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Typographical Conventions

The following list defines and illustrates typographicahwentions used as visual cues for specific elements
of the text throughout this document.

¢ Interface componentsare window titles, button and icon names, menu names andtisgle, and
other options that appear on the monitor screen or displagy @re presented in boldface. A sequence
of pointing and clicking with the mouse is presented by a saqga of boldface words.

Example: ClickOK

Example: The sequen&art-> Programs-> Ch6.0-> Ch indicates that you first sele8tart. Then
select submen&rograms by pointing the mouse oRrograms, followed by Ch6.0. Finally, select
Ch.

¢ Keycapsthe labeling that appears on the keys of a keyboard, aresettin angle brackets. The label
of a keycap is presented in typewriter-like typeface.

Example: PressEnter>

e Key combination is a series of keys to be pressed simultaneously (unlesswatieeindicated) to
perform a single function. The label of the keycaps is preskem typewriter-like typeface.

Example: PressCtrI><Alt><Enter>

e Commands presented in lowercase boldface are for reference only enda intended to be typed
at that particular point in the discussion.
Example: “Use thénstall command to install...”

In contrast, commands presented in the typewriter-likefype are intended to be typed as part of an
instruction.

Example: “Typeinstall to install the software in the current directory.”
e Command Syntax linesconsist of a command and all its possible parameters. Coulgrame dis-
played in lowercase bold; variable parameters (those factwyou substitute a value) are displayed

in lowercase italics; constant parameters are display&mhiercase bold. The brackets indicate items
that are optional.

Example:ls [-aAbcCdfFgilLmnopgrRstux1] [file ...]

e Command lines consist of a command and may include one or more of the commandsible
parameters. Command lines are presented in the typewkitetypeface.

Example:ls /home/username
e Screen textis a text that appears on the screen of your display or exteroaitor. It can be a system

message, for example, or it can be a text that you are instfuottype as part of a command (referred
to as a command line). Screen text is presented in the tygeMikie typeface.

Example: The following message appears on your screen
usage: rm [-fiRr] file ...

Is [-aAbcCdfFgilLmnopqgrRstux1] [file ... ]



Function prototype consists of return type, function name, and arguments veith type and param-
eters. Keywords of the Ch language, typedefed names, antidamames are presented in boldface.
Parameters of the function arguments are presented in.itdlhe brackets indicate items that are
optional.

Example:double derivative(double (*fung(double), doubleXx, ... [double *err, double h]);
Source codeof programs is presented in the typewriter-like typeface.

Example: The prograrhello.chwith code

int main() {
printf("Hello, world\n");

}

will produce the outpuHello, world! on the screen.

Variables are symbols for which you substitute a value. They are ptedan italics.
Example: module (wheren represents the memory module number)

System Variables and System Filenamaes presented in boldface.

Example: startup filthome/username/.chroor .chrc in directory/home/username in Unix and
C:\ >_chrc or _chrc in directory C\ > in Windows.

Identifiers declared in a program are presented in typewriter-likefaqeewhen they are used inside
a text.

Example: variablevar is declared in the program.

Directories are presented in typewriter-like typeface when they ard irsgde a text.
Example: Ch is installed in the directokysr/local/ch in Unix andC:/Ch in Windows.

Environment Variablesare the system level variables. They are presented in loaldfa

Example: Environment variablRATH contains the directory /usr/ch.
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Chapter 1

Getting Started with Ch Control System
Toolkit

Note: The source code for all examples described in this doment are available in
CHHOME/toolkit/demos/control. CHHOME is the directory wh ere Ch is installed. It is recom-
mended that you try these examples while reading this docunme.

1.1 Introduction

The Ch language environment is a superset of C interprdtafloivs software developers to use one lan-
guage, anywhere and everywhere, for any programming an@mcehcomputing tasks. More information
about Ch can be found at http://www.softintegration.cors.a&component of the Ch language environment,
Ch Control System Toolkit provides a class nan@dontrol with member functions for design, analysis,
and modeling of control systems.

