrix depending on which output variable is needed. These three state variable 

components correspond to the plant states and represent temperature values in the normal 

tissue, the tumor tissue, and the normal tissue, respectively. 

Once the plant is in discrete time state space form it needs to be converted to 

transfer function form to be used with the Self Tuning Regulator. Control C is used to 

obtain the transfer function form. The transfer function form is represented as 

y(t) B(q-') 

u(t) A(q ') 

In the transfer function form B(q-> ) = b0 * q-1 + b, * q2 + b2* q-3 and 

A(q ') = 1 + a, * q-1 + aj * q 2 + 83 * q*3, where q-1 represents a delay operator of one 

sample period. The discrete time representation in the DARMA form (Goodwin and Sin 

1984) is shown in equation (2.11). In this equation, A(q-') and B(q->) are the same 

polynomials defined above. 

A(q-')*y(t) = B(q->)*u(t). (2.11) 
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CHAPTER THREE 

CONTROLLERS BASED ON 

CONTROL SWITCHING 

3.1 Introduction 

This chapter is devoted to developing the control switching technique. This 

technique requires no adaptive control laws. Herein, control switching is defined to be a 

combination of both reference input set point switching and feedback gain switching. The 

control switching is based on the tumor tissue temperature, reaching a prespecified 

value at a certain instant in time during the heating of the tissue. If this condition is not 

met, the control law is changed via a switch in both the value of the input set point and the 

feedback gain. The control law used here will consist of scaled states that are fedback into 

the system. The availability of the full state for feedback is an assumption made for this 

control switching process. Two different groups of plants are used in the development of 

this control technique. The first group of plants are the same plants that will be used in 

the Model Reference Adaptive Control scheme covered in Chapter Four. These are the 

reduced order plants described by equation (2.9). However, these four plants were not 

enough to establish conclusions. As a result, more plants were needed to achieve a more 

accurate study. The second group of plants to be used in this chapter are developed 

directly from the bio heat transfer equation. These plants were discussed in Section 2.2. 

The equation which defines these plants is equation (2.6). 

The first objective, in the development of this control switching technique, is to 

find an acceptable behavior for each of the plants. Acceptable behavior, once again, 

implies the tumor tissue is heated to approximately seven degrees Celsius within ten 

minutes but, never reaches a temperature increase higher than ten degrees. The normal 
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tissue is restricted to heating no more than five degrees Celsius at any time. This 

acceptable behavior is obtained by using the appropriate full-state feedback gain K and 

reference input r(t). The K is found using the standard Linear Quadratic Regulator 

function in Control C (Systems Control Technology, Inc. 1985) with the additional help of 

a Hamiltonian matrix creation program (Medanic et. al. 1988). The reference input r(t) is 

selected to allow the tumor tissue temperature, x2, to reach the acceptable value of seven. 

The goal is to find one gain and one reference input that will provide all the plants with 

acceptable behavior. The overall block diagram of the control switching system is shown 

in Figure 3.1. 

Plant 

Figure 3.1 Block diagram of feedback gain system 

3.2 Plants and Gains 

The plants used with the gain switching control technique were obtained directly 

from the bio heat transfer equation (BHTE) as described in Section 2.2. As shown in 

equation (2.5), the blood perfusions dictate the plant's characteristics. The blood 

perfusions (Ws) range from zero to ten. In this chapter twelve diflferent combinations of 

tumor perfusion and normal perfusion were chosen to provide models that are 

representative of all possible plants that could arise. The combinations of blood perfusions 

(Ws) that were selected are shown in Table 3.1. These perfusion values are substituted 

into equation (2.5) and a scaled system is then obtained by equation (2.6). The twelve 

plants generated by the BHTE and the different blood perfusion combinations are 
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collected in Appendix A. In Appendix A, each plant is accompanied by the full-state 

feedback gain and the reference input that provides the plant with acceptable behavior. 

The notation used, in this section, will be K^,), i.e., K(00) will consist of the full-state 

feedback gain and the reference input associated with the plant (0,0). 

Normal Tissue Perfusion 

0 1 3 5 7 9 
0 X X X 

Tumor Tissue 1 X X X 
Perfusion 3 X 

5 X X X 
7 X 
9 X 

Table 3.1 Plant Combinations 

As the first step, a feedback gain and a reference input that provides acceptable 

behavior are found for each plant separately. Once this stage is complete, the gains are 

interchanged and tried with all twelve plants. The overall goal is to find one gain and one 

reference input that can produce acceptable behavior for all twelve representative plants. 

This investigation of feedback gains and input set-points resulted in 144 simulations. 

Table 3.2 is used to illustrate the outcome of the simulations. In Table 3.2, good implies 

acceptable behavior was obtained; hot implies one or more of the temperatures were 

above the desired values and cool implies the tumor tissue did not reach the proper 

temperature. 



Plant Gains 

KOO K„ K15 K30 K,s K35 K5, KS3 K77 K90 K95 

(0.0) hot hot hot hot hot hot hot hot hot hot hot hot 

(1.1) good good hot good good hot hot good hot hot good hot 

(1.5) cool hot hot cool cool hot hot cool hot hot cool hot 

(3.0) good cool good good good hot hot good good hot good hot 

(3.1) good hot good good good hot hot good good hot good hot 

(3.5) cool cool good cool cool good hot cool good good cool good 

(3.9) cool cool cool cool cool cool hot cool cool good cool cool 

(5.1) good cool good good good good hot good good hot good hot 

(5.3) cool cool good cool cool good good cool good good cool good 

(7.7) cool cool cool cool cool cool good cool cool good cool good 

(9.0) good cool good good good good hot good good hot good good 

(9.5) cool cool good cool cool good good cool cool good cool good 

Table 3.2 Combination of the different Gains with each of the Plants. 
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It is apparent from the outcome of the simulations (see Table 3.2), that one gain 

and one reference input could not accomplish the desired goal. However, two different 

pairs of gains can provide many of the twelve plants with acceptable behavior. Using 

either the gain for the (0,0) plant or the (7,7) plant provides acceptable behavior for most 

of the other plants. A constant reference input was needed to accompany each of the two 

gains. The reference input to accompany the (0,0) gain was obtained after looking at all 

of the reference inputs from the plants that produced acceptable behavior when the (0,0) 

gain was applied. To find a reference input value for the (0,0) gain, different reference 

inputs were tested that were near the average of the reference inputs that produced 

acceptable behavior when the (0,0) gain was applied. An input that allowed each of these 

plants to achieve the desired response was chosen to be the (0,0) reference input. The 

reference input for the (7,7) gain was determined in a similar manner. 

In the simulations, each of the plants start out with the feedback gain and the 

reference input associated with the (0,0) plant. If after five minutes, the second state 

component, Xj, has not reached 5.5 then the full-state feedback gain and the reference 

input are switched to the reference input and feedback gain associated with the (7,7) plant. 

The simulations of four of the twelve plants are shown here for illustration. The 

simulation results for the plants (3,1), (9,5), (3,5), and (7,7) are displayed in Figures 3.2 -

3.5. It can be seen from the graphs that all of the temperatures lie in acceptable regions. 

The code for the control switching program is shown in Appendix B. 
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3.3 Conclusion 

The control switching technique seems to provide adequate results for the majority 

of the plants. This control switching implementation produces smoother output curves 

than a conventional PI controller for some of the plants. This is shown by compairing the 

outputs of the (3,1) plants, see Figure 1.2 and Figure 3.2. The control switching 

technique has tried to regulate the temperature of all three tissue types. Using just one 

input, the goal was to regulate the three outputs of all the plants and have them adhere to 

the constraints described in the first section of this chapter. The (0,0) plant and the (1,5) 

plant, as shown by Table 3.2, did not produce acceptable behavior with any of the gains 

and reference inputs. These same two plants also did not produce acceptable results with 

the PI controller. Although this control switching technique is a slight improvement over 

a PI controller, the overall goal of having all the plants produce acceptable behavior was 

not achieved. Perhaps an adaptive controller could regulate all three tissue temperatures 

more effectively. The next chapter is devoted to developing and implementing a Model 

Reference Adaptive Controller. 
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CHAPTER FOUR 

CONTROLLERS BASED ON 

MODEL REFERENCE ADAPTIVE CONTROL 

4.1 Introduction 

An adaptive controller that makes explicit use of a reference model for control 

purposes is referred to as a Model Reference Adaptive Controller (Narendra and 

Annaswamy 1989). A block diagram of a Model Reference Adaptive Control (MRAC) 

scheme is shown in Figure 4.1. This scheme is known as a direct controller. In a direct 

controller, an appropriate control structure is selected and the parameters of the controller 

are directly adjusted to reduce the error between the desired output and the actual output. 

The overall goal is to make the controlled plant behave like the reference model. This 

goal is strived for by trying to drive the output error to zero. This error is defined as 

e = yp - ym, where yp is the output of the plant and ym is the output of the reference 

model. From Figure 4.1, it is easy to see that for the error to be zero, the upper path and 

the lower path in the block diagram must be equal. The Q(t) and 0(t), in the lower path, 

are the adaptable parameters of the controller and are adjusted to make the plant output 

track the output of the model. If the adaptation is successful, the two paths in the block 

diagram will be equal and the error will approach zero. The adaptive laws that govern the 

changes in the adjustable parameters are described in Section 4.3. 

The reference models used with this MRAC scheme are developed in Section 4.2. 

