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ABSTRACT 

IMPLEMENTATION OF A MODERN CONTROL l\LGORITIIM 

ON A GENERAL PURPOSE MICROCOMPUTER 

Athan D. Sarantopoulos 

Masters of Science in Engineering 

Youngstown State University, 1988 

This thesis presents an implementation of a modern 

algorithm on a microcomputer. The digital 

controller uses both classical and modern control techniques 

to improve the tracking accuracy of a closed-loop system. 

Integral control is used to achieve a zero steady-state 

error to a constant reference input. To improve the 

transient response of the system, state-variable feedback 

compensation is used with a one-step predictor to estimate 

the state vector from a single measurement and to account 

for computational delay. This technique is then applied to 

a second order system. Results are presented which indicate 

that the controller works properly. However, an 

unsatisfactory response can be easily tuned up by adjusting 

a few parameters in the software program used. 
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CHAPTER I 

INTRODUCTION 

1.1 Background 

A widely used method for shaping the dynamic 

response of a closed loop system is state variable feedback, 

~ccording to this method, the eigenvalues of the closed loop 

system can be placed anywhere one wishes in the complex s 

plane provided that the original system is controllable and 

that all the state variables are accessible for direct 

measurement. 

In a number of design problems, the state vector is 

not accessible to measurement. However, it 1s possible in 

many such problems to implement control by using output 

rather than state feedback if an additional dynamical system 

known as a state observer or estimator is introduced, In 

this case, the original system has to be both controllable 

and observable. Furthermore, the separation principle 

states that the dynamics of the state variable feedback 

controller are independent of the dynamics of the estimator 

and vice versa [2]. Consequently, the controller and the 

observer may he designed separately. 

1.2 Objective and approach 

The purpose of this thesis is to present an 
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application of the separation principle to the tracking 

problem. Using an integral digital compensator along with a 

one-step predictor [l] (i.e., a state ·observer in which the 

estimate is one cycle ahead of the measurement) to be used 

with a state variable control law, a second order type "O" 

system gets converted to a third order type "l" system. The 

digital compensator as well as the observer and state­

variable feedback algorithms are programmed in BASIC on a 

TRS-80 Model IV microcomputer, which is interfaced to the 

given plant. The design is carried out using Program CC, a 

PC-based interactive computer-aided control 

program. 

1,3 Overview 

system design 

Chapter II of this thesis is devoted to interfacing. 

It shows how a TRS-80 Model IV microcomputer is connected to 

an analog system in order to control ·it efficiently using a 

modern control algorithm. 

Chapter III is the heart of this thesis, The 

tracking problem is introduced, and the design steps to 

develop the state model and implement the proposed control 

algorithm are clearly presented. 

In Chapter IV, the technique developed in Chapter 

III is applied to 

results from CC and 

a second order system, The simulation 

data collected from the plots obtained 

with a Primeline X-Y plotter and the photographs of the 

oscilloscope display are presented and discussed. Also, the 
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sensitivity of the system to variations of the compensator 

and observer gain matrices was studied, and conclusions were 

drawn. 

Finally, in Chapter V, a brief summary of the thesis 

is given and some suggestions for further work on the design 

are presented. 

The interested reader should also t.urn his attention 

to the i\ppendices, which contain the data sheets of the 

special chips used in the project along with a proof. 
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CHAPTER II 

MICROCOMPUTER INTERFACING 

2.1 Introduction 

This chapter deals mainly with the hardware built 

and the software used to interface a TRS-80 Model IV 

microcomputer to an analog plant, which is simulated using 

an operational amplifier circuit. The interface 

specifications are given and the various components of the 

interfacing circuit are discussed, 

2.2 Interface Specifications 

Since a one-step predictor is to be employed to 

estimate the state vector to be used in the control law, the 

interface requirements are: 

A). The interface should provide for a single-input single­

output operation. 

B). The operating ranges for the analog input and output 

should be 0-5 volts. 

C). The output of the analog plant should be sampled at the 

same time its input gets updated. 

D). The sampling frequency should be held constant, and it 

should be determined by the frequency of a real-time clock 

interfaced to the system. 

E). The interface should provide for a reference input. 
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2,3 Hardware and Software Description 

A block diagram of the interface system that can he 

used to satisfy all the specifications described in section 

2.2 is shown in Figure 2.1 below. 

TRS-80 IV 
I/O PARALLEL 

PORT 

DATA 
BUS 

'r-­
c 

. , 
I/O SELECTOR 

g 

-
d 

f 

CONTROL a 
BUS ie!:·====a 

1 
ADDRESS F 

BUS 

. , 
CONTROLLER 

h i j 

DATA h 
LATCH~--------•--~ 

1

.----------,L k 
DISPLAY lr.======~•k 

D/A 
CONVERTER 

1 . 
ANALOG 

COMPUTER 

m 

.-------------. n 
A/D 

f i 

2-1 
MULTIPLEXER 

jc1ocK j 

" n 

CONVERTER ~·-----------
~------j 

Fig, 2,1 Interface Block Diagram, 
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Following is a brief description of each of the 

components of the interface system as well as tl1eir circuit 

diagram. 

A) TRS-80 Model IV computer (3) is an 64K 8-bit 

microcomputer with two built-in disk drives, a monitor, and 

a keyboard. Among others, it features a parallel 1/0 bus 

which supports all the signals necessary to interface to a 

device compatible with the ZB0's I/O structure. That is: 

• Address Bus (Ao - l\7) 

• Data Bus (Do - D7). 

• Control Lines (an asterisk denotes an asserted low 

signal) : 

- IN* (L): an input is . in progress; 

- OUT* (L): an output is in progress; 

- RESET* (L): system reset; 

IOBUSINT* (L): I/O Bus is interrupted; 

- IOBUSWAIT* (L): forces wait stages on the ZB0; 

- EXIOSEL*(L): input to CPU allowing data to be 

read; 

Ml*(L): ZB0 signal; 

- IORQ* (L): ZB0 signal. 

B) I/O Selector is designed to configure the 

computer's I/O port either as an input or as an output port. 

This is accomplished using two bi-directional bus drivers 

8216 (6) as shown in Figure 2.2. A "0" at DIEN* pin will 

allow data to flow from DI's to the computer's Data Bus. 

Otherwise, data is being sent from the Data Bus to the Data 
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Latches , 

TO TRS-80 DATA BUS (c) 

(d) 

D~. D& 
....---.,CS "' DIEN* ,._ _______ K.JDIEN* CS* 

8216 8216 
D~ . . DI7, . . .. DO,;:, ... Di o 

T (g) IN U' ' T (f) 

Fig, 2,2 1/0 Selector Circuit Diagram. 