It is well known that control systems can be modeled in tran&inctions, zero-pole-gain, and state-
space form. With Ch Control System Toolkit, either continsitime or discrete-time linear time invariant
(LT1) control systems can be created in these forms. Oncstasymodel is created, it can be manipulated,
converted, analyzed and even be used to design anothemsyst®oth time and frequency domains. Ch
Control System Toolkit supports most classical and modentrol techniques. In this document, the tech-
nigues for control system modeling, design and analysigguSh Control System Toolkit will be described.
Details of member functions of clag€Control will be presented in Appendix A. These member functions
in the framework of C/C++ are similar to functions in MATLABA@Gtrol System Toolbox in simplicity and
power. Their syntaxes are comparatively presented in Agigel®. Complete application examples using
Ch Control System Toolkit and MATLAB Control System Toolbarse described in Appendix C.

1.2 Features

Written in Ch, Ch Control System Toolkit has following salideatures.

1. C/C++ Compatible
Different from other similar control software packagespgrams written in Ch Control System
Toolkit can work with existing C/C++ programs and librarsamlessly.

2. Object-Oriented
Implemented as a class, Ch Control System Toolkit is olpeetted.
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1.2. FEATURES

. Embeddable

With Embedded Ch, Ch programs using Control System Tooit lse embedded in other C/C++
application programs.

. Web-Based

Using the Web-based control design and analysis systene i@hHControl System Toolkit, design and
analysis of control systems can be performed through theWfely a Web browser over the internet
without any software installation, system configuratiod arogramming.

. Model Building

Support multiple model representations such as stateegpadels, transfer function, and zero-pole-
gain models both for continuous-time and discrete-timedimtime invariant (LTI) systems. When
a system is created using one of these three models, the GhoC8gstem Toolkit automatically
converts it to other two models internally and keeps therinfidion of these three models for user to
retrieve.

. Continuous/Discrete Systems Conversions

Provide the capability of converting from continuous tocdete, discrete to continuous, and discrete
to discrete system.

. System Interconnecting and Reduction

Constructs arbitrary complex system models given in a btbagram form by using interconnecting
member functions.

. Time Domain Analysis

Compute the time responses to arbitrary inputs and inigattions for both SISO and MIMO sys-
tems. The typical inputs are step and impulse inputs. Thaubuesponses can be displayed by either
a plot or a data set.

. Frequency Domain Analysis

Generate commonly used frequency response plots of Bodpjidtyand Nichols plots. Calculates
the bandwidth, DC gain, gain and phase margins of an SIS@myfstr system dynamics and stability
analysis.

Root Locus Design
Calculate and plots the root locus of an SISO system.

Controllability and Observability
Construct the controllability and observability matricd3etermines the controllability and observ-
ability of systems. Calculates the controllability and etvability grammians of a state-space model.

State-Space Design
Find the control-law and estimator that will allow the userselect a set of pole locations for a
satisfactory system dynamic response.

Optimal Control System Design and Equation Solvers
Calculate LQ-optimal gain for both continuous and discsgtems. Solves continuous and discrete-
time Lyapunov equations.

Plotting Utilities

Provide many plotting functions to allow output visuallyspliayed or exported as external files with
a variety of different file formats including postscript filRNG, LaTeX, etc. They can also readily be
copied and pasted in other applications such as Word.
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1.3 Getting Started

To help users to get familiar with Ch Control System Toolkitp sample programs will be used to illustrate
basic features and applications of Ch Control System Tbolki

In the first example, the system shown in Figurd 1.1 consfsésptant and a feedback controller with
transfer functions

3 2
G(s) s(s+2)’ () 3

The closed-loop transfer function of the system is
G(s) 3

T(s) = 1+G(s)H(s) s2+25+2

The step response of the closed-loop system will be plottekis example.

+

u G(s) >y

H(s) l«—

Figure 1.1: Block diagram of the system.

The Ch program for solving this problem is shown in Progkaih The first line of program

#include <control.h>

includes the header fileontrol.h which defines the clasSControl, macros, and prototypes of member
functions. Like a C/C++ program, a Ch program will start teexte at thenain() function after the pro-
gram is parsed. The next two lines

double num[1]
double den[3]

{34
{1, 2, 2%

define two arraysum andden to store the coefficients of the numerator and denominattiveopolynomi-
als of the transfer function. Line

class CPlot plot;
defines a clas€PIlot for creating and manipulating two and three dimensiondtiplp. TheCPlot class is

defined inchplot.h which is included ircontrol.h header file. Line

class CControl sys;
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#include <control.h>

int main() {
double num[1] = {3};
double den[3] = {1, 2, 2};
class CPlot plot;
class CControl sys;

sys.model("tf", num, den);
sys.step(&plot, NULL, NULL, NULL);

return O;

