AN INTEGRA

TED SOFTW

ARE ENVIRONMENT

FOR DESIGN AND REAL-TIME IMPLEMENT A TION

OF CONTROL SYSTEMS

Masanobu Koga, Hiroaki T oriumi and Mitsuji Samp ei

Dep artment of Me chanic al and Environmental Informatics

T okyo Institute of T e chnolo gy

2-12-1, Oh-okayama, Me gur o-ku, T okyo 152, JAP AN

T el: +81-3-5734-2328; F ax: +81-3-5734-2328

E-mail: ko ga@mei.tite ch.ac.jp

Abstract: In this pap er developmen t of a CAD of control systems is introduced

which enables us to do not only analysis of control systems, design of controllers but

also real-time implementation of controllers. By utilizing this softw are, the control

engineer is able to rep eat the pro cedure of mo di�cation of controllers and exp eriments

without recompile to attain b etter p erformance. The softw are also o�ers the facility

to up date the parameters of controllers without stopping real-time control, which

helps on-line tuning of controllers. If some parameters of the controller is changed

on-line, the control input may change discontin uously

. It has serious e�ect on the

control systems. A metho d for on-line tuning of state feedback controller with state

observer is prop osed and veri�ed through the exp eriment with an inverted p endulum.

Key W ords: Computer-aided control system design, Real-time systems, Simulation

1. INTRODUCTION

In this pap er, an integrated softw are environmen t

for design and real-time implementation of con-

trol systems is intro duced. It enables us to do

not only o�-line design but also on-line design. In

other words, we can do analysis of plant, synthesis

of controller, mo deling of plant, and real-time im-

plementation for the exp eriment, all in one soft-

ware environmen t. By utilizing this software, it

is p ossible to rep eat the cycle of design of con-

trol systems e�ciently to achieve the go o d p er-

formance of the closed-lo op system. W e consider

the pro cedure of design of control systems from

software environmen t p oint of view in Section 2.

The software also o�ers the facility to up date the

parameters of controllers without stopping real-

time control, which helps on-line tuning of con-

trollers. If some parameters of the controller are

changed on-line, the control input may change dis-

continuously

. It may hav e serious e�ect on the

control systems. A metho d for on-line tuning of

controller is considered in Section 3.

The system has b een used in research and education, and has reduced the implementation time

considerably

, e.g. when developing new lab ora-

tory exercises, or when a control algorithm is

tested in a lab oratory exp eriment. A few exam-

ples are describ ed in Section 4.

2. PROCEDURE OF DESIGN OF CONTROL

SYSTEMS

Many computer aided control system design

(CACSD) softwares hav e b een develop ed in uni-

versities and companies. The typical pro cedure

of design of control systems supp orted by these

softwares is shown in Fig 1.

First, analysis of plant, whose mathematical

mo del has b een determined by input-output data

or physical formula, is done. Then, synthesis

of controller, simulation, and exp eriment are re-

p eated until the design sp eci�cation is satis�ed.

After the p erformance of the closed-lo op system is

veri�ed in simulation, the program for the exp eri-

ment is implemented in another software environ-

ment. It is apparent that design of control system

and real-time implementation are separated. In

Fig. 1. Conv entional design cycle of control systems

this pap er, we consider the pro cedure of design of

control systems, in which the design sp eci�cation

is satis�ed by iterating analysis of plant, synthesis

of controller, simulation, exp eriment, and mo del-

ing of plant. F or this purp ose, we developed a new

software environmen t which supp orts comprehen-

sively the prop osed design cycle. Figure 2 shows

the prop osed design cycle of control systems.

There are many metho ds for mo deling (identi�ca-

tion) of plant. Among them, the mo deling based

on the input-output data is indisp ensable to treat

the robustness to parameter v ariation and uncer-

tainty of plant. This leads us to requirement of

real-time implementation facility

. Therefore we

integrated the real-time implementation facility

to CACSD softw are. This pap er deals with some

problems to integration of real-time implementa-

tion facility to CACSD software and gives a solu-

tion to them.

3. REAL-TIME IMPLEMENT A TION ISSUE

W e consider some issues to integration of real-time

implementation facility to CACSD software and

give a solution to them by R

T

M

A

TX.

3.1 Sp e e d of Computation

Sp eed of computation is a crucial p oint for real-

time implementation. Therefore the program

should rather b e compiled than b e executed by

the interpreter.