C) The Data Latch is a 74100 8-bit D-Latch flip 

flop [8). It is used for temporary data storage. Data gets 

updated every TM seconds, The circuit diagram of this 

component is shown in Figure 2,3, 

DATA IN (g) 

I I 

I, 

) ) I ) ) ) ) ) 

74100 G (h) 

Q Q Q Q Q Q Q Q 

' I ( • , . '• I I 

DAT A OUT (k) 

Fig, 2,3 An 8-Bit Data Latch Flip Flop, 

WILLIAM F. M G A Y 
YOU 'GSTOWN STATE IJNIVUt~ITI 
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D) The next component is the 8-bit LED Display. 

Its purpose is to display the contents of the Data Bus 

du r ing an output operation. 

E) The DAC0806 current output Digital to Analog 

Converter [see Appendix BJ is one of the most important 

elements of the interface circuit. It is the heart of any 

sampling system as it converts a sequence of digital n umbers 

to a staircase analog signal. 

as a Zero Order 'Hold. 

In a control system, it acts 

To provide for a Oto SV operation, a current-to-

voltage converter has been added to it as shown in the 

circuit diagram [7] of Figure 2.4. 

sv 

13 SK!l 

MSB 5 Vc.c 5V 

' 
5K!l. 

SKn 

()(.) 
DAC0806 .. 

Io 4 o-sv 

" (0 
LSB 11 

1/,;.t: O.lp..F 
3 

-15 V 

Figl 2,4 A 0-SV Digital to Analo g 
Converter. 

F) An analog computer can be easily built using 

op e rational amplifier circuits, which simulate the desired 

transfer functions. For example, a function of the form 
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A 
G (s) = {2.1} 

s:2 + B s + C 

may be realized using the three amplifier biquad [SJ shown 

in Figure 2,5, where 

1 1 1 
A = B = C = 

R2 R-4 C1 C2 R1 C1 R2 R~ C1 C2 

Also, R~ = Rb and V o ... ,t-. = V2. 

RJ 

Fig, 2,5 Circuit Realization of {2.1}. 

G) A Digital Control System would not be complete 

without an Analog to Digital Converter. Here, the 8-bit 

ADC0804LCN [see Appendix A) is being employed. For a O · to 

SV analog input, the circuit [4) shown in Figure 2.6 may be 

used. 



H) 

Cm) 

(j) 

+sv 

(Y\) 

II I) '" IS " n ,, 
MSB LSB 

' A.IN 5' INTR NC 
At>C0904 -z.o 

'Jee +sv 
3 WR. 

Co~ '-L~i. 
I <I 

VR.t.f'/'l. cs Rb V-A. t>. cu:. ., z. 7 8 10 4 10K...rt 

IOOpF 

Fig. 2,6 A 0-SV Analog to Digital 
Converter, 
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The '74157 (8) 2-to-l Multiplexer shown in 

Figure 2.7 is used to achieve a real-time clock operation, 

This device is configured so that data may be transfe rr ed to 

the data bus of the computer only at the rising edge of the 

clock, which is one of the two inputs. 

TO INPUT PORT OF I/O SELECTOR (f) 

(i) 

DB7 s s DBo 

74157 G G 74157 

B7 ... A-., .•• . . ,Bo • • ,A<::• 

CLOC IN (o) 

INPU" M A/D (n) 

Fig. 2.7 A 2-to-l Multiplexer. 
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I) The clock is an important element of the 

interface because its period, T .. , determines the sampling 

frequency of the control system. Also, its active cycle 

(see Figure 2.8) must be carefully set. That is, T" must 

be long enough to be read by the computer, and short enough 

to ensure a real-time clock operation. 

TTL II 111 -

. TTL II Q"_. _ _._ _ _._ _____ .____., _____ _._ _ _.__ 

to t,:,+T. to+T .. time 

Fig, 2,8 Clock Characteristics. 

J) Finally, the most important part of the 

hardware circuit is the controller (see Figure 2.9). It is 

used to regulate the flow of data from/to the analog system 

to/from the data bus of the microcomputer in s uch a way so 

that no information is lost. 

TO ADDRESS BUS (b) 

ADDRESS tt148t---R 
tnso--

DECODER ttlSl1---

TO CONTROL BUS (a) 

I I I t 
IORQ* IN* OUT* EXIOSEL* 

COMBINATIONAL 
LOGIC 

CIRCUIT 

LATH 1/0 CLK/DATA TRIGGER 
DATA SEL SEL A/D 

(h) (d) Ci) (j) 

Fig, 2.9 Controller Block Diagram 
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The equations governing the combinational logic circuit are 

LATCH DATA = OUT · IORQ · (ttl48) 

EXIOSEL = (ttlS0 + ttlSl) · IN · IORQ 

I/O SEL = EXIOSEL* 

CLK/DATA SEL = (#150) · IN· IORQ 

TRIGGER A/D = (LATCH DATA)* 

where, "·" stands for an "AND" operation and "+" stands for 

an "OR" operation. 

The controller performs the following functions: 

• with a BASIC statement, 

300 OUT 148,Uk 

the control Uk gets updated, and the A/D converter 

starts the conversion; 

• with the following statements, 

100 IF INP(150)><128 THEN GOTO 100 

110 Yin= INP(151) 

120 REM The rising edge of the clock is detected 

130 REM Continue calculations 

500 REM Start new cycle 

510 GOTO 100 

the rising edge of the clock [note that the most 

significant bit of the multiplexer input is 

connected to the c 1 ock] is detected (in address 

150), and then the output of the analog system (in 

address 151) is sampled. 
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CHAPTER III 

THE TRACKING PROBLEM 

3,1 Introduction 

A system designed to follow a reference input is 

known as a tracking system (2) . Such systems are widely 

used in radars, · autopilots, telescopes, ship navigation, and 

inertial guidance systems. In this chapter, a technique to 

design a tracking system to track a constant reference input 

is presented, This method uses an integral compensator to 

provide tracking accuracy and . also state-variable feedback 

compensation to achieve the desired transient response. A 

one-step predictor is used to provide estimates of all the 

state variables from the single measurement and to allow for 

computational delay. 

The type of a system is determined by the number of 

its poles at s = 0 in the s domain, or at z = 1 in the z 

domain. The significance of system type is that type "n" 

can track a polynomial input of degree (n - 1) with zero 

steady-state error, Thus, type "l" performance is required 

to lrack a constant reference input accurately. 