Program 1.1: A simple example of using Ch Control Systemkib(dexamplel.ch)

instantiates a CControl class. The member funa@ontrol::model() constructs a transfer function model
of the system as follows.

sys.model("tf", num, den);

The type of models created by member functi@@ontrol::model() is specified by the first argument. For
example, stringtf"  indicates transfer function model. The second and thirdraents specify the coef-
ficients of the numerator and denominator polynomials oftithesfer function. Ch Control System Toolkit
supports transfer function (TF), zero-pole-gain (ZPKatestspace (SS), and other LTI models. The details
of model types supported by Ch Control System Toolkit andesmonding first argument passed to the
member functiorCControl::model () will be described in Chaptél 2. The keywarlhssis optional. Line

sys.step(&plot, NULL, NULL, NULL);

computes and plots the step response of the system. Menmmiofustep() has four arguments. The first
argument is a pointer to an existing object of cl@$3ot. The other three arguments are arrays of reference
containing the output of the step response, time vector,stagt trajectories. If the output data are not
required, these three arguments can be set to NULL. The espomse of the system when Progfanm 1.1 is
executed is shown in Figute.2.
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Figure 1.2: Step response of the system.

In the second sample program shown in Progkam 1.2, the mefubetion feedback() is called to
construct a closed-loop system in Figlird 1.1. The step nsgpof the closed-loop system is also plotted by

member functiorstep().
Before using member functicieedback(), the two LTI models for both plant and feedback controller

have to be constructed. This is accomplished by the follguivo lines.

sysl.model("tf", numl, denl);
sys2.model("tf*, num2, den2);

Line

sys3 = sysl.feedback(&sys2);

makes a feedback connection between plgai and feedback controllerys2 and returns a pointer to class
CControl as a new system. The output from Progdarh 1.2 is tne s& Figur€1]2.
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#include <control.h>

int main() {
double numl[1] = {3};
double denl[3] = {1, 2, O};
double num2[1] = {2};
double den2[1] = {3};
CPlot plot;
CControl sysl, sys2, *sys3;

sysl.model("tf", numl, denl);
sys2.model("tf", num2, den2);
sys3 = sysl.feedback(&sys?2);
sys3->step(&plot, NULL, NULL, NULL);

return O;

Program 1.2: Another example of using Ch Control Systemkibexample2.ch)
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LTI Modeling

2.1 LTI Model Types

For analysis of a control system using the Ch Control SysteoiKit, the model of the system needs to be
constructed first. There are many important properties nfrobsystems. The Ch Control System Toolkit
is mainly concerned with linear time-invariant (LTI) systavhose input-output relations are linear and
characteristics are invariant with time. The LTI systems loa specified by linear, time invariant equations
in transfer function (TF), zero-pole-gain (ZPK) or stapase (SS) models. Ch Control System Toolkit
supports all these three LTI models. In addition, some n®dékpecial purposes are supported by Ch
Control System Toolkit is shown in Table 2.1. For a systentasgnted in one of these LTI models, the
member functiorCControl::model () with proper arguments can be used to create the model sfygiem.
The first argument of the function indicates the type of thelehoThe possible values of this argument and
corresponding model types are listed in Tdblé 2.1. Thecalisystem parameters, such as zeros, poles and
gains, can be retrieved from the existing model by the merfumetions listed in TablEZ212. These functions
will be described in details in the remaining sections.

Table 2.1: Types of model created G ontrol::model ().
The first argument model type

“tf” transfer function model

“zpk” zero-pole-gain model

“ss” state-space model

“rss” random state-space model

“drss” random state-space discrete-time model

Table 2.2: Member functions getting system parameters.

Member functions Description

CControl::tfdata() get the numerators and denominators in TF model.
CControl::zpkdata() get zeros, poles and gains in ZPK model.

CControl::ssdata() get system, input/output and direct transmission matri@Smodel.
CControl::printSystem()  print information of system.

CControl::printss() print state space matrices.

CControl::printtf() print the numerator and denominator of transfer function.
CControl::printzpk() print the zeros, poles and gain of system.
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/I tfsysl.ch
/I example of creating transfer function model

#include <control.h>

int main() {
array double num[2] = {1, 3}, den[3] = {1, 2, 9};
CControl sys;

sys.model("tf", num, den);
sys.printSystem();

return 0;

Program 2.1: Example of creating transfer function modielgi€h Control System Toolkitfsysl.ch ).