Once the reference models are obtained, they are placed in the upper path location in the 

block diagram of the MRAC, (see Figure 4.1). The four plants that were described in 

Section 2.3 are then substituted into the appropriate location in Figure 4.1. The desired 

goal is to have one reference model provide acceptable behavior for all four plants. 
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Figure 4.1 Block Diagram of a Model Reference 
Adaptive Control Scheme 

4.2 Reference Model 

A reference model for the system needs to be developed. In this chapter, two 

different models are developed and implemented. These two reference models are based 

on plants that are described by equation (2.9). The reference models will be defined in this 

section and referred to in the simulation section of this chapter, Section 4.4. The basic 

structure of the reference model is specified by a linear time invariant system, shown in 

equation (4.1). 

xm(t) = Am * xm(t) + Bm * r(t) (4.1) 

ym(t) = Cm * xm(t) 

In the above equation, Am is a 3 x 3 matrix, Bm is a 3 x 1 matrix and Cm is a 1 x 3 matrix. 

In this system, Am is asymptotically stable and r(t) is a bounded reference input. The 

model states, xm's, represent the desired trajectories that are to be tracked or followed by 

the plant states, xp's. 

The reference model is not chosen arbitrarily, the selection is based on several 

considerations. These considerations depend on time and temperature constraints that are 
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applied to the states of the reference model. The states xm, and xm3 represent the 

temperature of the normal tissue which needs to be kept from heating more than five 

degrees at any given time. The tumor tissue temperature, xm2, needs to be heated at least 

six degrees Celsius but no more than ten or eleven degrees. In this thesis temperatures 

raised more than ten degrees Celsius will be considered unacceptable since these 

temperatures would probably cause pain for the patient in an actual treatment. The time 

response of the model is also taken into consideration and is very important. Within ten 

minutes, the temperature of the tumor tissue should have reached the desired minimum 

temperature increase of six degrees. Any reference model that is developed must conform 

to the above constraints. The goal is to also have the output trajectories of all possible 

plants conform to these same considerations after the simulations are performed. 

The first reference model developed is based on the plant (1,1). In other 

words, the plant (1,1) which has low, uniform blood perfusion throughout the tissue 

provided a good starting point. The plant is then modified to produce the acceptable 

behavior which was discussed above. The Linear Quadratic Regulator, (LQR), function in 

Control C was used to modify the (1,1) plant to achieve these desired results. This LQR 

function produces a full-state feedback matrix, K, which is then used to form the model. 

This reference model is shown in equation (4.2). The results of this reference model used 

in simulations are discussed in Section 4.3. 

xm(t) = Am * xm(t) + Bm * r(t) (4.2) 

In equation (4.2), Am = Ap(U) - Bp(11) * K(U) ; Bm = Bp(11) and r(t) is selected to allow 

the final value of xm2 to be six. Figure 4.2 shows the behavior of the reference model 

based on the (1,1) plant. 
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Figure 4.2 Reference Model based on the (1,1) plant 
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A second reference model is developed in the same fashion as the first reference 

model. However, this model is based on the (0,0) plant. This plant was chosen because it 

is the most sensitive to changes in the perfusion values. In the nominal (0,0) plant, there is 

no blood flow to help remove any of the heat that is applied to the tissue volume. The 

only mechanism for heat removal is conduction. The second reference model is described 

by equation (4.3), but now Am = Ap(00) - Bp(00) * K(00) and Bm = Bp(00) ; r(t) is still 

found such that the steady state tumor temperature is raised by six degrees Celsius. The 

value of K(0 0) above is found using the LQR function and has a different value than in the 

first reference model. 

xm(t) = Am * xm(t) + Bm * r(t) (4.3) 

This reference model is also placed into the adaptive scheme and then all four plants are 

placed into the MRAC system, Figure 4.1, separately. The results of the simulations are 

discussed in Section 4.4. The behavior of the reference model based on the (0,0) plant is 

shown in Figure 4.3. This reference model provides better trajectories than the reference 

model based on the (1,1) plant. The temperatures of the normal tissue are kept lower with 

the reference model based on the (0,0) plant and the tumor tissue is heated to the desired 

value of six in a shorter amount of time. Both of the reference models developed in this 

section are shown in Appendix D with their accompanying LQR parameters. 
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4.3 Adaptive Control Laws 

The adaptive control laws respond to changes in the plants via the plant input, u(t). 

These control laws are based on the case where, the plant, Ap and Bp are unknown 

(Narendra and Annaswamy 1989). The plant with the controller is shown in Figure 4.4; 

this is just the lower path of the overall MRAC system. The overall goal is to adjust the 

free parameters in Q(t) and 0(t) such that this lower path equals the reference model. The 

feed forward gain matrix Q(t) and the feedback matrix 0(t) are adapted using the available 

signals of the plant. 

It is assumed that Q* and 0* exist and are constant matrices that satisfy equation 

If Q(t) = Q* and ®(t) = 0* then the plant with the controller will be equal to the reference 

model. As discussed earlier, this implies all the errors, the differences between the plant 

states and the model states, will be zero. However, boundedness of the parameters and 

the convergence of the error to zero is not guaranteed unless the initial conditions Q(t0) 

and 0(to) lie in some neighborhood of Q* and 0* and the input to the system is 

persistently exciting (Narendra and Annaswamy 1989). 

Q(') U(t) •! Plant 1 

Figure 4.4 Plant with the controller 

(4.4). 

Ap + Bm * 0* = Am (4.4) 

Bp * Q* = Bm 
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The control input is described, from Figure 4.4, as u(t) = Q(t) * 0(t) * xp(t) + 

Q(t) * r(t). The adapting of Q(t) and 0(t) is done in terms of Q and 0 and is described by 

equation (4.5) (Narendra and Annaswamy 1989). 

Q  =  - Q  *  B m T  * P * e * u T * Q  ( 4 . 5 )  

0 = -BmT * P * e * xpT 

In equation (4.5), e = [e, e2 e3]T where et = xp[ - xm,; e2 = xp2 - xm2; and e3 = xp3 - xm3. 

P, in the above equation, is obtained using the Lypunov function in Control C; 

P= lyap(AmT, Q0). This P matrix comes from equation (4.6) below where Q0 is a positive 

definite matrix. In the following analysis Q0 = I has been used, where I is the identity 

matrix. 

AmT * P + P * Am = -Q0 (4.6) 

4.4 Simulations 

In this section, all the different component parts of the MRAC design come 

together. The plant, the reference model, and the adaptive control laws are combined and 

put into a program. The actual code for one of the MRAC simulations in shown in 

Appendix E. The first group of simulations are implemented with the reference model 

based on the (1,1) plant. This reference model is placed in the appropriate location of the 

MRAC scheme, as shown in Figure 4.1. Each of the four plants, as described by equation 

(2.9), is substituted into the block diagram and the closed-loop system is simulated. 

Figures 4.5 - 4.8 are the simulations of the adaptive scheme with each of the plants. The 

constraints that were developed in Section 4.2 are the guidelines for acceptable behavior 

for the trajectories. 
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based on the (1,1) plant 
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Figure 4.8 Plant (5,1) with the MRAC using the reference model 
based on the (1,1) plant 
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From the above figures it is easy to see that three of the simulations provided 

adequate results. The (1,1), (0,0), and (1,5) plant produced trajectories that lie in the 

acceptable performance region. However, the (5,1) plant did not track the reference 

model very closely. The tumor tissue temperature has been raised over 25 degrees 

Celsius. This value for is clearly unacceptable. This over-heating problem could be 

caused by several different conditions. First, the problem may be the input to the system. 

The input, r(t), is just a step; this may not provide enough excitation for the control laws. 

A second problem may be the perfusion values of the (5,1) plant. The perfusion of the 

tumor tissue is only one compared to a perfusion value of five in the normal tissue. As a 

result, the blood is not moving fast enough through the tumor tissue to disperse the heat. 

Another reason for the unacceptable performance of the reference model based on the 

(1,1) plant is the existence of mismatch or differences between the desired model to be 

followed and the actual system. This is discussed further in the conclusion of this chapter. 

The reference model based on the (1,1) plant is not providing acceptable 

behavior for all of the plants. As a result, the second reference model is developed and 

implemented. The (0,0) plant was the basis for this model. The reference model, equation 

(4.3), was used with each of the plants as in the case with the first reference model. The 

results of these four simulations are shown in Figures 4.9 - 4.12. In this group of 

simulations, only the (0,0) plant produced acceptable behavior. In two of the plants, (1,1) 

and (1,5), the tumor temperature was not warm enough. They did not meet the minimum 

tumor temperature increase requirement of six degrees. The tumor tissue in the (5,1) 

plant is not heated as much as in the previous case but this tumor temperature is still 

considered unacceptable. 
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Once again many of the plants did not exactly track the states of the reference 

model. The same conditions that caused the first group of simulations not to track the 

reference model hold here. Probably the most significant factor in the poor performance 

of the Model Reference Adaptive Controller is the existence of mismatch or differences 

between the desired model to be followed and the actual system. 

4.5 Conclusion 

The Model Reference Adaptive Control scheme does not appear to be a proper 

choice for this hyperthermia-based control problem. Several factors attributed to this 

unsuccessful performance of the MRAC. First, not much attention is given to the plant. 

A reference model that gives an appropriate response is chosen. Each of the plants is then 

forced to behave like the reference model. Selecting one reference model for all of the 

possible plants is not very effective. Second, the reference input is just a step and this may 

not provide enough excitation for the adaptable control laws. An exciting input is needed 

to drive the adjustable control law parameters to the correct value. Also, with just this 

one input the goal was to regulate three outputs. Temperature restrictions were placed on 

the different types of tissues so rather then regulating one output with one input this 

scheme was trying to regulate three outputs with one input. The most significant problem 

is model mismatch. The mismatch occurs between the reference model and the various 

plants. The equations that govern the mismatch are described in equation (4.4) and are 

repeated here. 