3,2 The Design Approach, 

Using integral control, a type "0" plant can be made 

to exhibit a type 11 1 11 behavior, A discretized closed loop 
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system incorporating an outer loop with integral 

compensation and an inner loop using state-variable feedback 

is shown in Figure 3.1. In this system, the reference input 

Rk can be provided for by a statement in the BASIC program 

used. The design approach used here is based on pole 

placement; i.e., the controller parameters are selected to 

give desired closed-loop poles, which are roots of a 

selected characteristic polynomial l>.c:(z) . 

.----,Uk . .----. 

Do/ (z-1) ----- A, B; C 

A/D 

. Rk OBSERVER 

TRS-80 MODEL IV MICROCOMPUTER 

Fig. 3,1 Closed Loop System, 

To determine the values of the controller 

parameters, the following steps are taken: 

Step 1 

analog system, 

Starting with the transfer function of the 

a.p-1 s"'- 1 + . . + a1 s + ao 
G(s) = 

its Zero-Order-Hold Equivalent, G(z), 

desired sampling frequency: 

{3,1} 

is calculated at the 
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Cp-1 zP- 1 + , , , + Z C1 + Co 

G (z) = {3.2} 

This G(z) is equivalent to G(s) in the sense that 

the values of the discrete output of G(z) are exact samples 

of the analog output of G(s) when a digital-to-analog 

converter (which acts as a Zero-Order-Hold) is used to 

provide the analog input to G(s). 

Step 2 Next, the state space model of G(s) is 

realized using the following observable canonical form 

[11] : 

-hp-1 
dX -hp-2 

1 
0 

0 
1 

0 
0 

= -hp-::s 0 0 0 X + u {3.3} 
dt 

1 
-ho 0 0 ... 0 

l 

Y=[l • O ] X {3.4} 

6 

Step 3 The state space system shown above is then 

checked for controllability and observability. It is 

imperative that this system is both observable and 

controllable if a state variable feedback compensator with a 

one-step predictor is to be used. 

Problem unless G(s) is not reduced. 

In this case, there is no 
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Step 4 The next step is to get the discretized 

model of the analog state space model 

X(k+l) = ~CT.) X(k) + rCTm) U(k) 

Y (k) = C X (k) 

{3.5) 

{3.6) 

using the same sampling frequency, T., as in Step 1 above. 

This is done using the following equations: 

~(T.) = exp(A T.) {3.7) 

r (T .. ) J
T. 

= O ~ (-r) d-r B {3.8) 

Step 5, Let 

y (z) 

G (z) = {3.9) 
V (z) 

be the transfer function from the integrator output V(k) to 

the plant output (see Figure 3.2). If state-variable 

feedback is used in the inner loop, G(z) will have the 

following form 

, + Z C1 + Cr., 

G (z) :! {3.10) 

Set the numerator of [l + 
Do 

z - 1 

G(z) ] 
equal to the 

desired closed-loop characteristic polynomial Ac(z) and 
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solve for ho, h]. , , hr,, -• 1, and Do. The order of ~= (z) 

should be one more than that of the original system : 

A.:: (z) = zP .... 1 + exp zP + . . . + a .1 z + ao {3.11} 

At this point the integral controller is 

fully specified, and the state variable feedback compensator 

can be designed assuming that all the states are available 

for feedback (see Figure 3,2). The compensator gain matrix, 

K, can now be • calculated using a) the Bass-Gura formula 

[2], b) Ackermann's formula 

command of CC [10] , 

[12), or c) the pole placement 

Rk 

Do/ (z-1) ---

G (z) 

K 

OUTPUT 
A , B ; C ,____,._ Y 

X 

._ ____________ AID------------' 

Fig, 3,2 State Variable Feedback 

The poles are to be selected so that the inner-loop 

system G(z) has poles as computed in step S. 



Vk 
N 

Uk....-----, Yk 
~ ------~~. r; c----

K 

X + 

~ - L C - r K 

+ 

M 
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Fig, 3.3 Full-State Observer Details, 

Step 7 The requirement -that all the states of the 

open loop system be accessible for feedback can now be 

relaxed with the addition of the state-observer [1] of 

Figure 3,3. The observer is carefully designed so that 

its presence does not change G(z) . This is accomplished 

[for proof, see Appendix CJ by setting 

N = 1 and M=Nr=r {3.12} 

so that the added observer poles are cancelled by the 

feedforward zeroes [which were affected by Mand N] of the 

overall transfer function from V to Y. Next, the observer 

poles are chosen so that the observer error dynamics are 

faster than the dynamics of the controlled plant. Using any 

of the techniques discussed in step 6, the observer gain 

matrix, L, can be found. 
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The final state space model for the 

controller is the following: 

U (k) = N V (k) - K X (k) 

V(k+l) = V(k) + Do (Rk - Y(k)) 

X(k+l) = (~ - LC - r K) X(k) + L Y(k) + M V(k) 

{3.13} 

{3.14} 

{3.15} 

At this point, the design has been completed and the 

equations shown above can be programmed in the TRS-80 Model 

IV microcomputer to implement the control algorithm, 
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CHAPTER IV 

APPLICATION 

4.1 Introduction 

In this chapter, the design technique described in 

Chapter III is applied to a second order system, The .system 

selected to be controlled has the following transfer 

function 

1 
G (s) = {4.1) 

s :;,·,: + s + 1 

4.2 Model and Results 

The function of {4.1) has poles at 

s1 = -0.5 + j 0,866 and s2 = -0,5 - j 0,866 {4.2) 

The sampling period chosen is 

T. = 0.2 seconds, 

Also, the desired closed loop characteristic polynomial is: 

Ac (s) = (s+l) (s 2 + 1. 6 s +l) 

Discretizing at Ts= 0,2 seconds one obtains 

~~ (z) = z~ - 2.510762 z2 + 2.111467 z - 0.5945206 

{4.3) 

{4,4) 

The discrete state space model of equation {4.1) calculated 

using the CC macro program of Table 4 - 2 is 

X(k+l) = ~ X(k) + r U(k) 

Y (k) = C X (k) 



where 

r 

and 

0,8012668 

-0 .1800640 

0.1800640 l 
0.9813308 

[ 0.01866924 l = 
0.1987332 

C = [ 1 0 ] 

Also , the numerator coefficients of G(z) are 

Co = 0,017464 and C1 = 0,01866924 

21 

{4,5} 

{4 . 6} 

{4.7} 

{4.8} 

Usin g the BASIC program shown in Table 4-1, the following 

pa r ameters can be determined: 

h1 = -1.510762 

ho= 0.5975097 

Do= 0,1711537 

{4 . 9} 

{4.10} 

{4.11} 

Next, the parameters calculated above are put in the 

sam e CC macro program mentioned above, and the follQwing 

compensator gain matrix, K, is computed: 