2.1.1 Transfer Function Models
An LTI control system can be represented by a transfer fancis

_ num(s)
den(s)

H(s)

The numeratonum(s) and denominatoflen(s) are both polynomials of the Laplace variablerhich may
be complex number. In Ch Control System Toolkit, the useraraate transfer function model by declaring
aCControl class and calling the member functi@Control::model() as follows.

CControl sys;
sys.model("tf", num, den);

where the CControl class is defined in header diatrol.h. The first argumenttf* of a string type
indicates that the model to be created is a transfer funaotiotel. The other two argumentsm andden are
two one-dimensional arrays containing the coefficienthefitolynomialsium(s) andden(s), respectively.
ProgranZlL is an example of creating transfer function mosieg Ch Control System Toolkit. In this
program, the transfer function of the control system to kedyered or controlled is

s+3

H ==
(5) s2425+9

The corresponding arrays passed to the member fun€@ontrol::model () are{1, 3} and{1,2,9}. Be-
cause clas€Control is defined within the header filontrol.h, it has to be included before any member
function provided by Ch Control System Toolkit is invokechéTmember functiorCControl::printSystem ()
can be used to print not only the coefficients of the transfaction, but also some other critical parame-
ters of the system, including input, output, and directgmaission matrices in the state space model, zeros,
poles and gain in the zero-pole-gain model, as well as dekample times. The output from executing
ProgranfZ1 is shown in Figuke2.1.

To get the numerator and denominator of an existing syststantiated asys of the class CControl,
the user can use the member funct@@@ontrol::tfdata () as follows,

sys.tfdata(num, den);

wherenum andden are Ch computational arrays of double type. More infornrmagibout Ch computational
array can be found i€h User’s Guide ProgranTZR is an example of getting numerator and denaanina

8
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Continuous-time System
State-space arguments:
A =

-2.000000 -9.000000

1.000000  0.000000
B =

1.000000

0.000000
C =

1.000000  3.000000
D =

0.000000

Transfer function parameters:
Numerator:

0.000000 1.000000 3.000000
Denominator:

1.000000 2.000000 9.000000

Zero-Pole-Gain parameters:

Zero:

complex( -3.000000, 0.000000)

Pole:

complex( -1.000000, 2.828427) complex( -1.000000, -2.828
Gain: 1.000000

input delay is  0.000000
output delay is  0.000000
input/output delay is  0.000000

427)

2.1. LTIMODEL TYPES

Figure 2.1: The output from executing Progrian 2.1.
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/I tfdata.ch
/I example of getting numerator and denominator of
/I a transfer function model

#include <control.h>

int main() {
array double numl[2] = {1, 3}, denl[3] = {1, 2, 9}
CControl sys;

sys.model("tf", numl1, denl);

int nnum = sys.size('n’);

int nden = sys.size('d");

array double num[nnum], den[nden];
sys.tfdata(hum, den);

printf("num = %f\nden = %f\n", num, den);

return O;

Program 2.2: Example of getting numerator and denomindtiwedransfer function modetfflata.ch ).

num = 0.000000 1.000000 3.000000

den = 1.000000 2.000000 9.000000

Figure 2.2: The output from executing Progriam 2.2.

of the transfer function model created in Progfam 2.1. Ireptd declare the deferred-shape arrays
num andden with proper sizes, the member functi@Control::size() is called to retrieve orders of the
numerator and denominator by passing argumeritand’d’, respectively. The details of member function
CControl::size() will be described in sectioh2.2. The output from exeaytifrogran{ZR is shown in
Figure[Z2.

2.1.2 Zero-Pole-Gain Models

The zero-pole-gain model is another commonly used modetdatrol system design. In this model, the
rational transfer function is represented as a ratio of talgnomials in factored zero-pole model as follows.