Ap + Bm * 0* = Am 

Bp * Q* = Bm 
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The two reference models used in this chapter did not provide a Q* or a 0* with every 

plant. For the reference model based on the (1,1) plant a Q* and a 0* existed for only the 

(1,1) plant. Similarly, the reference model based on the (0,0) plant only produced a Q* 

and a 0* for the (0,0) plant. As stated earlier, if the adaptable Q(t) and 0(t) are equal to 

the Q* and the 0* , then the plant plus the controller will be equal to the reference model. 

Since there is no Q* and 0* for many of the cases, the adaptive laws do not allow the 

adjustable parameters to approach these limiting values. Consequently, the plants are 

unable to track the reference model and the defined acceptable behavior is not achieved. 

As a result of the poor performance by the Model Reference Adaptive Control 

scheme, a new method of control must be tried. Perhaps this control problem can be 

solved with a different type of adaptive control scheme. The Self Tuning Regulator is 

developed and applied to this hyperthermia control problem in Chapter Five. 
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CHAPTER FIVE 

CONTROLLERS BASED ON 

SELF TUNING REGULATORS 

5.1 Introduction 

The Self Tuning Regulator (STR) will be used for the control scheme in this 

chapter. This scheme, just like the Model Reference Adaptive Control, is a type of 

adaptive controller. However, there are some differences between the MRAC and the 

STR control schemes. First, Self Tuning Regulators were originally derived for sampled 

data systems. As a result, the plants associated with the STR will use discrete time rather 

than continuous time system descriptions. A second change will occur in the overall 

system representation. The STR system will be represented in transfer function form 

instead of state space form. Another difference lies in the development of the system. 

The Self Tuning Regulator is separated into two basic parts, the parameter estimation 

scheme and the control law design. 

In the development of the Self Tuning Regulator, the plants are assumed to be 

constant but unknown. The plants used in this chapter are described in Section 2.4. The 

unknown plant parameters associated with the unknown plants are estimated on-line using 

a recursive estimation scheme. The method of estimation implemented in this chapter is 

the Least Squares technique. The estimation scheme is covered in Section 5.2. Herein, 

the plant parameters are estimated at each iteration. These estimated parameters are then 

used in the development of the control law u(t). At each iteration, the controller is 

computed via a pole placement algorithm. The pole placement algorithm and the control 

law design are developed in Section 5.3. The overall block diagram of the Self Tuning 
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Regulator is shown in Figure 5.1. Once again, the main goal is to have acceptable 

behavior, as previously defined, for all the possible plants. 

Least Squares 
Estimation 

Plant 

Pole 
Placement 

Controller 

Figure S.1 Block diagram of a Self Tuning Regulator 

5.2 Estimation Scheme 

An estimation scheme is used to estimate the plant parameters. For the Self 

Tuning Regulator, a standard Least Squares Estimation scheme (Goodwin and Sin 1984) 

is used to estimate A(q-> ) and B(q-' ). A(q-' ) and B(q-' ) were defined in Section 2.4. 

The formulas shown below are used in the estimation scheme. 

0(t) = 0(t - 1) + K(t) * e(t) 

s(t) = y(t) - <D(t - 1) * 0(t - 1) 

K(t) = P(t - 2) * <D(t - 1) / [1 + <E>(t - 1)T * P(t - 2) * <J>(t - 1)] 

P(t - 1) = P(t - 2) - [K(t) * <£(t - 1)T * P(t - 2)] 

0(t)T = [%), -t(0,4(t),V)^,(t)^2(t)] 

<D(t - 1)T = [y(t -1), y(t - 2), y(t - 3), u(t -1), u(t - 2), u(t - 3)] 

The initial parameter values,0(-l), are set equal to the values associated with the (0,0) 

plant. Thus, the initial conditions on the plant parameters equal the plant that has zero 
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blood perfusion in the normal tissue and zero blood perfusion in the tumor tissue. All the 

parameters in the <J> matrix are initially set to zero. The identity matrix is used to initialize 

the P matrix. At time zero, y(0) is set equal to y(0) = <$(t - 1) * ©p, where 0p 

corresponds to the plant to be estimated. The estimated parameter values are stored in 

0(t). These equations are processed and 0(t) is sent to the control design block, shown 

in Figure 5.1, at each iteration. 

5.3 Control Law Design 

The control law is developed to achieve the result y(t) = r(t) (Goodwin and Sin 

1984), where y(t) is the output at the current time and r(t) is the reference input, which for 

this investigation is selected to be a constant value equal to seven, which equals the 

desired temperature increase of the tumor tissue. The first step is to use a pole assignment 

algorithm (Astrom and Wittenmark 1989, Goodwin and Sin 1984) to place the closed 

loop poles of the system at the desired location, Am. The desired pole locations in Am are 

based on the plant (0,0). The calculation of Am is discussed in the following paragraph. 

The state space form, in continuous time, is the initial starting place and is 

represented by equation (5.1). 

x(t) = A(00) * x(t) + B(00) * u(t) (5.1) 

u(t) = -K(00) * x(t) + r(t) 

The input, u(t) is now implemented with the feedback gain, K(00). The gain matrix K is the 

gain associated with the plant (0,0). This matrix was calculated in the control switching 

technique developed in Chapter Three. The block diagram of the above system, described 
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in equation (5.1), is illustrated in Figure 5.2. The new system, substituting in the u(t), 

becomes equation (5.2). 

x(0 — [ A(o,o)~ (®(o,o) * 1W ] * x(t) B(0,0) * r(t) (5.2) 

y(t) = [ 0 1 0 ] * x(t). 

Plant 

Figure 5.2 Block diagram of feedback gain system 

This system is then changed into a discrete time transfer function form as described in 

Section 2.4. 

y(t) Bc(q') 

u(t) Ac(q') 

For the systems in this study, Ac(q ') is third-order and Bc(q ') is second-order. The 

desired closed loop pole locations are defined by Am(q-'). The order of Am(q->) is defined 

by twice the order of Ac(q ') minus one; therefore, the order of this Am(q-') is five. The 

overall transfer function shown above provides the three state component trajectories with 

acceptable behavior. As a result, Ac(q-') is the starting place for Am(q')- Two additional 

roots are added to the Ac(q') polynomial, both are placed at the origin, to yield the 

desired closed loop pole locations as the roots for Am(q-'), where 

Am(q-') = 1 + am, * q-1 + am2 * q-2 + am3 * q-3 + am4 * q^ + am5 * q 5. (5.3) 
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Am is a stable polynomial, as a result the closed-loop system is asymptotically stable 

(Goodwin and Sin 1984). Once Am(q ') is obtained, it is used to solve for the L(q ') and 

P(q-') in equation (5.4). The polynomials L(q ') and P(qml) will be discussed later. 

Am(q') = A(q ') * L(q') + B(q') * P(q') (5.4) 

The next step is to solve the control law equation shown in equation (5.5) 

and (5.6). 

L(q ') * u(t) = - P(q') * y(t) + M(q-') * r(t) (5.5) 

u(t) = M(q ') * r(t) - P(q') * y(t) 
(5.6) 

L(q') L(q') 

For these systems the control law equation terms become, L(q- >)= 1+1,* q1 +12 * q-2 ; 

P(q-') = p0 + p, * q-1 + p2 * q-2; and M(q-') = HIq + m1 * q-1 + m2 * q-2. These polynomials 

are substituted into the DARMA model of the plant, described in equation (2.13) and 

repeated here, A(q ') * y(t) = B(q-') * u(t). This substitution leads to equation (5.7). 

y(t)= B(q ') * M(q-') * r(t). (5.7) 

A(q ') * L(q ') + B(q ') * P(q ') 

Note the denominator is Am(q-1), as shown by equation (5.4). Every parameter in 

equation (5.7) is known with the exception of M(q-1). To find an equation for M(q']), the 

steady state value of equation (5.7) is obtained. When the system reaches its steady state, 

the desired result is to have the output equal to the input which has been selected to be 
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seven. Solving for M(q-1) after equation (5.7) has reached steady state conditions is 

shown below. 

A A A 
m0 + m, + ra, = W = (1 + am, + an^ + am3 + am4 + am5) / ( b0 + b, + b2) 

W is distributed evenly among , m,, and m2. L(q-1) and P(q-1) are determined by 

equation (5.4) as follows 

Me * [ 1,, l2,p0, p„ p2 ]T = [ am„ am,, am3, am4, am5 ]T + [%%,% 0, 0 ]T 

where Me = [ 1 0 1)0 0 0; 
1 °; 

% % 1; 
A A A ^ . 

"^3 "^2 ® Jjl* 
0 0 0 b2 ]. 

Now that all the needed parameters have been calculated, the equation for u(t) shown by 

equation (5.6) can be implemented. 

The plants, the estimation scheme, and the control algorithm are placed into the 

appropriate locations in Figure 5.1. An illustration of an actual STR program is shown in 

Appendix G. The results of the simulations are discussed in the next section of this 

chapter. 

5.4 Simulations 

Each of the twelve plants [(0,0); (1,1); (3,0); (3,1); (5,1); (9,0); (3,5); (3,9); (5,3); 

(7,7); (9,5); (1,5) ] was simulated. The first parameter in each pair represents the blood 



59 

perfusion rate in the normal tissue and the second parameter represents the blood 

perfusion in the tumor tissue. These twelve discrete time plants are displayed in Appendix 

F. Four of the twelve plants will be discussed in this section for illustration purposes. One 

of the plants has uniform blood perfusion rates (7,7), one has a tumor blood perfusion 

level greater than the normal blood perfusion level (3,5) and the last two plants have 

normal blood perfusion levels greater than the tumor blood perfusion levels; (3,1) and 

(9,5). 