K = [ O. 0363457 1. 3644 3 ] 

The observer poles are then selected at: 

Z1 = 0,7 + j 0,1 and Z2 = 0 , 7 - j O , 1 

Th e corresponding observer gain matrix is then the 

following: 

{4.12} 



l\lso, 

L = [ 
0.385975 l 
0.315121 

-- [ 0.4186692 
~ - L C 

-0. 4950850 

0 .1800640 l 
0,9813308 

TABLE 4-1 

BASIC PROGRAM USED TO CALCULATE ho, h1, Do 

10 CLS 
15 REM INPUT DATA FOLLOWS THIS LINE 
20 co= 0.017464 
30 Cl= 0.0186924 
40 GAO= -0.5945206 
50 GAl = 2.111467 
60 GA2 = -2.510762 
65 REM NEXT, PERFORM CALCULATIONS 
70 Hl = GA2 + 1 
80 Do= (GAl +GAO+ Hl)/ (CO+ Cl) 
90 HO= -GAO+ (CO* Do) 

100 REM PRINT RESULTS 
110 PRINT "HO =";HO 
120 PRINT "Hl =";Hl 
130 PRINT "Do =";Do 
140 STOP 
150 END 
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Ti\BLE 4-2 

CC Mi\CRO PROGRAM LISTING 

ANALOG 
BUILD 
2POLES,G,&5,&6 
QUIT 
CONVERT,G,Gl,8,&l 
ANALOG 
STi\TE 
OCF,G,P 
PEXPONENTii\L,P,Pl,&1,10 
POLEPLACEMENT 
Pl 
P2 
3 
1 
1,&2,&3 

.2 
&7,&8 
&9,&10 
UNPi\CK,P2,P3,P4,P5,P6 
UNPACK,Pl,P8,P9,Pl0,Pll 
MULTIPLY,P4,P10,Pl2 
SUBTRACT,P8,Pl2,Pl3 
PLPD,P13,"THIS IS (t - LC) MATRIX: P13" 
PLPD,P5,"THIS IS THE COMPENSATOR GAIN MATRIX: PS" 
PLPD,P4,"THIS IS THE ESTIMATOR GAIN MATRIX: P4" 
PLPD,P9,"THIS IS THE GAMMA Mi\TRIX: P9" 
IDENTITY,P7,l,-l 
MULTIPLY,P7,P5,P14 
IDENTITY,P15,1,l 
AUGMENT,P4,P9,Pl6,1,0 
i\UGMENT,P6,Pl5,Pl7,1,0 
PACK,P3,Pl6,P14,P17,Pl8 
FADEEVA,P18,Hl 
EXTRACT,Hl,G2,l,l 
EXTRACT,Hl,G3,l,2 
QUIT 
BUILD 
G4=Gl/ (1-G2*Gl) 
G5=G3*G4 
G6=&4/(Z-1) 
G7=G6*G5 
G8=G7 I (l+G7) 
G9=1-G8 
Gl0=G9*G6 
Gll=(Gl0*G3)+(G8*G2) 
QUIT 
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Finally, the program of Table 4-3 can be used to 

implernent the control law on a Radio Shack TRS-80 Model IV 

microcomputer. 

lines 190-230. 

The controller equations are contained in 

Lines 190 and 200 are used to update the 

observer states; line 210 is used to update the discrete 

integrator; and line 230 contains the control calculation, 

Note that in the update of the observer state, the actual 

control U is used, This is to account for the saturation 

limits of the control (see lines 250 and 260). 
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TABLE 4-3 

TRS-80 MODEL IV BASIC LISTING 

5 CLS 
7 REM SYSTEM DESCRIPTION: 
10 All= 0,418669 
20 Al2 = 0 , 180064 
30 A21 = -0.495085 
40 A22 = 0.981331 
50 GAMl = 0.01866924 
60 GAM2 = 0.1987332 
65 REM COMPENSATOR GAINS: 
70 Kl= 0.0363457 
80 K2 = .1. 36443 
85 REM OBSERVER GAINS: 
90 Ll = 0.382598 
100 12 = 0,315021 
105 REM 
110 DO= 0,1711537 
115 REM 
120 INPUT; "ENTER REFERENCE INPUT (VOLTS)";RK 
130 XHl=O: XH2=0:Y=O: UI=O: VK=O 
140 OUT 148,0 
150 IF INP(150)=0 THEN GOTO 150 
160 OUT 148,UI 
170 Yl = INP(151) 
180 Y = 0.0195313*Yl 
190 NXHl = All*XHl + A12*XH2 + Ll*Y + GAMl*U 
200 NXH2 = A2l*XH1 + A22*XH2 + L2*Y + GAM2*U 
210 VKl = VK + DO*(RK-Y) 
220 VK=VKl: XHl=NXHl: XH2=NXH2 
230 U = VK - Kl*XHl - K2*XH2 
240 YE= Y - XHl 
250 IF U<O THEN U=O 
260 IF U>5 THEN U=5 
270 UI = INT(U*51) 
280 GOTO 150 
290 STOP 
300 END 

25 



Using Program CC's graphing capabilities, the 

syste,n's open-loop and closed-loop responses were plolled. 

The results are shown in Figures 4.1, and 4.2. 

26 

In Figure 4.1, the output response of the closed­

loop system is plotted. Both the transient and the steady­

state responses look satisfactory. This suggests that the 

estimator works properly, estimating the states accurately 

without really making its presence noticeable. In other 

words, the separation principle holds. Also, Figure 4.2 

shows the control signal applied to the input of the plant. 

As one would expect, the control signal settles to a nonzero 

but constant value in a finite amount of time. This is 

because the original system was of · type "O" and it was 

converted to a type 11 1 11 to increase tracking accuracy to a 

constant step input. Another interesting observation is 

that the control signal does not saturate. This suggests 

that the controller implemented on the TRS-80 Model IV 

microcomputer should also work nicely. This is actually the 

case as it becomes obvious in the next series of plots shown 

in Figures 4.3 through 4.10, which were obtained using a 

Primeline X-Y plotter. 

Figures 4,3 through 4.6 contain the plots 

corresponding to a SV reference input while Figures 4.7 to 

4.10 correspond to a 2,SV reference input. 
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All the plots of the output signal are very smooth 

and both the transient and the steady-state responses are 

satisfactory. In the responses of the control signal (i.e . , 

Figures 4.5, 4.6, 4,9, and 4.10), one may observe how the 

dynamics of the pen of the plotter come into play and alter 

the look of the response between the sampling instances. An 

attempt to build a filter to increase the bandwidth of the 

plotter proved to be unsuccessful. It is therefore suggested 

that a faster plotter be use to plot the responses. 