R

T

M

A

TX programs can b e compiled to b e as fast

Fig. 2. New design cycle of control systems

as C programs (Koga et al., 1996).

3.2 T uning of Control ler without r e c ompile

There some commercially av ailable CACSD soft-

wares which supp ort real-time implementation in

some wa y (Integrated Systems, 1991; Inc., 1992).

When we use those softw ares, we have to recom-

pile the generated co de for the exp eriment if we

change the parameters of the controller or at least

the structure of the controller. This makes the it-

eration of the pro cedure of control system design

ine�cient.

Since R

T

M

A

TX supp orts all steps of the design

cycle, the iteration of the pro cedure can b e done

without recompile.

3.3 Memory management for re al-time implemen-

tation

If we write a program with matrix notation like

Matlab, the program is easy to read, how ever, the

size of memory for calculation is not determined

until the execution time. This is why the function

like malloc(), are necessary

. These functions are

slow since they are general-purp ose memory man-

agement functions. Therefore we hav e to consider

the metho d to improv e the sp eed of computation.

M

A

TX has its own memory management mech-

anism to reduce the num b er of calls of memory

allo cation function (Koga et al., 1996). In partic-

ular, no memory allo cation function is called when

real-time control is executed.

Memory management of M

A

TX

When a blo ck of memory is required, the memory

management list in M

A

TX is referred. If there ex-

ists a suitable size of memory blo ck in the list, it is

used. Otherwise malloc() is used to get the mem-

ory from the op eration system. When a blo ck of

memory b ecomes unnecessary

, it is registered into

the memory management list instead of b eing re-

turned to OS. Therefore the exact size of memory

for a series of calculation is registered into the

memory management list. When the same cal-

culation is executed again, no more malloc() is

necessary

. This strategy of memory management

is signi�cantly e�cient for the program like sim-

ulation which rep eats the same calculation, b e-

cause the memory allo cation function is called

only once.

Memory management of R

T

M

A

TX

The memory management of R

T

M

A

TX is almost

same as M

A

TX. R

T

M

A

TX calls the function for

real-time control once in adv ance b efore starting

the real-time control. In this stage, the necessary

amount of memory for the calculation of real-time

control is registered in the list. No memory allo-

cation function is called when the function of real-

time control is executed every sampling p erio d.

3.4 On-line p ar ameter change

In most cases, we hav e to stop real-time control

in order to change parameters of the controller.

If the real-time control is not stopp ed, the incor-

rect control input may b e calculated since some

parameters are up dated and others are not at the

moment.

R

T

M

A

TX allows changing parameters of controller

without stopping real-time control. This facility

makes it p ossible to iterate the pro cedure of con-

trol system design e�ciently .

How to up date p ar ameter in r e al-time

W e can utilize two tables of parameters in order

to share parameters of control systems b etween a

non-real-time function and a real-time function.

As shown in Fig. 3, a real-time function refers to

parameters of one table for the calculation, while

a non-real-time function changes parameters of th

other table. After changing all parameters of the

table, tw o parameter tables are exchanged. Ac-

cordingly we can change parameters, which are

shared b etw een a real-time function and a non-

real-time function, with consistency of all param-

eters.

R e al-time variable

If we declare the v ariables, which should b e

shared, as real-time v ariables, two parameter

Fig. 3. Exchange of parameter tables

tables including these v ariables are prepared au-

tomatically

. Therefore we don’t have to take care

of the table of the shared parameters. An exam-

ple program for real-time implementation is given

in Section 4.

3.5 On-line tuning of contr ol lers

If some parameters of the controller are changed

on-line, the control input may change discontin-

uously

. Since it has serious e�ect on the control

systems, the prop er metho d for on-line changing

parameters should b e considered.

On-line tuning of state fe e db ack and observer

W e consider the e�ect of changing the parameter

of the controller without stopping real-time con-

trol. The state equation and output equation of

the plant are describ ed as

_ x = Ax + B u (1)

y = C x (2)

where x 2 R n

, u 2 R m

and y 2 R p

. And the sys-

tem is assumed to b e controllable and observ able.

The controller consists of state feedback

u = �F x (3)

and minimum order state observer

_ z =

^

Az +

^

B y +

^

J u (4)

^ x =

^

C z +

^

D y : (5)

W e assume that the parameters are changed

around the equilibrium p oint, i.e., (x = 0; u = 0),

at t = t

0

.