H(s) = k(s—zl)...(s—zm)

(s—p1)...(s—ppn)
wherek is called the transfer function gain which is a real scalduea The roots of the numerator,
z1,-- -, 2m, and the roots of the denominatgy,, . . . , p,,, are called zeros and poles of the system, respec-
tively. They present in real or complex conjugate pairs. Z&ms correspond to the signal transmission-

blocking properties of the system, whereas the poles détertine stability properties and unforced behavior
of the system. In Ch Control System Toolkit, the user canteraaero-pole-gain mode as follows.

sys.model("zpk", z, p, K);

where the first argumentzpk" indicates that the model to be created is a zero-pole-gaittemorhe
other arguments;, p andk, contain the zeros, poles and gain of the systerandp are one-dimensional

10
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/I zpksysl.ch
/I example of creating zero-pole-gain model

#include <control.h>
int main() {
array double complex zero[l]={complex(-3, 0)},
pole[2]={complex(-1.000000, 2.828427),
complex(-1.000000, -2.828427)};
double k=1;
CControl sys;

sys.model("zpk", zero, pole, k);
sys.printSystem();

return O;

Program 2.3: Example of creating zero-pole-gain modelgu€ih Control System Toolkitzpksysl.ch ).

arrays andc is of type double. Prografn 2.3 is an example of creating pete-gain model usin@€Con-
trol::model () member function. In this program, the systegs has one zero;-3, and two poles—1 +
2.828427i and—1 — 2.828427i. The system gain i$. The transfer function can be written as follows,

s+3
(s + 1 — 2.828427i)(s + 1 + 2.828427i)

H(s) =

The arguments passed to the member func@ontrol::model() are arrays of{3} for the zero and
{complex(—1.0,2.828427), complex(—1.0,—2.828427)} for the poles, and for the gain of the system.
The output from executing ProgrdmP.3 is shown in Fidgure 2.3.

To get the zeros, poles and gain of an existing systgmthe user can use the member funct@@on-
trol::zpkdata () as follows,

sys.zpkdata(zero, pole, k);

where zero and pole are Ch computational array of complex type, a@nibs a pointer to double. More
information about complex number in Ch can be foun€mUser's Guide

2.1.3 State-Space Models

In Ch Control System Toolkit, both single-input/singleyout (SISO) systems and multiple-input/multiple-
output (MIMO) systems can be modeled in the state-space Indggically the state-space model of a
system consists of two first-order differential vector dgques in the form of

X = AX+BU

Y = CX+DU
For ann,th order system with,, inputs andn, outputs, the vectoX', which contains the states of the
system, has the shape af,(x 1). VectorsU andY’, which are input and output of the system, respectively
, have shapes of:(, x 1) and (», x 1). The quantity4 is an @, x n,) system matrix3 is an , x n,)

input matrix,C'is an (v, x n;) output matrix,D is an ., x n,) direct transmission matrix. In Ch Control
System Toolkit, the user can create a state-space moddagdol

sys.model("ss", A, B, C, D);

11
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Continuous-time System
State-space arguments:
A =

-2.000000 -8.999999

1.000000  0.000000
B =

1.000000

0.000000
C =

1.000000  3.000000
D =

0.000000

Transfer function parameters:
Numerator:

0.000000 1.000000 3.000000
Denominator:

1.000000 2.000000 8.999999

Zero-Pole-Gain parameters:

Zero:

complex( -3.000000, 0.000000)

Pole:

complex( -1.000000, 2.828427) complex( -1.000000, -2.828
Gain: 1.000000

input delay is  0.000000
output delay is  0.000000
input/output delay is  0.000000

427)

2.1. LTIMODEL TYPES

Figure 2.3: The output from executing Progrian 2.3.
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CHAPTER 2. LTI MODELING 2.1. LTIMODEL TYPES

/I sssysl.ch
/I example of creating SISO state space model

#include <control.h>

#define NUMX 2 /I number of states
#define NUMU 1 /I number of inputs
#define NUMY 1 /l number of outputs
int main() {
array double A[NUMX][NUMX] = {{-2, -9},
{1, 0O},

B[NUMX][NUMU] = {1, 0},

C[NUMY]INUMX] = {1, 3},

D[NUMY][NUMU] = {0};
CControl sys;

sys.model("ss", A, B, C, D),
sys.printSystem();

return 0;

Program 2.4: Example of creating SISO state-space modej @i Control System Toolkisésysl.ch ).

Where the first argumens" indicates that a state-space model will be created. Thesqubst four
arguments are system matrix, input matrix, output matrid dimect transmission matrix. They are all
represented as two-dimensional computational arrays ior@rams. Two examples of creating state-space
model using member functio@Control::model () will be presented. Progral 2.4 namsskysl.ch
creates an SISO model with 2 states. The output from exec®iagraniZK is shown in FiguteR.4. The
other examplesssys2.ch  shown in Prograrh 215 creates an MIMO model with 2 inputs, puatstand 4
states. The output from executisgsys2.ch is shown in Figur€Z]5.