However, the staircase nature of the control signal 

is far more obvious ·in the photograph shown in Figure 4.11. 

Tl1is was taken on a Tectronix 2230 Digital Storage 

Oscilloscope using a Tectronix CRT Camera and a very high­

speed film. In this picture, one can see that the transient 

response of the control signal is as expected: The control 

starting with zero builds up and reaches its steady-state 

value without overshooting. Furthermore, the time between 

two consecutive samples is displayed at the upper-right 

section of the picture and it equals 0.200 seconds, which is 

exactly equal to the sampling frequency , This implies that 

the system is indeed running in real time and that the 

interface system works properly. 

Overall, one can conclude that the digital 

controller accomplished its purpose as the results obtained 

fro,n Program CC matched those obtained from the actual 

implementation of the control algorithm on the general 

purpose microcomputer used. 
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4.3 Sensitivity Analysis and Tune Up, 

In section 4.2, the compensat6r and observer gain 

matrices were calculated using the nominal values of the 

open-loop parameters. If the performance of the digital 

39 

controller is not satisfactory, the response of the closed-

loop system can be easily tuned up. This is done by 

adjusting the compensator and/or observer gains in the BASIC 

program (lines 70-100) or even the sampling frequency to 

accomplish "fine tuning." The results are shown in Figures 

4.12 - 4.16. By lowering K1, for example, a higher 

percentage overshoot can be achieved (see Figure 1.12). The 

response was observed to be most susceptible to observer 

gain changes (see Figures 4 .14 and 4 .15) . 

Thus, a digital controller such as this impl emented 

on the TRS-80 Model IV microcomputer adds some versatility 

to a digital control system. 

very simple to tune up, 

It is easy to implement and 



> 

>-

I­
::, 

f:: 5 
::::, 
0 

K1=-l.0 

-0.5 
0 . 036 

0.5 
l.O 

o-~-----....._ ___ ..._ __________________ ..._ ______ ~ ___ ....._ __ _ 
l 0 20 

Time (Sec) 

Fig, 4.12 Clos~d-LooD ResDonse for Various Kl's ..::. 
0 



> 

>-
~ 

I­
:::> 
CL 
I­
:::> 
0 

5 

K2=-l.0 
0 
0.5 
l.O 
l. 36 
2.0 

0..__~ _____ ...__ __ __._ ______ ~...__ __________ __._ ___ .....,_ ____ ___. 

10 

Fig. 4.13 Closed-Loon Res~onse for Va~ious K2's 

20 

Time (Sec) 

~ 

I-



r-0 
II 

__J 

0 0 

II) 

(A) A 'lndlnO 

u 
0 ClJ 
"-I Ul 

ClJ 
E 

•,-
I-

!11 

QJ 

!11 
i:: 
0 
n 
!11 
'1J 
~ 

p 
0 

O 0 
,- ,-..1 

I 
'U 

QJ 

!11 
0 

M 
u 

42 



4 3 

0 u 
N QJ 

V1 

QJ 

E 
•,--

I-

(11 

,l 
,-l 

Ill 
::l 
0 

· rl 
~ 
111 
> 
~, 
0 
~ 

QJ 

Ill 
s:: 
0 
n 
Ill 
QJ 

~ 
0 

p 
0 
0 

,-l 
I 

't.f 
QJ 

tn 
0 

,--l 

u 

If) 
,--l 

,:;j' 

•.-l 
µ., 

...... 
L.{) NM L.{) 0 

0 00 0 ...... 
I 

II 
N 

_J 

L.{) 0 

( /\) A C lndlnO 



N N N N 
:c :c :c :c 
0 LO tj" C'0 
r-
II 

V) 

f-

( /\) A '10dln0 

u 
(lJ 

'-1 Vl 

0 

0 

(lJ 

E 

f-

44 

(/J 

(/J 

1-t 

(/J 

:I 
0 

·rl 
I-< 
,u 
> 
I-< 
0 ·~ 
QJ 

~1 
C: 
0 
() 
(/J 

QJ 

CY. 

p 
0 
0 

,-l 

I 
•tJ 

QI 

(/J 

0 
,-j 

u 

I.D 
,-j 

tj1 

tJ 
•rl 

Ji. 



45 

CHAPTER V 

CONCLUSION 

5.1 SUMMARY 

In this thesis, an implementation of a modern 

control algorithm on a TRS-80 Model IV microcomputer was 

presented, 

Some background in state-variable feedback 

compensation and the separation principle associated with it 

was given in Chapter I. 

Chapter II dealt with the -design of the interface 

circuitry built to connect a TRS-80 Model IV 8-bit 

microcomputer to an analog plant. 

In Chapter III, the tracking problem was introduced 

and the technique used to solve it was presented, Tl1e 

method used amounted to building a compensator which 

included an inner loop and an outer loop. The inner loop 

used an observer to estimate the state vector to be used 1n 

a state-variable feedback control law. On the other hand, 

the outer loop included an integral controller, which was 

used in order to achieve a satisfactory tracking 

performance. 

Chapter IV presented an application of the design of 

Chapter III to a second order system. Program CC was used 

to carry out the design as well as to simulate the results. 
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Actual plots of the responses obtained using the Primeline 

X-Y plotter and a tRT camera indicated that the theoretical 

and experimental results were amazingly similar. 

Furthermore, it was pointed out that an unacceptable 

response can easily be 11 tuned-up 11 by adjusting a few 

parameters by 11 trial-and-error, 11 

In summary, the experience gained on the TRS-80 

Model IV microcomputer can be used with other microcomputers 

for control applications. Microcomputers are easy to use, 

very versatile and powerful, and they also are becoming less 

and less inexpensive. 

5,2 Suggestions for Further Work, 

To improve the performance of the digital controller 

presented in this thesis, the following suggestions are 

ma<le: 

A. Suggestions for improving hardware include: 

1. A faster computer can be used to achieve 

higher sampling frequencies, In general, the higher 

the sampling frequency, the smaller the error 

between the actual signal and the signal 

reconstructed using a Zero-Order-Hold device such as 

an analog-to-digital converter [9]. 

2. A 16 or 32 bit computer--at the addition of 

extra cost--can be used to reduce the quantization 

error. Magnitude quantization on digital control 

systems may have a significant effect in the steady-
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state performance as well as stability of the system 

[13] 

3. A low-cost programmable controller can be 

used instead of the microcomputer to implement the 

control algorithm. 