Each simulation is run allowing updating of the control law to occur at every 

iteration. The results of the (3,1) case, shown in Figure 5.3, are within the desired 

temperature ranges. The tumor temperature stays below ten and settles at about seven 

while both normal tissue values are at steady state values of approximately four. Although 

these values are within the acceptable region, the curves are not very smooth. Updating 

the control law at every iteration with the (9,5); (7,7); and (3,5) plants did not give 

acceptable results. In the (7,7) plant the temperatures of all the tissues were extremely 

high, in fact, the temperatures were increased by as much as 5000. The (9,5) and (3,5) 

cases could not be plotted due to a floating point overflow error. 
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Figure 5.3 Plant (3,1) with the STR updating the control laws every iteration 
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Many of the other plants that were simulated showed a great deal of changing in 

the trajectories before the fifth iteration. To try and eliminate this behavior, the updating 

of the control law is started after the fifth iteration. Once the updating at the fifth iteration 

takes place it is permitted to continue at every succeeding iteration. Once again, the (3,1) 

plant gave desirable results which are shown in Figure 5.4. These curves are smoother 

with fewer large peaks in temperature than the ones produced in the first simulation and all 

of the temperatures lie in the defined acceptable region. The (9,5) plant gave much better 

results. The normal tissue values are kept very low but the tumor tissue temperature 

increases beyond ten for a few iterations. Allowing the control laws to update only after 

the fifth iteration improved the results of the (9,5) plant dramatically. The (7,7) plant also 

dramatically improved. However, the state component trajectories still do not fall within 

the desired boundaries. The tumor tissue reaches approximately fourteen during the 

transient portion of the simulation and at this same point in the simulation the normal 

tissue temperatures are approximately seven. The (3,5) case is also much improved. 

However, around the tenth iteration all three temperature values rise to a peak. This peak 

takes each of the trajectories out of the acceptable region. The four sets of graphs below, 

in Figures 5.4 - 5.7, represent each of these four different plants respectively. 
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Figure 5.4 Plant (3,1) with the STR updating the control laws after the fifth iteration 
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Figure 5.5 Plant (9,5) with the STR updating the control laws after the fifth iteration 
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Figure 5.6 Plant (7,7) with the STR updating the control laws after the fifth iteration 
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Figure 5.7 Plant (3,5) with the STR updating the control laws after the fifth iteration 
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In order to try to eliminate some of the peaks in the temperatures that occurred in 

the last group of simulations, the updating of the control law is once again modified. 

Updating is now started at the third iteration and reduced to updating every three 

iterations thereafter. Again the (3,1) case provides adequate results. Unfortunately, the 

results for the (9,5) plant did not improve with this updating sequence. In fact, the results 

deteriorated. The normal tissue temperatures were held to an increase of approximately 

four with the last updating sequence. Here, the normal tissue is approximately six which is 

above the acceptable level established for this tissue type. The tumor tissue temperature 

has also been increased to an unacceptable range with this updating scheme. The (7,7) 

plant also did not improve with this updating sequence. There is one peak that is 

extremely high in all three of the tissue regions. The overall behavior of this plant is 

unacceptable. The results deteriorated in the (3,5) case with this updating sequence, all 

three of the tissue temperature values have increased. The accompanying diagrams are 

shown in Figures 5.8-5.11. 



67 

CO 
X 

CM 
X 

X 
• • 

CL 

LU 
ZD 
(Si 
CO 0 .  2 .  4 .  6 .  8 . 1 0 . 1 2 . 1 4 . 1 6 . 1 8 . 2 0 . 2 2 . 2 4 . 2 6 . 2 8 . 3 0  

ITERATIONS 

. 0 4 0  

3 
Q. 

020 

.015 
0 .  2 .  4 .  6 .  8 .  1 0 . 1 2 . 1 4 . 1 6 . 1 8 . 2 0 . 2 2 . 2 4 . 2 6 . 2 8 . 3 0  

ITERATIONS 

Figure 5.8 Plant (3,1) with the STR updating the control laws every third iteration 
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Figure 5.9 Plant (9,5) with the STR updating the control laws every third iteration 
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Figure 5.10 Plant (7,7) with the STR updating the control laws every third iteration 
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Figure 5.11 Plant (3,5) with the STR updating the control laws every third iteration 
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Once again, the updating sequence in the control law is modified to try and 

produce acceptable behavior for all the plants. Updating the control law is now started at 

the fifth iteration and the updating will continue every five iterations thereafter. The 

temperatures for the (3,1) plant are once again excellent. All of the temperatures are 

within the acceptable values. The results for the (9,5) plant are also excellent. The normal 

tissue temperature increase is kept very low while the tumor tissue temperature is kept 

below the upper boundary of ten or eleven during the transient portion of the simulation 

and at the steady state it is heated to the desired value. The (7,7) plant was also able to 

achieve acceptable results using this updating sequence. The performance of the (3,5) 

plant has improved, although some of the normal tissue is heated slightly above the desired 

level, this updating sequence gives the best results. The results of the four simulations are 

shown in Figures 5.12 - 5.15. 

To confirm the acceptable performance of the Self Tuning Regulator technique, 

the four plants that were used with the Model Reference Adaptive Control scheme where 

also tried with the Self Tuning Regulator scheme. These continuous time plants, shown in 

equation (2.9), were changed into discrete time transfer function form as describe in 

Section 2.4. These transformed plants were then used with the STR control algorithm. 

Each of the four plants, (0,0) (1,1) (1,5) and (5,1), resulted in acceptable behavior. The 

control laws for these plants were also updated every fifth iteration. The worst case is 

associated with the (1,5) plant and it is shown in Figure 5.16. 
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Figure 5.12 Plant (3,1) with the STR updating the control laws every fifth iteration 
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Figure 5.13 Plant (9,5) with the STR updating the control laws every fifth iteration 
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Figure 5.14 Plant (7,7) with the STR updating the control laws every fifth iteration 
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Figure 5.15 Plant (3,5) with the STR updating the control laws every fifth iteration 
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Figure 5.16 MRAC plant (1,5) with the STR updating the control laws 
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5.5 Conclusion 

The Self Tuning Regulator appears to provide acceptable behavior for most of the 

twelve plants. Two of the plants did not produce favorable responses, the (1,5) plant and 

the (3,9) plant. Two other plants, the (5,3) plant and the (1,1) plant, produced marginal 

responses. Possible reasons for this will be discussed in the following paragraph. 

Modifying the updating sequence of the control law gave different results in the 

simulations. The worst case was when the updating was permitted to occur at every 

iteration. With this updating technique, the estimated parameters stored in 0(t) are not 

given a chance to begin to approach the plant parameters before they are used in the 

calculation of the control law. As a result, there is still a great deal of error between the 

estimated parameters and the actual plant parameters. This error is compounded when the 

control law is calculated using these inaccurate estimates and then applied to the system. 

Updating the control laws every fifth iteration allowed for the best overall responses. 

Waiting to use the control law until every fifth iteration allowed the estimated parameters 

to get closer to the desired values before those estimated values are used in the formation 

of the control law. These responses are much improved over the Model Reference 

Adaptive Control scheme. Perhaps this is due to the attention given to the plant. With the 

Self Tuning Regulator the unknown plant parameters are estimated and used in the control 

algorithm. Thus, the Self Tuning Regulator learns the plant whereas the Model Reference 

Adaptive Control gave no consideration to the plant. 

The two plants that did not produce acceptible behavior were the (1,5) plant and 

the (3,9) plant. In both cases the tumor tissues were heated by the appropriate amount. 

However, the normal tissues were heated above six degrees. The (1,5) case resulted in 

normal tissue temperatures that reached a steady state of approximately seven but during 

the transient part of the simulation reached temperatures as high as nine. The steady state 
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values of the normal tissue temperature for the (3,9) plant were approximately five. 

However, this plant had normal tissue temperatures that were heated to approximately ten 

degrees during the transient portion of the simulation. Although healthy tissue could 

probably withstand this increase in temperature with minimal damage, these temperature 

values are considered unacceptable in this thesis. In both these cases the tumor blood 

perfusion is more than the normal blood perfusion. Since the tumor tissue needs to be 

heated the required six degrees for the treatment and the blood perfusions of the normal 

tissues are low, the heat that is applied to the normal tissue is not removed as quickly as it 

is in the tumor tissue. As a result, the temperatures of the normal tissues are high. 

The two plants that produced marginal responses were the (5,3) plant and the (1,1) 

plant. The normal tissue temperatures for the (5,3) plant produced acceptable behavior. 

The steady state value was only three. The steady state value for the tumor tissue 

temperature was also acceptable. However, during the transient portion of the simulation 

a value of twelve was reached. Depending on the patient this value may be acceptable but 

for this thesis an increase in temperature by eleven was the maximum value acceptable. 

The (1,1) plant was the other plant that produced a marginal response. The tumor tissue 

temperature value for the (1,1) plant was acceptable. The normal tissue temperature 

reached a value of approximately six. Once again healthy tissue could probably withstand 

this increase in temperature with minimal damage, but this temperature value is considered 

unacceptable in this thesis. 

Comparing the Self Tuning Regulator to the PI controller it can be shown that the 

STR scheme produced a more desirable output trajectory for some of the plants. An 

example of this is the (3,1) plant. With the STR scheme the (3,1) plant produced 

smoother output curves without the peaks in temperature that were present with the PI 

controller, see Figure 1.2 and Figure 5.12. The PI controller was unsuccessful in 
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regulating the temperatures of the (1,5) plant and the (3,9) plant Unfortunately, the STR 

technique was also unable to improve upon the output trajectories of either of these 

plants. 