State F e e db ack

W e found that the e�ect of changing state feed-

back on-line is small through some simulations

and exp eriments, since the state is changed

around the equilibrium p oint, x � 0.

State Observer

When the parameters of the observer are changed,

the estimated state ^ x may change discontin uously

and control input u may change dramatically .

W e consider a metho d to determine z

new

(t

0

),

the initial state of the up dated observer, so that

^ x

new

(t

0

), the estimated state of the new observer

_ z

new

(t) =

^

A

new z

new

(t) +

^

B

new y (t) +

^

J

new u(t) (6)

^ x

new

(t) =

^

C

new z

new

(t) +

^

D

new y (t); (7)

is consistent with ^ x

old

(t

0

), the estimated state of

the old observer

_ z

old

(t) =

^

A

ol d z

old

(t) +

^

B

old y (t) +

^

J

old u(t) (8)

^ x

old

(t) =

^

C

ol d z

old

(t) +

^

D

ol d y (t): (9)

W e transform the system (1)-(2) with state trans-

formation x = T � x to the equiv alent system

_

� x(t) =

�

A � x(t) +

�

B u(t)

y (t) =

�

C � x(t); C = [O I

p

]

Let the minimum order state observer for the

equiv alen t system b e describ ed as

_

� z (t) = b

�

A � z (t) + b

�

B y (t) + b

�

J u(t) (10)

b

� x(t) = b

�

C � z (t) + b

�

D y (t) (11)

where

h

b

�

C b

�

D i

=

�

I

n�p

L

O I

p

�

; (12)

and L is a constant matrix which determines the

p oles of the observer. F rom (11) and (12), we

obtain the state of the observer � z :

� z (t) =

�

I

n�p

O

�

b

� x(t) � Ly (t)

If we choose the initial state of the new observer

as

� z

new

(t

0

) = [I

n�p

O ] b

� x

ol d

(t

0

) � L

new y (t

0

); (13)

then the estimated state of the new observer is

consistent with one of the old observer as follows.

b

� x

new

(t

0

) = b

�

C

new

� z

new

(t

0

) + b

�

D

new y (t

0

)

=

�

I

n�p

O

�

� z

new

(t

0

) +

�

L

new

I

p

�

y (t

0

)

= b

� x

old

(t

0

)

4. EXAMPLE

W e deal with some examples to illustrate the facil-

ity of R

T

M

A

TX for simulation and real-time implementation. The plant is the well-known inv erted

p endulum shown in Fig. 4. If we cho ose the state

r

u

�

p otentiometer b elt

motor

p ow eramp p endulum

cart

puri

Fig. 4. Inverted p endulum

of the system as

x

T

=

�

x

1 x

2 x

3 x

4

�

=

�

r � _ r

_

�

�

;

then the state equation is describ ed as

dx

dt

=

2

6

6

4 x

3

x

4

(1 + � sin

2

x

2

)

�1

fa

32 sin x

2 cos x

2

+ a

33 x

3

(1 + � sin

2

x

2

)

�1

fa

42 sin x

2

+ a

43 cos x

2 x

3

+ a

34 cos x

2 x

4

+ a

35 sin x

2 x

2

4

+ b

3 ug

+ a

44 x

4

+ a

45 sin x

2 cos x

2 x

2

4

+ b

4 cos x

2 ug

3

7

7

5

; (14)

where a

ij

, b

i

, and � are parameters of the plant.

W e consider the linearized mo del of the plant (1)-

(2) and design an LQ state feedback control law

(3) and an observer (4)-(5) The observer is dis-

cretized for digital control such that

z [k + 1] =

^

A

d z [k ] +

^

B

d y [k ] +

^

J

d u[k ] (15)

u[k ] = �F ^ x[k] (16)

^ x[k] =

^

C z [k ] +

^

D y [k ]: (17)

4.1 Simulation

The simulation program consists of three func-

tions, main(), diff eqs(), and link eqs(). The

function diff eqs() is a function which calculates

the deriv ativ e of state vector _ x and link eqs()

is the function which calculates control inputs u. In main() the di�erential equation is inte-

grated according to RKF45 algorithm automati-

cally changing the step size to guarantee the sp ec-

i�ed computation error. The lists of diff eqs()

and link eqs() are shown in List 1 and List 2.