B. Suggestions for improving the design are the 

following: 

1, In order to optimize the performance of the 

controller, the state model can be modified to 

account for disturbance inputs. 

2. An optimum controller can be used to 

optimize the performance of the system by minimizing 

a performance index. Also a Kalman filter (i.e., an 

optimum observer), can be used to estimate the 

states of the state model, which could also include 

disturbance inputs, and then use the estimates in 

the control law [2]. 

3. A reduced-order observer can be used to 

reconstruct those states of the system that are . not 

accessible for feedback. The remaining number of 

the states, being available for direct measurement, 

should be fed back to the computer using a 

multiplexer so that they may be used for the control 

law. However, when a slow computer is used, the 

state model could be developed in terms of the 

multiplexed states (14]. 

4. In order to handle open-loop parameter 



changes, an adaptive controller can be designed in 

order to minimize the servo error in the mean-

square sense [15). 

18 



49 

APPENDIX A 

This appendix contains selected pages from the Data 

Sheets of the ADC0804 Analog-to-Digital Converter. 

information, reference [7] should be consulted. 

For more 
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~National 
Semiconductor 

ADC0801, ADC0802, ADC0803, ADC0804, 
ADC0805 8-Bit ~,,p Compatible AID Converters 

General Description 
Tho ADCOOOI , ADC0802, ADC0003, ADC0004 end • DIHerenllal analog vollago Inputs 

/IOC0005 ero CMOS B-bil successive approxlmollon AID • Logic lnpuls end oulpuls mool bolh MOS nnd T 2L voll -
convor lors which use a dilleronlial polonliomolrlc ladder- ego love! specilicollons 
similar lo lho 256fl producls. Those convorlors ere de- • Works wilh 2.5V (LM336) vollago rofor onco 
slynod lo allow oporellon wllh lhe NSCOOO end INSOOBOA • On-chip clock gonorelor 
doriva livo conlrol bus, end TRI-STA TE• oulpul lolches di- • OV lo 5V analog lnpul vollago rango wilh sln!JIO 5V 
rcc lly drlvo lho dala bus. Theso A/Os appear like mornory supply 
locnlions or 1/0 porls to lhe microprocessor ond no lnlor- • No zoro adjust required 
facing logic noodod. 

• 0.3• slandard widlh 20-pln DIP peckogo 
A now dilloronllal analog vollogo lnpul allows Increasing Iha • Operoles rollomolrlcelly or wilh 5 Voe, 2 5 Voe, or an1 -
common-modo roJocllon end ollse lllng lhe analog zero In-

log spon odJuslod voflago roforonco 
pul voflago valuo. In addillon, Iha voflago rolerence lnpul 
cnn bo orl jus lod lo allow encoding any smeller analog voll- Key Specifications or10 span lo Iha full 6 bils of ros olullon. 

• n esolullon 8 bill 

Features • Tola! error i ¼ LSB, i 1/1 LS• end 1 I lSB 

• Cornpoliblo wilh BOBO µP dorlvalives-no lnlerleclng • Conversion limo 100 pl 

logic nocdod • accoss lime • 135 ns 

• E nsy lnlorfaco lo all microprocessors, or operales 
" sland alono" 

Typlcal Appllcallons 
IV 

M r • ~ (I 
II 

'" } AO II .._ ... 

d.!1 I Cll n ru,uoutu ~A "' I ClllH ' - -
IN rA 1111 ll fl Ol U1t0 11 

4 II 

'" 
OVl R lo l! f DIS IRIO 

~ 
II r- • " NA I 0, 111 ,ul 

~ '" Y1111 l•I I YOI l .tC I ~•• ra 
II .,. t11 11cr1ou • , 

~ OIi I > "" '""" - -' 
II 

4 '" 
Y1 NI- ) 

L_, II 
Oi l I 

A CND 
II 

Oi l I lt .U ADJ + II 
011 

v1111 n ~SllUCIION ~ 
II II 

II.I 
OIi DGll'D~ 

w fl/l l/SMl -1 

8080 lnlcr foce 

Error Specfflcollon (Includes Full-Scale, 

Cl 
Zero Error, end Non-llncerlly) 

Perl 
Full• 

VnEF/2 = 2.500 Voe VnEF/2 ~ llo Conn eclfon AC Sco le 
• ICIOI , Number 

AdJusled 
(No AdJuslmenls) (tlo AdJ11 sl111enh) 

IOU . ftA 

'"· .,. 
I04f , ADCOOOI i ¼ LSB 
II C. b+-- 1111 

-' 
/IDC0002 ±½ LSB 

DA U ADC0003 i ½LSB , 
ADC0004 i 1 LSB 

· ll / 1115011 - 31 ADC0005 1 11 SB 



Absolute Maximum Ratings (Notes 1 & 21 · Operating Conditions (Note~ 1 & 2) 

Supply Voll age (Vee) (Nole 3) 6.5V Temperature Range T MIN :S:T A:S:T MAX 
Vollage ADC0B0 1 /02LJ - 55'C:S:TA:S: + 12s· c 

Logic Control Inputs -0.3V lo+ 16V ADC0801 /02/03/04LCJ -4o·c:s:TA:s:+es·c 
Al Olher Input and Outputs -0.3V to (Vee+ 0.3V) ADC0801 /02/03/05LCN 0'C:S:TA:s: +70' C 

Sloraga Temperature Range - 65'C lo + 150' C ADC0804LCN o·c :s: TA :s: + 1o·c 
Package Dissipation at TA= 25'C 875mW RangeolVee 4.5 Voe to 6.3 Voe 
lead Temp. (Soldering, 10 seconds) 300' C 

Electrical Characteristics 
The lollowlng spei:ilicatlons apply lor Vee = S Voe, TM1N:S:TA:S:TMAX end reLK=640 kHz unless otherwise speclllad. 

Parameter Conditions Min Typ Max Units 
ADC0O0I: 

Tolal Adjusted Error With Full-Scale Adj. ± 1/, LSB 
(Nole 8) (See Secllon 2.5.2) 

AOC0602: ; 

Total Unadjusted Error VAEF/2 = 2.500 Voe ± 1/, LSB 
(Nola 8) 

AOC0803: 
Tolal Adjusted Error With Full-Scale Adj. ± 1/, LSB 
(Nole 8) . (See Section 2.5.2) 

ADC0804: 
Tolal Unadjusted Error VAEF/2 = 2.500 Voe ±1 LSB 
(Nole 8) 

AOC0B0S: 
T otel Unadjusted Error VAeF/2-No Connection ±1 LSB 
(Nolo 8) 

VREF/2 Input Resistance (Pin 9) ADC080 l /02/03/05 2.5 8.0 kO 
ADC0804 (Nole 9) 1.0 1.3 kll 

Analog Input Voltage Range (Nole 4) V(+) or V(-) Gnd-0.05 Vcc+0.05 Voe 

DC Common-Mode Error Over Analog Input Voltage ± 1/11 ±¼ LSB 
Range 

Power Supply Sensitivity Vcc=SVoe ±10%0ver ±1/,, ±¼ LSB 
Allowed V1N( +) and V1N(-) 
Voltage Range (Nole 4) 

AC Electrical Characteristics 
The lollowlng specillcellons apply ror Vee= 5 Voe end TA= 25'C unless otherwise specllled. 