The two plants that produced marginal responses when used with the Self Tuning 

Regulator were the (1,1) plant and the (5,3) plant. The PI controller with the (1,1) plant 

also produced marginal results. The temperature peaked at approximately eleven in the 

tumor tissue and six in the normal tissue. The steady state values were approximately 

seven and five respectively. The (5,3) plant however, did provide adequate results with 

the PI controller. The tumor tissue was heated by seven degrees with no peaks in 

temperature during the transient portion of the simulation and the normal tissue 

temperature was not heated by more than three. 

Based on the results of the twelve plants that were simulated it appears that the 

Self Tuning Regulator and the PI controller give acceptable responses for the same 

number of plants. Modifications to the Self Tuning Regulator are discussed in the 

following chapter. These may help improve the performance of the STR and allow for the 

overall goal of one controller producing acceptable behavior for all of the plants to be 

achieved. 
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CHAPTER SIX 

DISCUSSION OF THE DIFFERENT 

CONTROL TECHNIQUES 

6.1 Introduction 

This chapter is devoted to discussing the different control techniques used during 

the thesis. The three schemes, control switching, Model Reference Adaptive Control, and 

Self Tuning Regulators, will be compared. Limitations on the performance of the various 

techniques as well as their positive attributes will be discussed. If a control algorithm did 

not provide adequate results, then possible modifications will be discussed. 

6.2 Control Switching 

The control switching process worked surprisingly well for such a simplistic 

scheme. Out of the twelve plants that were developed and tested with the controller,only 

two plants yielded unacceptable results. The (0,0) plant and the (1,5) plant could not be 

made to conform to the temperature and the time constraints. Although not every plant 

achieved acceptable results, perhaps with more pairs of reference input set points and full-

state feedback gains, acceptable results for all plants could be found. The time constraint 

however may pose a problem. If there were many input set points and full-state feedback 

gain pairs to be implemented during the treatments, then it might require more than ten 

minutes to allow adequate time to test for the proper pair for each specific plant. 

6.3 Model Reference Adaptive Control 

With this control scheme, one reference model could not produce acceptable 

behavior for all the plants. There were several problems, the most significant one being 
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model mismatch. When different plants were put into the system there were no 0* or Q* 

that could solve equation (4.4). The Model Reference Adaptive Control technique also 

required persistent excitation to allow the control laws to adapt properly. The input used 

for the simulations, in this thesis, was only a step which may not have been exciting 

enough to stimulate the control laws. Without proper adapting, the plant states can not 

converge to the model states to produce the desired response. Since three parameters 

were being adjusted, a possible modification to the technique used here would be to use an 

input that consisted of at least two sinusoids of different frequencies and amplitudes. 

Another reason for the lack of convergence could be due to the fact that no 

consideration was given to the plants. The reference model was carefully selected to fulfill 

all the required constraints and applied to the system. Each plant was then forced to try 

and behave like the reference model. As mentioned before, however, this one reference 

model is unable to be matched by all the different plants. From the results of the 

simulations it seems that if there were several different reference models based on different 

blood perfusions and the correct reference model was found for a specific plant, then the 

adaptation would be successful. The question would then lie in trying to predetermine 

which reference model should be used for the specific plant being controlled. Determining 

the correct reference model before starting the treatment would be very difficult since the 

plant is unknown. Perhaps trying to identify the plant, by the blood perfusion, through an 

on-line estimation technique could help determine which of the reference models should be 

used. Adding this kind of an indirect approach to the MRAC scheme may provide the 

ability for all the plants to produce adequate results. 
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6.4 Self Tuning Regulator 

The Self Tuning Regulator was the second adaptive controller implemented with 

the hyperthermia control problem. The overall goal was to achieve acceptable responses 

for all of the plants. Positive responses were achieved for eight plants; two plants did not 

produce favorable results and two others produced marginal results. The reasons for the 

failure of these four plants were discussed in Chapter 5. The Be matrix in Section 2.4 

aided in the overheating of the normal tissue temperature. In the previous simulations this 

matrix is constant. Perhaps changing this input matrix on-line would improve the 

responses of the (1,5) plant and the (3,9) plant. If during the simulation, the normal tissue 

temperatures were getting too hot, then the Be matrix could be changed by modifying the 

scan parameters to lessen the amount of input designated for the normal tissue areas. In 

this thesis, the scan parameters have been fixed during the treatment period. 

Another possible suggestion would be to take an approach similar to the control 

switching scheme. All of these simulations were run using the Am that was based on the 

(0,0) plant which was implemented with the full-state feedback gain and the input set-

point associated with it to provide the appropriate response. If another Am was 

developed using a plant which had the normal tissue blood perfusion less than the tumor 

tissue blood perfusion, it too could be used in the simulations. During the actual 

treatment, a comparison of system responses could be performed similar to the 

comparison used in the control switching scheme. From the results of the comparison of 

the system responses, the Am which provided a more appropriate result could be selected. 

A variation on this approach would be to select an Am based on robust performance 

techniques, like what is done for robust stability techniques (Dorato and Yedavalli 1990). 
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6.5 Conclusion 

Two of the three control schemes, developed in this thesis, show a slight 

improvement over a conventional PI controller. The most successful control techniques 

were the Self Tuning Regulator scheme and the control switching technique. Although 

none of the control techniques was one hundred percent effective at meeting the design 

specifications, there is possibility for improvement. The suggestions for improvement 

were discussed above. 

The Be matrix used throughout this thesis was selected to allow more power to be 

dispersed into the tumor tissue volume than the normal tissue volume. As a result, it was 

assumed that the blood perfusion in the tumor tissue volume would be less than the blood 

perfusion in the normal tissue volume. All of the simulations, performed using the STR as 

the control scheme, that had the blood perfusion in the tumor tissue volume less than that 

of the normal tissue volume were successful. 

In fairness to the controller techniques in this thesis, during an actual treatment, the 

input coupling or input matrix, Be, could be modified to adjust the power deposition 

pattern in response to significant changes or pretreatment uncertainties in the perfusion 

pattern. Consequently, the decision to leave the input matrix unchanged during the 

investigations in this thesis have made the requirements on the control techniques very 

demanding. 

6.6 Areas for Future Research 

In each of the control techniques discussed in this thesis, the plants are one 

dimensional. Two or three dimensional plants would provide a more realistic 

representation of the tissue volumes that are to be treated. Thus, simulations using two or 
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three dimensional plants represent more closely what would occur during an actual 

hyperthermia treatment. 

In conjunction with the Model Reference Adaptive Controller, the number of 

reference models needed to make all twelve plants perform within the desired range could 

be investigated. In addition, the present MRAC scheme assumes that full-state feedback is 

available. Further research could be done to lessen this constraint and move away from 

the full-state feedback requirement. The MRAC scheme compared to the Self Tuning 

Regulator or the control switching scheme did not provide adequate results. As a result, 

further investigation in the area of Self Tuning Regulators or the control switching 

technique appears the most fruitful. 

Using the more realistic three dimensional plants and models, the Self Tuning 

Regulator deserves further consideration. The ability to change the Be matrix in 

conjunction with the different blood perfusion values should be investigated further. 

Currently, it appears that only one other Be matrix would be required for the example 

system studied in this thesis. Trying to estimate the blood perfusions of the different 

plants before treatment begins should also be looked into. Incorporating a more robust 

way of selecting Am on-line would help improve the results of the Self Tuning Regulator 

control technique. 

Additional research could focus on the robustness of the Self Tuning Regulator 

technique. For example, how much error can be tolerated between the modelled sensor 

locations and the actual sensor locations. In addition, extending the current results to 

multiple input and multiple output environments should be investigated. All of the 

adaptive algorithms can be extended in a straight forward fashion to multiple input and 

multiple output environments (Goodwin and Sin 1984). 
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APPENDIX A 

CONTROL SWITCHING TISSUE VOLUME MODELS 

Below are the twelve plants generated by the Bio Heat Transfer Equation along with their 

respective full state feedback matrix K and reference input value R. These continuous 

time plants are used with the control switching technique. 

The Be matrix is the same for all the plants. 
Bc=[5.4; 18; 3.6] 

PLANT (0,0) 
Ac=[-.075 .075 0; .075 -.15 .075; 0 .075 -.075] 

K=[.0130 -.0222 -.0209] 
R=.2106 

PLANT (1,1) 
Ac=[-.135 .075 0; .075 -.135 .075; 0 .075 -.135] 

K=[.0526 -.0293 -.0437] 
R=.1721 

PLANT (1,5) 
Ac=[-.135 .075 0; .075 -.45 .075; 0 .075 -.135] 

K=[.0025 -.0216 -.0079] 
R=.2958 

PLANT (5,1) 
Ac=[-.375 .075 0; .075 -.135 .075; 0 .075 -.375] 

K=[-.0043 -.0215 .0016] 
R=.1930 

PLANT (3,1) 
Ac=[-.255 .075 0; .075 -.135 .075; 0 .075 -.255] 
K=[-.0034 -.0215 0] 
R=.1901 

PLANT (3,5) 
Ac=[-.255 .075 0; .075 -.45 .075; 0 .075 -.255] 

K=[-.0034 -.0214 0] 
R=.3039 

PLANT (5,3) 
Ac=[-.375 .075 0; .075 -.33 .075; 0 .075 -.375] 
I<=[-.0043 -.0214 .0016] 
R=.2648 



PLANT (9 5) 
Ac=[-.615 .075 0; .075 -.45 .075; 0 .075 -.615] 

K=[-.0041 -.0215 .0019] 
R=.3147 

PLANT (9 0) 
Ac=[-.615 .075 0; .075 -.15 .075; 0 .075 -.615] 

K=[-.0041 -.0216 -.0019] 
R=.2025 

PLANT (3,9) 
Ac=[-.255 .075 0; .075 -.69 .075; 0 .075 -.255] 

K=[-.0034 -.0213 0] 
R=.3906 

PLANT (3,0) 
Ac=[-.255 .075 0; .075 -.15 .075; 0 .075 -.255] 
IC=[-.0034 -.0215 0] 
R=.1955 

PLANT (7,7) 

Ac=[-.495 .075 0; .075 -.57 .075; 0 .075 -.495] 
K=[-.0043 -.0214 .0019] 
R=.3569 



APPENDIX B 

CONTROL SWITCHING CODE 

The following is the code for the control switching technique. 

