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Abstract: This paper introduces a Computer Aided Control System Design (CACSD) program that furnishes a background
necessary for studying modern control theory. The program focuses on state-space analysis which performs conversion of a
system from state-space representation to transfer function and via versa. Besides, system transformation on different state
coordinates, time domain solution, controller design, observer design and steady state error evaluation with interactive graph
response are also being emphasized in this program.
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1. INTRODUCTION

Over the past thirty years, CACSD has emerged as an x®| [ay a, . . a, [x®] [by, b, . . b, u

indispensable tool for analyzing control system [1]. As ] (B 8n - @ [ %O by by by (D)
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the trend moving from lecturer to student-oriented type of
teaching, exploratory learning in virtual control systems
environment with interactive desktop visualization has
become more common nowadays.

The “Modern Control System Analysis Package (1)
(MCSAP)” program uses the state-space approach and
matrix operation as the major development tools. Modern [y e, ¢, . . ¢, [x@®]
control theory which based on state-space approach is v, () ¢ G, . . G %)
computationally more powerful than the frequency : o= S
domain technique for a high-order system [2].

This program is developed to build an interactive . .
learning tool to help in understanding the modern control
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theory and visualize system behaviour in effective way _ :
using graph response. d, dp, . . dju®
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1.1 State-space Concepts

A system can be depicted by a black box with a number
of accessible terminals, as shown in Figure 1. The input
terminals represent a set of input variables, U;; the output d
terminals describe a set of output variables, or response, )
Yj [3]. The state variables, X, are embedded inside the box
and are thus inaccessible.

If the system is describable by linear differential
equation, the state equation and output equation of the X(t) = Ax(t) + Bu(t)

system can be represented in matrix notation as: 3)
y(t) = Cx(t) + Du(t)

ml dmz dmr__ur(t)_

which can be simplified to the general form of state-space
representation as

ul » I > y1
U. ———p —y where A(t) is the system matrix, B(t) is the input matrix,
2 _— Internal state —— ? C(t) is the output matrix and D(t) is the feed-forward
: STRCTERRER, : matrix of the system.
u, ——» —»

! 2. MODERN CONTROL SYSTEM THEORY

Figure 1. State variable representation of a system A state-space representation consists of Equation (1), the
simultaneous, first-order differential equations from
which the state variables can be solved and Equation (2),
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the algebra output equation from which all other system
variables can be found [4]. State-space representation is
not unique since a different choice of state variables leads
to different representation of the same system. The
transformation of the similar systems is done by
manipulating the transfer function, drawing signal-flow
graph and then writing the state equation from signal-
flow graph [5].

Similarity transformation can be done without using the
transfer function and signal-flow graph but only
transformation matrix P [6]. Transformation matrix can
convert a state vector X in X;X, plane to state vector z in
7)Z, plane. To obtain the transformation matrix,
eigenvalues and eigenvectors of the system have to be
studied. The solution of a state-space representation can
be obtained in the time domain by solving the
corresponding matrix differential equation directly using
transition matrix @(t).

Normally, ®(t) can be found using Sylvester’s
interpolation formula. State equation can be obtained
from the equation

x(t) = ®(V)x(0) + [ @(t - 7)Bu(r)dr (4)

The time domain method, expressed in terms of state
variables, can be utilized to design a suitable
compensation scheme for a control system. Typically,
the system with a control signal, u(t), which is a function
of several measurable state variables is controlled. The
controller design concept is based on achieving a desired
closed-loop state equation or a desired control ratio [7].

To control the location of all closed-loop poles, state
feedback method is introduced. However, state feedback
design often cannot be realize directly since it requires
that all elements of the state vector to be available for
measurement. Therefore, it is important to find an
approximation of the state variables, x(t)= x(t). This

can be done by constructing another scheme, called the
observer or estimator, connected to the system under
consideration, whose role is to produce good estimates of
the state-space wvariable [7]. The main purpose of
designing controller and observer is to find their gains.

Controller and observer design only manage to obtain
the desired characteristic of transient response but not
zero steady state error [8]. Steady state error is also a
significant study in modern control system. Steady state
analysis via input substitution can be used for multiple-
input multiple-output systems.

3. SOFTWARE IMPLEMENTATION

The “Modern Control System Analysis Package”
program is developed to provide a system which
minimizes engineering and programming resources for
the analysis of control system. Once the program has
been opened, a menu page will be shown as in Figure 2.
The user may choose to perform any of the function in
the list. This program contains modules for state-space
analysis, transfer function analysis, transformation
analysis, time domain solution, controller design,
observer design and steady state error analysis.
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Figure 2. Program menu

State-space module includes the functions of
converting a system in state-space representation to its
transfer function and representing the state-space
representation in phase variable form, controller
canonical form, observer canonical form, diagonal form
or cascade form. Transfer function module provides the
function of converting a system transfer function to its
state-space representation in phase variable form,
controller canonical form, observer canonical form,
diagonal form or cascade form. Transformation matrix
module includes the functions of finding the transformed
system in other state coordinate with the information on a
state-space representation and transformation matrix or
inverse transformation matrix; and finding transformation
matrix and inverse transformation matrix with the
information on two state-space representations in
different state coordinate [9]. Time Domain Solution
module provides the analysis of transition matrix, state
equation and output equation, with interactive graph
response of these three outputs. Controller design
involves the functions of finding the state variable
feedback gains, K, tests the controllability of a system,
displaying the system and desired characteristic equation,
and also the graph response of the controlled system.
Observer design involves the functions of finding the
state variable feedback gains, L, tests the observability of
a system, displaying the system and desired characteristic
equation, and graph response of designed system. Finally,
steady state error includes the function of finding the
steady state error with a unit step input or a unit ramp
input and obtaining their corresponding graph response.
All these modules also include the function of finding
eigenvalues and eigenvectors of the system [10].