Symbol Parameter Conditions Min Typ Max Units 

Tc Conversion Time leLK = 640 kHz (Note 6) 103 114 µ.s 

Tc ·Conversion Time (Notes, 6) 66 73 1/leLK 

rcLK Clock Frequency Vee= SV, (Note 5) 100 640 1460 kHz 
Clock Duty Cycle (Nole 5) 40 60 % 

CA Conversion Rate In Free-Running !Nffi lied to WA with 8770 conv/s 
Mode <'.;$ = 0 Voe, leLK = 640 kHz 

lw(Wn)L Wldlh or WA Input (Start Pulse · CS=o Voe (Note 7) 100 ns 
Widlh) 

IACC Access Time (Deley lrom CL =100pf 135 200 ns 
Falling Edge ol AD to Output 
Data Valid) 

1111, lo1• TRI-STATE Control weley CL=10pF, RL=10k 125 200 ns 
rrom Rising Edge or D lo · (See TAI-STATE Test . · 
HI-Z Stele) Circuits) 

lw1, IRI Dolat_from Falling Edge 300 450 ns 
or WR or l=iD to Reset or lFfffl 

C1N Input Capacitance or Logic 5 7.5 pF 
Conlrol Inputs 

Cour TRI -STATE Oulpul 6 7.5 pF 
Capacitance (Date Bullers) 
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APPENDIX B 

The following appendix contains selected pages from 

the Data Sheets of the DA.C0806 Digital-to-Analog Converter. 

For more information, the interested reader should consult 

reference [7) . 



~~ National 
~ Semiconductor 
DAC0808, DAC0807, DAC0806 8-Bit DI A Converters 
General Description 
Tho DACOBOB series Is an 8-bit monolithic digital-to-analog 
converter (DAG) leaturlng a full scale oulput current settling 
limo of 150 ns while dissipating only 33 mW wlth ·±5V sup­
plios. No reforence current (IAEFl trimming Is required for 
most epplicalions since the full scalo output current Is typi­
cally t t LSB of 255 lneF/ 258. Relative accuracies of bel­
lor limn :I: O. t9% assure 8-blt monolonlclty and llnearily 
while zoro level oulput current of less then 4 ,.A provides 
8-bil zero accuracy for lnEF >- 2 mA. The power supply cur' 
ronls of tho DACOBOB series are lndopondont of bit codes,- · 
ond oxhlbils essenllally constant device characterlsllcs over 
lho onliro supply voltago range. 

MC1508/MC1408. "For higher speed eppllcelions, see 
DACOBOO dale sheet. 

Features 
• Relallve accuracy: ± 0.19% error maximum (DAC0808) 

• Full scale current match: ± 1 LSB typ 

• 7 and 6-blt accuracy available (DAC0807, DAC0006) 

• Fast settling time: 150 ns typ 

• Nonlnverllng digllal Inputs are TTL and CMOS compall-
ble 

• High _speed mulliplying Input slew rate: 8 mA/ 11 s 

The DACOBOB will Interface directly with popular TTL, DTL 
or CMOS logic levels, and Is a direct replacement for the 

• Power supply vollage range: i 4.5V to i 18V 

• low power consumption: 33 mW l!t i 5V 

Block and Connection Diagrams 
Dual-In-Line Package 

IC llfOII JI I II COMPIHU.1101 

•u 

Typical Application 

MIi Al 

DIGIIAl 
1,c,uu . a1 .. ., 

UI Al 

Order Number 
DACOBOB, DACP807, 

••• or DAC0808 
Seo NS Package 

'" J16A 
orN16A 

COMPII 

· TL/H/5887-t 

Vcc • IV 

, ... 

... 

... I 

,, . 
MU Al I 

Al I 

., 
•• 

OACIIU 
IUIII 

10,vnw 

'• ouour 

(
At A2 AB) Vo-lOV -+-+. -
2 4 " 258 

1
"111r,1 -1 

""""' 
'" 
AllU 

., 

" 
" 

Vu •-IIV TL/H/51587-3 

FIGURE 1. + 10V Output Dlgllal lo Analog Converter 

Ordering Inf ormatlon 

ACCURACY 
ORDER NUMBERS' 

IL/lt/5681 - 2 

OPERATING TEMPERATURE 

RANGE J PACKAGE (J16A) N PACKAGE N t6A) 

8-bll 
8-bll 
7-bll 
6-bll 

-ss·c~TA ~ + 125•c 
o·c ~ T11 ~+1s·c 
o·c~TA~ +.75"C 
o·c ~ T ~+1s·c 

' tlolo Oovtco1 may be orderod by using eUhor ()(der number. 

OACOBOBLJ 
OAC0808LCJ 
OAC0807LCJ 
OAC0806LCJ 

MC1508l8 
MC1408l8 
MCt408l7 
MC1408l6 

OACOBOBLCN 
OAC0007LCN 
OAC0806LCN 

MC1408P8 
MCt408P7 
MCl408P6 

0 
)> 
0 
0 
tD 
0 
tD 

---0 
)> 
0 
0 
tD 
0 
-..J 

---0 
)> 
0 
0 
tD 
0 
m 
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\D ----
0 
co J\bsolule Maximum Ratings 0 
u rowor Supply Vollngo . Powor Dlssipolion (Pnckngo Llmilalion) 1000 mW <{ 
0 Vee + 18 Voe Dore le above T,.. = 2s·c 6.7 mW/'C ...... 
I'-- VrF. :--18 Voe Oporeiing T omporelure nongo 
0 
co 1Ji9llnl lnrul Vollngo, V5-V12 -10Vocto+18Voe 0/\C0000L -ss·c < 1,.. < ., 1?5'C 
0 
u Aprliod Oulrul Vollogo, Vo -1 t Voe to + 10 Voe 0/\C0000LC Smlos 0 -: Ir..< I 75·c 
<{ 
0 Jlnforonco Curronl, 114 5 m/1 Slorogo Tomporolure nengll - Gs·c 10 ., 1 so·c 
...... 