PROGRAM PLANT IS PICKED BY USING BHTE W'S WITH GAIN 00 OR 77 
INITIAL 

CONSTANT... 
TMAX=30, Rl=.2, Kl=.0130, K2=-.0222, K3=-.0209,... 
R2=.335, K4=-.0043, I<5=-.0214, K6=.0019,... 
WT=5, WN=9 

FLAG=0. 

END 
DYNAMIC 
DERIVATIVE 
X1DOT=-60*(.00125+WN*.001)*X1+(.075)*X2+U*5.4 

X2DOT=(.075)*X1-60*(.0025+WT*.001)*X2+(.075)*X3+U*18 
X3DOT=(.075)*X2-60*(.00125+WN*.001)*X3+U*3.6 
U00=I<1*X1+K2*X2+K3*X3+R1 

U77=K4*X1+K5*X2+K6*X3+R2 

PROCEDURAL 

IF (FLAG.NE.O) GO TO 50 
IF ((X2 .LT. 5.5) .AND. (T .GT. 5)) FLAG=1 

END 
50..CONTINUE 
U=RSW(FLAG .NE. 0,U77,U00) 
X1=INTEG(X1DOT,0) 

X2=INTEG(X2DOT,0) 

X3=INTEG(X3DOT.O) 

END 
TERMT(T.GE.TMAX) 

END 
END 



APPENDIX C 

MRAC TISSUE VOLUME MODELS 

These are the four discrete time reduced order plants used with the Model Reference 

Adaptive Control scheme. 

//(0,0) PLANT 
ad00=[.9828,.0056,-.0100; 
.0239,.9231,.0038; 
.0238,-.1542,.7031] 
bd00=[.4510;-.3194;-.3057] 
cd00=[ .0422,.0609,-0068; 
.1393,-.1801,-.1214; 

.0812,.0146,.0969] 

//(1,1) PLANT 

adll=[.9637,.0015,.0174; 

.0478,.8729,.0227; 
-.0412,.2234,.6647] 

bdll=[.4742;.3079;.2601] 
cdll=[.0300,.0606,.0163; 
.1718.-.1774, .0911; 

.0794,.0524,-.0743] 

//(5,1) PLANT 

ad51=[.9419, -.0193, -.0135; 

.0846,.6746,-.0350; 

.0302,-.2828,.7256] 
bd51=[-.4951;.3433;.1259] 
cd51=[ -.0138,-.0295,.0283; 

-.2108,.1582,.0188; 

.0608,-.0670,-.0235] 

//(1,5) PLANT 
adl5=[.9414,.0115, .0211; 

.0791,.8637,.0126; 

-.0665,.2324,.5972] 
bdl5=[.4525;-.3055;.2431] 
cdl5=[ .0277,-0553,.0202; 
.1700,-.1894,.1054; 
.0796,.0524,-.0752] 
return 
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APPENDIX D 

MRAC REFERENCE MODELS 

The two reference models used in conjunction with the Model Reference Adaptive 

Control schemes are shown below along with their respective Linear Quadratic Regulator 

parameters. 

PROGRAM MODEL BASED ON PLANT (1,1) FOR MRAC 
INITIAL 

CONSTANT... 
TMAX=60, Q=30.7535 

END 
DYNAMIC 

DERIVATIVE 

X1DOT=-1.1962*X1-.3471*X2+.4928*X3+Q*(.1520) 
X2D0T=-1.2788*X1-1.4112*X2+1.4092*X3+Q*.2113 
X3DOT=-.2286*Xl+.1965*X2-.799Q*X3+Q*(.1337) 
Y=X2 

X1=INTEG(X1DOT.O) 

X2=INTEG(X2DOT.O) 

X3=INTEG(X3DOT,0) 

END 
TERMT(T.GE.TMAX) 
END 

END 

**** end of ACSL program **** 

CORRESPONDING LQR PARAMETERS 
R=.5 

Q=[l 0 0; 0 1 0; 0 0 0] 
P=,06 

RESULTING IN It=[-5.5183, -2.3597, 2.1386] 



PROGRAM MODEL BASED ON PLANT (0,0) FOR MRAC 
INITIAL 

CONSTANT... 
TMAX=60, Q=7.9989 

END 

DYNAMIC 

DERIVATIVE 

X1DOT=-.1544*X1+.0869*X2+.0068*X3+Q*(-.0165) 

X2DOT=-.2019*X 1-1.1516*X2+.4632*X3+Q*.6913 

X3DOT=.3447*X1 + .485J*X2-.8696*X3+Q*(-.0285) 
Y=X2 

X1=1NTEG(X1DOT,0) 

X2=INTEG(X2DOT.O) 

X3=INTEG(X3DOT.O) 

END 
TEllMT(T.GE.TMAX) 
END 
END 

**** end of ACSL program **** 
CORRESPONDING LQR PARAMETERS 
11=1 
Q=EYE(3) 

RESULTING IN K=[-.04569,-.5774,-.3513] 
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APPENDIX E 

MRAC CODE 

Below is the code for the Model Reference Adaptive Control scheme. 

PROGRAM MRAC WITH PLANT (1,5) USING MODEL BASED ON PLANT (0,0) 
INITIAL 

CONSTANT... 
A=-.1908, B=-.4025, C=-.2060, TMAX=40, R=7.9989,... 

TH010=0, TH020=0, TH030=0, Q0=1 

END 

DYNAMIC 

DERIVATIVE 

X1DOT=-.4894*X1-.0302*X2+.2932*X3+U*(.0052) 

X1MDOT=-.1544*X1M+.0869*X2M+.0068*X3M-.0165*R 

X2DOT=-.5156*X1-1.2403*X2+.9323*X3+U*.7474 

X2MDOT=-.2019*X1M-1.1516*X2M+.4632*X3M+.6913*R 

X3DOT=.8590*X1+.5891*X2-1.1741*X3+U*(-.0443) 

X3MDOT=.3447*X1M+.4851*X2M-.8696*X3M-.0285*R 

X1=INTEG(X1DOT,0) 

X1M=INTEG(X1MDOT.O) 

X2=INTEG(X2DOT,0) 

X2M=INTEG(X2MDOT,0) 

X3=INTEG(X3DOT,0) 
X3M=INTEG(X3MDOT,0) 

E1=X1-X1M 
E2=X2-X2M 
E3=X3-X3M 

T01DOT=(A*E1*X1+B*E2*X1+C*E3*X1) 

T02DOT=(A*E1*X2+B*E2*X2+C*E3*X2) 

T03DOT=(A*E1*X3+B*E2*X3+C*E3*X3) 

TH01=INTEG(T01DOT,TH010) 
TH02=INTEG(T02DOT,TH020) 
TH03=INTEG(T03DOT,TH030) 



QD0T=(A*E1*U+B*E2*U+C*E3*U)*Q**2 
Q=INTEG(QDOT,QO) 

U=Q*(TH01*X1+TH02*X2+TH03*X3)+Q*R 

END 
TERMT(T.GE.TMAX) 

END 

END 
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APPENDIX F 

STR TISSUE VOLUME MODELS 

These twelve plants are generated from the Bio Heat Transfer Equation. These plants are 

in discrete time transfer function form and are used in conjunction with the Self Tuning 

Regulator technique. 

[> //plant (0,0) 

[> a00=[-.075 .075 0; .075 -.150 .075; 0 .075 -.075]; 
[> b=[5.4; 18; 3.6]; 

[> [ad,bd]=c2d(a00,b,15) 

BD 

1.0D+02 * 

1.237885327579326 

1.736312752675344 

1.075801919745330 

AD 

0.501362586731115 0.321927293896120 0.176710119372765 

0.321927293896120 0.356145412207759 0.321927293896120 

0.176710119372765 0.321927293896120 0.501362586731115 

[> c=[l 0 0]; 

[> [num,den]=ss2tf(ad)bd)c,0,l) 

DEN 

1.000000000000000 -1.358870585669989 0.369979582208223 -0.011108996538234 

NUM 

1.0D+02 * 



0.000000000000000 1.237885327579326 -0.312425018682596 -0.044938454224599 

[> c=[0 1 0]; 

[> [num,den]=ss2tf(ad,bdIc10,l) 

DEN 

1.000000000000000 -1.358870585669989 0.369979582208223 -0.011108996538234 

NUM 

1.0D+02 * 

o,::::::::::::::: 1.736312752675344 -0.996205431657875 0.140414533654661 

[> c=[0 0 1]; 

[> [numIden]=ss2tf(ad,bd,c)0,l) 

DEN 

1.000000000000000 -1.358870585669989 0.369979582208223 -0.011108996538234 

NUM 

1.0D+02 * 

0.000000000000000 1.075801919745330 -0.144795421622984 -0.050484643450217 

[> //plant (1,1) 