Note that the program can b e written almost same

as the mathematical notation. See (Koga, 1995)

for the detail description.

Func void diff_eqs(dx, t, x, u)

Matrix dx, x, u;

Real t;

{

Real c2, s2, dm;

c2 = cos(x(2));

s2 = sin(x(2));

dm = 1 + alpha*s2^2;

dx =

[[ x(3) ]

[ x(4) ]

[dm~*(a32*s2*c2 + a33*x(3)

+a34*c2*x(4)+a35*s2*x(4)^2+b3*u(1)]

[dm~*(a42*s2 + a43*c2*x(3)+a44*x(4)

+a45*s2*c2*x(4)^2+b4*c2*u(1) ]];

}

List : F unction for state equation

Matrix Ah, Bh, Ch, Dh, Jh;

Func void link_eqs(u, t, x)

Matrix u, x;

Real t;

{

Matrix y, xh;

y = C*x; // output equation

xh = Ch*xo+Dh*y; // state estimation

u = - F*xh; // state feedback

z = Ah*z + Bh*y + Jh*u; // observer

}

List 2: F unction for control input

4.2 R e al-Time Implementation

The real-time implementation program consists

of three functions, main function main(), on-

line function on task(), and o�-line function

off task(). The function on task() is a function

for calculation of control inputs and off task() is

the user-interface function for showing and chang-

ing parameters. Once the real-time control starts,

on task() is called every sampling p erio d. The

list of on task() is shown in List 3. The func-

tion sensor() returns the output of the the plant

measured by sensors, and actuator() op erates

the actuator. Since the v ariables, Ah, Bh, Ch,

Dh, Jh, F are declared as real-time v ariables, they

can b e changed while the real-time control is run-

ning. Note that the di�erence b etw een function

on task() and link eqs(), which was shown in

the simulation program, are tw o lines. There-

fore we can obtain the on-line function for the

real-time exp eriment from the simulation program

with two-line change. This is one of the most use-

ful features of R

T

M

A

TX. See (Koga, 1995) for the

detail description.

Realtime Matrix Ah,Bh,Ch,Dh,Jh,F;

Func void on_task()

{

Matrix y, xh;

y = sensor();

xh = Ch*z+Dh*Y; // state estimation

u = - F*xh; // state feedback

z = Ah*z+Bh*y+Jh*u; // observer

actuator(u);

}

List 3: F unction for real-time control

4.3 On-Line T uning

Figure 5 and Fig. 6 show the exp erimental results

of the inverted p endulum. W e changed the p oles

of the observer from multiple double ro ot �70 to

multiple double ro ot �20 at 3 second. In the �rst

case, we didn’t change the initial state of the new

observer, while in the second case, we set the ini-

tial state of the new observer according to the

prop osed metho d. It is found that the prop osed

metho d works very well.

5. SUMMAR Y

In this pap er, an integrated software environmen t

for design and real-time implementation for con-

trol systems was introduce. The software supp orts

comprehensively the design pro cedure, including

analysis of plant, synthesis of controller, simula-

tion, and exp eriment. The pap er dealt with some

problems to integration of real-time implementa-

tion facility to CACSD softw are and gave a solu-

tion to them. The software o�ers the facility to

up date the parameters of controllers without stop-

ping real-time control, which helps on-line tuning

of controllers. A metho d for on-line tuning of state

observer was prop osed and veri�ed through the

exp eriment.

REFERENCES

Inc., The Math W orks (1992). SIMULINK { User’s

Guide. �rst ed.. 24 Prime Park W ay , Natick, Mass.

01760-1500, USA.

Integrated Systems, Inc. (1991). MA

TRIXx Core. 8

ed.. 3260 Jay Street Santa Clara, California 95054,

USA.

Koga, Masanobu (1995). An interactiv e environment

for simulation and real-time implementation of

control systems. Pro c. of KACC’95, Se oul, Kor e a

pp. 336{339.

Koga, Masanobu, Hiroaki T oriumi and Mitsuji Sam-

p ei (1996). Real-time cad of control systems achiev-

ing co op eration of mo deling and design of con-

trollers. Pr o c. of CACSD’96, De arb orn, Michigan,

U.S.A. pp. 457{462.

Fig. 5. The initial state of observer is unchanged

Fig. 6. The initial state of observer is changed accord-

ing to the prop osed metho d