noro,onco /\mpflfior lnpuls, VM, Vt5 Vee, VEE co 
0 
co 
0 
u 
<{ Electrical Characteristics . 
0 

(Vc:e - 5V, VEE = - 15 Voe, VnEF/R M = 2 m/1, 0/\C0000: T fl = -55'C to ·I 12s·c, 0/\C0000C, O/\C0007C, IJ/\C0006C, 1 A 

~ o·c lo + 75"C, end 1111 digllel lnpuls et high logic lovol unloss olhorwlso nolod.) 
--- - ---

Symbol Pnromeler Condition, Min Typ Mnx Unlh ---
E, Jlnlnllvo /\ccurecy (Error ,Aolollve (F/gure.f) ¾ 

lo Full Scofo lc,) 
0/\CO000L. (LM 1500-8), ±0. 19 ¾ 
0/\C0000LC (I.M I ~00-8) 
0/\C0007LC (LM1400-7), (Nolo 1) f O 39 .. 
0/\CO00GLC (LM I 400-6), (Nole I) ±0.70 % 

Sollllng Time lo Wllhln ½ LSB TI\ = 25"C (Nolo 2), 150 "~ 
(lncludos lplf 1) (Figura 5) ---

__ 1.!'.1.-! I, IrI IL Propngnlion Oolny Tlmo TA = 25"C, (Figure 5) 30 100 ns --- ·- ----
__ 1_cI0 Output Full Scola Current Drlfl ±20 ppmrc 

,.,so Digilnl lnpul Logic Levels (Figure3) 
V111 I ligh Level, Logic "I" 2 V1x; 

___:'11'--- Low Loval, Logic "0" 0.8 ~-
MS• Dlgilnl lnpul Curronl (Flguro3) 

I ligh Lovol V111 = 5V 0 0.0~0 "'" Low Laval V1L = 0.BV - 0.003 -0.0 ml\ -
I tS nararonce lnpul Blas Curran! (Figure 3) -I - 3 ''" Oulpul Curren! nonge (Figure 3) 

VEE= -5V 0 2.0 2 1 ml\ 
VEE= -15V, T11 = 2s·c 0 2.0 ~-2 ml\ ---

lo Oulpul Curren! VnEF = 2.000V, 
Al4 = l000ll, 
(Flgure3) 1.9 1.99 2. 1 "'" Oulpul Curran!, All Blls Low (Figuro3) 0 4 '"' Oulpul Vollnge Compllnnce (Nole 3) Er~ 0.10¾, r11 = 2s·c 

VrE = -5V, lnff"' I mA -0}:i5, I 0.~ Vnc 

- - -- VEE Solow - IOV -5.0, I OA v,i<,_ 
SfllnEF rloloronco Curronl Slew Raio (Figure 6) 4 0 ,ml\!~ 

Oulpul Curren! Power Supply -5V ~Vee~ -16.5V 0.05 2.7 111\!V 
Sanslllvlly ---
Powor Supply Current (All Blls (Figure3) 
Low) 

Ice 2.:J 22 ml\ 
-~ _E ____ -4.3 -13 ml\ ---

Powar Supply Vollege Range TA = 25'C, (Figure 3) 
Vee 4.5 5.0 5.5 Vrc 
VEE -4.5 -15 -16.5 Voe 

Pownr Dl~5Ipallon 
All B1!9 Low Vee= 5V, VEE= -5V 33 170 mW 

Vee= 5V, VEE= -15V 106 305 mW 
All Blls High Vee= 15V, VEE = -5V !10 mW 

Vee~ 15V, VEE= -15V 160 rnW 
11,,1, I: All crnrn11I flwflchet 1,e hnlod lo gu1r1nloe al Je11l 50,C. of ralod current. 

ftolt 7: All hll, Awllr,hod. 

ftol, 3: n•ng• conlrol 11 nol roqu~ed, 



APPENDIX C 

The equations governing the closed-loop system 

assuming that the actual state vector ' is fedback are 

X(k+l) = ~ X(k) + r U(k) 

U(k) = -K X(K) + V(k) 

Y(k) = C X(k) 

Thus, X(k+l) = ~ X(k) + r (-K X(k) + V(k)) 

= (~ - r K) X(k) + r V(k) 

When a full-state observer is present one gets 

X(k+l) = ~ X(k) + r U(k) 

X(k+l) = (t - LC - r K) X(k) + L Y(k) + M V(k) 

U(k) = -K X(k) + N V(k) 

Y(k) = C X(k) 

Subtracting {A.4} from {A.l} one gets 

X(k+l) = X(k+l) - X(k+l) = (t X(k) + r U(k)) 

-(~ - LC - r K) X(k) - L Y(k) - M V(k) 

Rearranging the terms, {A,6} with {A.2} becomes 

X(k+l) = (t - LC) X(k) + (r N - M) V(k) 

Also, {A.1} can be expressed in terms of the new state: 
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{A.l} 

{A.2} 

{A.3} 

{A.4} 

{A.5} 

{A.6} 

{A.7} 

X(k+l) = ~ X(k) + r U(k) = t X(k) + r (-K X(k) + N U(k)) 

= ~ X(k) - r K (X(k) - X(k)) + r N V(k) 

= (t - r K) X(k) + r K X(k) + r N V(k) 

Thus, the new state-space model (i.e., with the observer) is 

the following 
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[ X (k+l) 

] [ ~ - r K r K 

] [ X (k) ] 
= + 

X (k+l) 0 4' - L C X (k) 

[ r 

r N 

] [ V (k) l 
N - M 

and, Y(k) = [ C X (k) ]T ~ 0 ] [ X (k) 

The observer error, X(k) must be independent of the input, 

To accomplish this, one must set 

r N - M = O or M = r N 

The state-space model becomes the following 

[ 

: (k+l) 

X (k+l) 

- r K 

0 

r K 

4' - L C 

and, Y(k) = [ C O l [ X(k) x(k) r 
Also, the transfer function from V to Y is 

-1 

[ C O ] z I - [ ~ - r K 

0 

r K 

~ - L C 

-1 
= T (z) = C [ z I - 4> + r K ] r N 

{A.,8} 

[ V (k) ] 

{A.9} 

This must equal the transfer function of the closed-loop 

system without the observer: 

G(z) = C [z I - ~ + r KJ- 1 r ~ T(z) {A.10} 

From {A..9} and {A,10} one can deduce that 

r = r N or N = 1. {A.11} 

Combining {A,8} and {All}, one gets M = N r = r. 
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