[> all=[-.135 .075 0; .075 -.135 .075; 0 .075 -.135]; 
[> [ad,bd]=c2d(all,b,15) 

BD 

1.0D+02 * 

0.940021322834190 
1.717265771372265 
0.824287168592567 



AD 

0.234695978358817 0.219562192070959 0.102702135170987 

0.219562192070959 0.337398113529804 0.219562192070959 

0.102702135170987 0.219562192070959 0.234695978358817 

[> c=[10 0]; 

[> [num,den]=ss2tf(ad,bd,c,0,l) 

DEN 

1.000000000000000 -0.806790070247438 0.106491322017707 -0.002299646186121 

NUM 

0.000000000000000 94.002132283418979 -7.607795570334173 -0.947337775359771 

[> c=[0 1 0]; 

[> [num1den]=ss2tf(ad1bd,c,0,l) 

DEN 

1.:::::::::::::::  -0 .806790070247438 0 .106491322017707 -0 .002299646186121 

NUM 

1.0D+02 * 

0.::::::::::::::: 1 .717265771372264 -0.418695300761580 0 .025346354247779 

[> c=[0 01]; 

[> [num,den]=ss2tf(ad,bd,c)0,l) 

DEN 

1.:::::::::::::::  -0 .806790070247438 0 .106491322017707 -0 .002299646I86121 

NUM 



o.::::::::::::::: 82.428716859256703 0.201901492083958 -i.i48974i54737646 

[> //plant (1,5) 
[> al5=[-.135 .075 0; .075 -.450 .075; 0 .075 -.135]; 
[> [ad,bd]=c2d(al5,b,15) 

BD 

57.934707715388149 
55.779927667654579 
46.361292291225885 

AD 

0.164153292101473 0.042228180003312 0.032159448913643 

0.042228180003312 0.018954385001204 0.042228180003312 

0.032159448913643 0.042228180003312 0.164153292101473 

[> c=[l 0 0]; 

[> [num,den]=ss2tf(ad,bd,c,0,l) 

DEN 

1.000000000000000 -0.347260969204151 0.028568484175951 -0.000020399503411 

NUM 

0.000000000000000 57.934707715388150 -6.761851316255692 -0.179548059528799 

[> c=[0 1 0]; 

[> [num,den]=ss2tf(ad,bd)cI0,l) 

DEN 

1.000000000000000 -0.347260969204151 0.028568484175951 -0.000020399503411 

NUM 



o.::::::::::::::: 55.779927667654584 -13.908687257750349 

[> c=[0 0 1]; 

[> [num,den]=ss2tf(ad,bd,c,0ll) 

DEN = 

1.000000000000000 -0.347260969204151 0.028568484175951 -0.000020399503411 

NUM 

0.000000000000000 46.361292291225885 -4.270475439703349 -0.181336718164091 

[> //plant (5,1) 
[> a51=[-.375 .075 0; .075 -.135 .075; 0 .075 -.375]; 
[> [ad,bd]=c2d(a51,b,15) 

BD 

1.0D+02 * 

0.399603241184975 

1.431979998061398 

0.351776356215423 

AD 

0.017777959390476 

0.055983912988513 

0.014171396256145 

0.055983912988513 
0.211097877209861 
0.055983912988513 

0.014171396256145 

0.055983912988513 

0.017777959390476 

0.864042287658344 

[> c=[l 0 0]; 

[> [num,den]=ss2tf(adlbd,c,0,l) 

DEN 

1.000000000000000 -0.246653795990812 0.001352609318135 -0.000001716883203 

NUM 



0.000000000000000 39.960324118497512 -0.630652038418587 0.000828031751770 

[> c=[0 1 0]; 

[> [num,den]=ss2tf(ad)bdlc,0,l) 

DEN 

1.000000000000000 -0.246653795990812 0.001352609318135 -0.000001716883203 

NUM 

1.0D+02 * 

o,::::::::::::;::  1.431979998O61398 -0 .008850194504810 0 .000013292595181 

[> c=[0 01]; 

[> [numlden]=ss2tf(ad,bd,cI0Il) 

DEN 

1.000000000000000 -0.246653795990812 0.001352609318135 -0.000001716883203 

NUM 

0.000000000000000 35.177635621542306 0.531767166380909 -0.001448739024281 

[> //plant (3,1) 

[> a31=[-.255 .075 0; .075-.135 .075; 0 .075-.255]; 
[> [ad,bd]=c2d(a31,b,15) 

BD 

1.0D+02 * 

0.574814300571150 
1.531876254482049 
0.505766190138042 
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AD 

0.056494941476452 

0.100077729926358 

0.034676505945490 

0.100077729926358 

0.251295815304114 

0.100077729926358 

0.034676505945490 

0.100077729926358 

0.056494941476452 

[> c=[l 0 0]; 

[> [num,den]=ss2tf(ad,bd,c,0,l) 

DEN 

1.000000000000000 -0.364285698257018 0.010351999051181 -0.000062834894113 

NUM 

0.::::::::::::::: 57 .481430057115014 -0 .607762620508I62 -0 .028313909548220 

[> c=[0 1 0]; 

[> [num,den]=ss2tf(ad,bd,c,0,l) 

DEN 

1.::::::::::::::: -0.3642856982570i8 0 .010351999051181 -0 .000062834894113 

NUM 

1.0D+02 * 

0.000000000000000 1.531876254482049 -0.064944476179374 0.000687746169282 

[> c=[0 0 1]; 
[> [num,den]=ss2tf(ad,bd,c)01l) 

DEN 

1.000000000000000 -0.364285698257018 0.010351999051181 -0.000062834894113 

NUM 



0.000000000000000 50.576619013804159 1.756909117135145 -0.048199069057497 

[> //plant (3,5) 

[> a35=[-.255 .075 0; .075 -.450 .075; 0 .075 -.255]; 
[> [ad,bd]=c2d(a35,b,15) 

BD 

34.285392880822482 
49.749131320207265 
27.380581837512195 

AD 

0.029347513974635 

0.011268244808103 

0.007529078443593 

0.011268244808103 

0.007579155917162 

0.011268244808103 

0.007529078443593 
0.011268244808103 
0.029347513974635 

[> c=[10 0]; 

[> [num,den]=ss2tf(ad)bd,c,0,l) 

DEN 

1.000000000000000 -0.066274183866433 0.000995501640561 -0.000000557390369 

NUM 

0.000000000000000 34.285392880822484 -0.499309445828320 -0.007044191458323 

[> c=[0 1 0]; 

[> [num,den]=ss2tf(ad,bd,c,0,l) 

DEN = 

1.000000000000000 -0.066274183866433 0.000995501640561 -0.000000557390369 

NUM 

0.000000000000000 49.749131320207263 -2.225159353835067 0.024866714019005 



[> c=[0 0 1]; 

[> [num,den]=ss2tf(ad1bd)c10,l) 

DEN 

1.000000000000000 -0.066274183866433 0.000995501640561 -0.000000557390369 

NUM 

o.::::::::::::::: 27.38058i8375i2i98 -0 .192350903783501 -0 .007220587019392 

[> //plant (5,3) 
[> a53=[-.375 .075 0; .075 -.330 .075; 0 .075 -.375]; 
[> [ad,bd]=c2d(a53,b,15) 

BD 

26.755510640912712 

64.519025190073279 

21.972822143957499 

AD 

0.007195837308143 0.008546193912418 0.003589274173812 
0.008546193912418 0.015912827829407 0.008546193912418 

0.003589274173812 0.008546193912418 0.007195837308143 

[> c=[l 0 0]; 

[> [num,den]=ss2tf(ad,bd,c10,l) 

DEN 

1.000000000000000 -0.030304502445692 0.000121834565039 -0.000000092136008 

NUM 

o.::::::::::::::: 26.755510640912714 0 .011974447376663 -0 .000529264749226 



[> c=[0 1 0]; 

[> [num,den]=ss2tf(ad1bd,c,0,l) 

DEN 

1.000000000000000 -0.030304502445692 0.000121834565039 -0.000000092136008 

NUM 

0.000000000000000 64.519025190073291 -0.512095036087134 0.001007684914212 

[> c=[0 0 1]; 

[> [num,den]=ss2tf(ad1bd,c10,l) 

DEN 

1.000000000000000 -0.030304502445692 0.000121834565039 -0.000000092136008 

NUM 

0.000000000000000 21.972822143957500 0.139662374613514 -0.000651446950898 

[> //plant (7,7) 
[> a77=[-.495 .075 0; .075 -.570 .075; 0 .075 -.495]; 
[> [ad,bd]=c2d(a77,b,15) 

BD 

16.230014126743025 

35.341833646620992 

12.595818348112776 

AD 

1.0D-03 * 

0.920654513034538 0.591156627639939 0.324493636353221 

0.591156627639931 0.653991521747790 0.591156627639929 

0.324493636353219 0.591156627639932 0.920654513034538 
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[> c=[l 0 0]; 

[> [num,den]=ss2tf(ad,bd,c,0,l) 

DEN = 

1.000000000000000 -0.002495300547817 0.000001247576787 -0.000000000068787 

NUM 

0.000000000000000 16.230014126743026 -0.000576705297365 -0.000006626294627 

[> c=[0 1 0]; 
[> [num,den]=ss2tf(ad,bd,c,0,l) 

DEN 

1.000000000000000 -0.002495300547817 0.000001247576787 -0.000000000068787 

NUM = 

0.000000000000000 35.341833646620993 -0.048034655376607 0.000016075619238 

[> c=[0 0 1]; 

[> [num,den]=ss2fcf(ad,bd1c,0,l) 