4. RESULTS

Figure 3 shows the State-space module on state-space to
transfer function analysis. User enters the value of the
system represented in state-space and gets the transfer
function of the system as numerator and denominator.
Figure 4 shows the Transfer Function module on transfer
function to state-space analysis. User enters the value of
the system transfer function and gets the state-space
model system matrix, A, input matrix, B, output matrix,
C and feed-forward matrix, D.
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Figures 5 and 6 show the Transformation Matrix
module on analyzing the transformation matrix. User
enters the value of the system with state vector x and
inverse transformation matrix P™' to gets the transformed
system with state vector z, which shown in Figure 5. Eser
can also enter the value of the system with state vector x
and system with state vector z to gets the transformation
matrix P and inverse transformation matrix P!, which
shown in Figure 6. Other than that, user can obtain

diagonal system from the module [11]. Solution of state-
space equation can be obtained in Time Domain Solution
module. User enters the value of the system in state-space
representation and the initial x value to get the transition
matrix, state equation and output equation as shown in
Figure 7. User can choose to analyse step input or ramp
input in this module. Graph display of the three outputs
also can be obtained as shown in Figure 8.

Select Enter value of
matrix size the system
e e represented in
state-space
Cascade
Parallel/Diagonal
Select form
Controller Canonical
to be :
1 Oy Canonical . .
displayed e Transfer function in
numerator and
denominator can be
obtained
Find eigenvalues
and eigenvectors
Figure 3 . State-space Module to obtain transfer function representation.
& Transfer Function
Enter value of the
system represented
in transfer function
ParalleliDiagonal
Control Canonical
Select R
form to be
displayed bee oo 16
S ¥ =11.00  -6.00

Eigan Ve

Find eigenvalues
and eigenvectors

State-space in various
representations can be
obtained

Figure 4 . Transfer Function module to obtain state.
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Enter the value of the system
with state vector x and inverse
transformation matrix

Systom Wik v~
Finid m With Sv ¢

Find

Find Matrix Pl Matrix P

Output displays the
transformed system with
state vector z

Eigan VA 950 100 000
126 070 040

P Eigen Vector
Obtain diagonal form from the 9 1250 -1680. 520

System Diagonal System

Figure 5 . Transformation Matrix module to obtain transformed system.

Enter the value of the
state-space with state
vector X

Find Matrix Matrx P

Enter the value of the
state-space with state
vector z

Egen Valua

Eigen Vector
Diagonal System

Transformation matrix and inverse
transformation matrix is displayed

Figure 6. Transformation Matrix module to obtain transformation matrix and inverse transformation matrix.
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Figure 7. Time Domain Solution module.
Other function in sslect The Graph To Plc
menu bar |_orav |
Select graph to be

plotted

Change range value to get a
better plotting

Figure 8. Graph response of Time Domain Solution module.

Figure 9 shows the Controller Design module. User
enters the value of the system represented in state-space
and the desired response characteristics. The system will
be tested for the controllability. If the system is
controllable, the state variable feedback gains, K; can be
obtained [12]. Figure 10 displays the graph response of
the controlled system.

Figure 11 shows the Observer Design module. User
enters the value of the system represented in state-space
and the desired response characteristics included how fast
the observer’s transient response compares to controlled
loop. The system is tested for the observability. If the
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system is observable, observer gains, L; can be obtained.
Graph response of y and § of the designed system is
shown in Figure 12.

Figure 13 shows the Steady State Error module with
step unit response analysis. User enters the value of the
system represented in state-space and gets the steady state
error evaluation with a unit step input or a unit ramp
input. Figure 14 shows the graph response of the system
for Steady State Error module with step response
analysis.
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Enter the state-space and
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Obtain
graph
response

573 (5 K3) 524 (44 K2) 5 -

Controllabilit

Stsh.Respon . a-gg ?g z Atk B3 - The Jist boxes
A363 26 664,96 -64 81 ] suo 2600 |  display state variable

feedback gain, K

:

10000 20.00 a. “ 2 598108

New closed loop
system in state-space
representation

Closed loop poles
are displayed

Figure 9. Controller Design module to get controller gains.

Figure 10. Graph response of new controlled loop from Controller Design module.
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¢ Observer Design

Select the design approach to be
performed (matching coefficient
or transformation method)
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Figure 11. Observer Design module to get observer gains.

Plotting
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Figure 12. Graph response of y and ¥ from Observer Design module
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5. CONCLUSION

This “Modern Control System Analysis Package”
program, with user-friendly graphical user interface
features besides interactive graph display can be useful to
those who wish to learn modern control system theory in
a way different from conventional classroom teaching
method. This program will enhance the development of
new tools and methodologies in the analysis of control
system as well as open the opportunity for a computer
integrated control engineering virtual environment.
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