DEN 

1.000000000000000 -0.002495300547817 0.000001247576787 -0.000000000068787 

NUM 

0.000000000000000 12.595818348112777 0.006325140078506 -0.000007045622732 

[> //plant (9,5) 

[> a95=[-.615 .075 0; .075 -.450 .075; 0 .075 -.615]; 
[> [ad,bd]=c2d(a95,b,15) 
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BD 

14.137500537663932 

44.128124542058916 

11.210959692971570 

AD 

0.000313576646195 0.000698837844652 0.000215031916086 
0.000698837844652 0.002066051820516 0.000698837844652 

0.000215031916086 0.000698837844652 0.000313576646195 

[> c=[l 0 0]; 

[> [num,den]=ss2tf(ad,bd,c)01l) 

DEN 

l.::::::::::::::: -0 .002693205112907 0 .000000371074123 -0 .000000000011370 

NUM 

0.::::::::::::::: 14.137500537663932 -0.000392881140121 -0.000000289669645 

[> c=[0 1 0]; 

[> [num,den]=ss2tf(ad)bd,c10,l) 

DEN 

1.::::::::::::::: -0 .002693205112907 0 .000000371074123 -0 .000000000011370 

NUM 

O.OOOOOOOOOOOOOOO 44.128124542058921 -0.009960635280772 0.000000553037081 

[> c=[0 0 1]; 

[> [num1den]=ss2tf(ad)bd,c,0,l) 

DEN 



1.000000000000000 -0.002693205112907 0.000000371074123 -0.000000000011370 

NUM 

0.000000000000000 11.210959692971569 0.007200498448239 -0.000000627345681 

[> //plant (9,0) 

[> a90=[-.615 .075 0; .075 -.150 .075; 0 .075 -.615]; 
[> [ad,bd]=c2d(a90,b,15) 

BD 

1.0D+02 * 

0.231261617805552 

1.232855159636184 

0.201996209358629 

AD 

0.003441108621402 0.021844943648094 0.003342563891293 

0.021844943648094 0.142222323130875 0.021844943648094 
0.003342563891293 0.021844943648094 0.003441108621402 

[> c=[l 0 0]; 

[> [num,den]=ss2tf(ad)bd,c,0,l) 

DEN 

1.000000000000000 -0.149104540373680 0.000025070293763 -0.000000001023539 

NUM 

0.000000000000000 23.126161780555236 -0.607952415804624 0.000053412145766 

[> c=[0 1 0]; 

[> [num,den]=ss2tf(ad,bd1c,0,l) 

DEN 
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1.000000000000000 -0.149104540373680 0.000025070293763 -0.000000001023539 

NUM 

1.0D+02 * 

0.000000000000000 1.232855159636184 0.000979715781968 -0.000000108518162 

[> c=[0 0 1]; 

[> [num,den]=ss2tf(ad,bd,c,0,l) 

DEN 

1.000000000000000 -0.149104540373680 0.000025070293763 -0.000000001023539 

NUM 

0.000000000000000 20.199620935862876 -0.171880283449663 0.000023015517671 

[> //plant (3,9) 
[> a39=[-.255 .075 0; .075 -.690 .075; 0 .075 -.255]; 
[> [ad,bd]=c2d(a39,b,15) 

BD 

29.536646163221515 
31.651692809337798 
22.631835119911228 

AD 

0.025863396050189 
0.004878221807717 
0.004044960519146 

0.004878221807717 

0.001614670084579 

0.004878221807717 

0.004044960519146 

0.004878221807717 

0.025863396050189 

[> c=[l 0 0]; 

[> [num,den]=ss2tf(ad,bd,c,0)l) 



DEN 

:::::::::::  -0 .053341462184958 o.ooo68848i 157413 -0 .000000015229980 

NUM = 

0.000000000000000 29.536646163221516 -0.565661059022721 -0.002447506634771 

[> c=[0 1 0]; 

[> [num,den]=ss2tf(ad,bd,c,0,l) 

DEN 

1.000000000000000 -0.053341462184958 0.000688481157413 -0.000000015229980 

NUM = 

0.000000000000000 31.651692809337799 -1.382751110502821 0.015101863424482 

[> c=[0 0 1]; 

[> [num,den]=ss2tf(ad,bd,c10,l) 

DEN = 

1.000000000000000 -0.053341462184958 0.000688481157413 -0.000000015229980 

NUM = 

o.:;:::::::::::*: 22.631835119911228 -0.348000516464205 -0.002452326418120 

[> //plant (3,0) 
j> a30=[-.255 .075 0; .075 -.150 .075; 0 .075 -.255]; 
[> [ad,bd]=c2d(a30,b,15) 

BD 

1.0D+02 * 

0.551231679608406 
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1.416603652401122 
0.482183569175297 

AD 

0.053207732841152 0.087099796407509 0.031389297310190 

0.087099796407509 0.206536745121854 0.087099796407509 

0.031389297310190 0.087099796407509 0.053207732841152 

[> c=[l 0 0]; 

[> [num,den]=ss2tf(ad,bd,c,0,l) 

DEN 

1.000000000000000 -0.312952210804157 0.008651729692658 -0.000050174682053 

NUM 

0.000000000000000 55.123167960840590 -0.465809173135308 -0.028424992669492 

[> c=[0 1 0]; 

[> [num,den]=ss2tf(ad,bd,c10,l) 

DEN 

1.000000000000000 -0.312952210804157 0.008651729692658 -0.000050174682053 

NUM 

1.0D+02 * 

0.000000000000000 1.416603652401122 -0.060738279584042 0.000650848385494 

[> c=[0 0 1]; 
[> [num,den]=ss2tf(ad,bd,c,0,l) 

DEN 

1.;;:::::;::::::: -0 .312952210804157 0.008651729692658 -0 .000050174682053 



NUM 

o . :  4 8 . 2 1 8 3 5 6 9 1 7 5 2 9 7 3 5  

[> diary -off 
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1.544414533451831 -0.044303615050116 
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APPENDIX G 

STR CODE 

This is the code for the Self Tuning Regulator technique. 

// least squares estimation 
//discrete time transfer funct. 
//the first three terms are negatives of the original 
th77=[.002495;-.0000012475; .0000000000687; 35.34188; -.04803; .00001607]; 
//control model 00 plant 77 
//initial 
ul=.0164; 
u2=0; 
u3=0; 
yl=0; 
y2=.0; 
y3=.0; 
b0h=173.6312; 
blh=-99.62054; 
b2h=14.04145; 
alh=1.3589; 
a2h=-.369979; 
a3h=.01111; 
b0hp=b0h; 
blhp=blh; 
b2hp=b2h; 
alhp=alh; 
a2hp=a2h; 
a3hp=a3h; 
alm=-.4842; 
a2m=.06614; 
a3m=-.000026; 
b0m=34.8021; 
blm=-17.6941; 
b2m=2.2249; 
am=[-.4842; .06614; -.000026; 0; 0]; 
num=(l+am(l)+am(2)+am(3)+am(4)+am(5)); 
r0=7; 
rl=0; 



r2=0; 
p0=eye(6); 
pl=pO; 
p2=p0; 
n=60; 
pph=[y 1 ;y2;y3;u 1 ;u2;u3]; 
thhat=[alh;a2h;a3h;b0h;blh;b2h]; 
thhatp=[alhp;a2hp;a3hp;b0hp;blhp;b2hp]; 
y0=0; 
x2t=0; 
xln=0; 
x3n=0; 
u=ul; 
el=0; 
th=thhat'; 
k3=0; 
//least est. 
for i=l:n,... 
i=i,„ 
k3=k3+l,„ 
y0=pph'*th77;,.. 
xl=pph'*[.00249; -.000001247; .000000006870; 16.23; -.0005767; -.0000066];,. 
x3=pph'* [.00249; -.000001247; .000000006870; 12.5958; .00632; -.00000705];, 
e=y0-(pph'*thhatp),.. 
k=(p2*pph)*inv(l+pph'*p2*pph),.. 
thhat=thhatp+k*e;,.. 
w=num/(thhat(4)+thhat(5)+thhat(6));,.. 
m0=(l/3)*w;,.. 
ml=(l/3)*w;,.. 
m2=(l/3)*w;,.. 
p I=p2-(k*pph'*p2),.. 
if k3=3, me=[l 0 thhat(4) 0 0;,.. 

-thhat(l) 1 thhat(5) thhat(4) 0;,.. 
-thhat(2) -thhat(l) thhat(6) thhat(5) thhat(4);,.. 
-thhat(3) -thhat(2) 0 thhat(6) thhat(5);,.. 
0 -thhat(3) 0 0 thhat(6)],end,.. 

if k3=3, lpp=inv(me)*(am+[thhat(l); thhat(2); thhat(3); 0; 0]),end;,.. 
if k3=3, Il=(m0*r0+ml*rl+m2*r2),end;,.. 
if i<=2, u0=.0164,end,.. 
if i>=3,u0=(ll-(lpp(3)*y0+lpp(4)*yl+lpp(5)*y2)-lpp(l)*ul-lpp(2)*u2),end,.. 
if u0<.005, u0=ul,end,.. 
u3=u2;,„ 
u2=ul;,.. 
ul=u0;,.. 
y3=y2;,.. 
y2=yl;,.. 
yl=y0;,.. 
r2=rl;,.. 
rl=iO;,.. 
pph=[y 1 ;y2;y3 ;ul ;u2;u3] 
p2=pl;,.. 



thhatp=thhat;,.. 
x2t=[x2t;y0];,.. 
th=[th;thhat'];,„ 
u=[u;uO];,.. 
el=[el;e];,„ 
xln=[xln;xl];,.. 
x3n=[x3n;x3];,.. 
if k3=3, k3=0,end 
end 
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