If a matrix in state-space model is absent, the value &fl{al. L pointer can be used to replace that
matrix. For example, to represent the following syswmac,

X = AX
Y = CX

the user can call member functi@Control::model () as follows,
sys_ac.model("ss", A, NULL, C, NULL);

In the header fileontrol.h, all possible state-space model are defined as macros iisfEable[ZB8. The
macro CHTKT.CONTROLSYSTEMTYPETFO indicates the system, such as a single derivative unit,
which cannot be represented using a state-space model. Tdoel nrepresented by macro
CHTKT_CONTROLSYSTEMTYPEAB is designed for a situation where only the system matriand
input matrix B are involved in the calculation such as f6Control::ctrb () member function. Similarly,
The CHTKT.CONTROLSYSTEMTYPEAC model can be used for a situation where only the system
matrix A and output matrixC' are involved such as fo€Control::obsv() member function. CCon-
trol::getSystemType() returns one of these macros according to the system typeh&above system, the
following expression

sys_ac.getSystemType()==CHTKT_CONTROL_SYSTEMTYPE_AC

13



CHAPTER 2. LTI MODELING

Continuous-time System
State-space arguments:
A =

-2.000000 -9.000000

1.000000  0.000000
B =

1.000000

0.000000
C =

1.000000  3.000000
D =

0.000000

Transfer function parameters:
Numerator:

0.000000 1.000000 3.000000
Denominator:

1.000000 2.000000 9.000000

Zero-Pole-Gain parameters:

Zero:

complex( -3.000000, 0.000000)

Pole:

complex( -1.000000, 2.828427) complex( -1.000000, -2.828
Gain: 1.000000

input delay is  0.000000
output delay is  0.000000
input/output delay is  0.000000

427)

2.1. LTIMODEL TYPES

Figure 2.4: The output from executing Progrian 2.4.
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/I sssys2.ch
/I example of creating MIMO state space model

#include <control.h>

#define NUMX 4 /I number of states
#define NUMU 2 /I number of inputs
#define NUMY 2 /l number of outputs
int main() {

array double A[INUMX][NUMX] = {{1, 2, 3, 4},
{5, 6, 7, 8},
{9, 10, 11, 12},
{13, 14, 15, 16}},

B[NUMX][NUMU] = {1, O,

o, 1,

2, 3,

4, 5},

{1, 2, 3, 4,

5, 6, 7, 8},

{0, 0, 0, O}

CINUMY][NUMX]

D[NUMY][NUMU]
CControl sys;

sys.model("ss", A, B, C, D),
sys.printss();

return 0;

Program 2.5: Example of creating MIMO state-space modehgusCh Control System Toolkit
(sssys2.ch ).

State-space arguments:

A =

1.000000  2.000000  3.000000  4.000000
5.000000 6.000000  7.000000  8.000000
9.000000 10.000000 11.000000 12.000000
13.000000 14.000000 15.000000 16.000000
B =

1.000000  0.000000

0.000000  1.000000

2.000000 3.000000

4.000000 5.000000

1.000000 2.000000  3.000000  4.000000
5.000000 6.000000  7.000000  8.000000

0.000000  0.000000
0.000000  0.000000

Figure 2.5: The output from executing Progriam 2.5.
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is true.

Table 2.3: Macros of system types.
Macros System Type

CHTKT _.CONTROL _SYSTEMTYPE_INVALID invalid system
CHTKT _.CONTROL _SYSTEMTYPE_EMPTY empty system

CHTKT _.CONTROL _SYSTEMTYPE_TFO transfer function model only
CHTKT _CONTROL _SYSTEMTYPE _ABCD X =AX + BU;Y =CX + DU
CHTKT .CONTROL SYSTEMTYPE D Y =DU

CHTKT .CONTROL SYSTEMTYPE _AC X =AX;Y =CX

CHTKT .CONTROL _SYSTEMTYPE_AB X = AX + BU

CHTKT .CONTROL SYSTEMTYPE A X =AX

In some cases, the user wants to create an state-space ,dysteloesn’t care about the characteristics
of the system of CControl class itself. A random system cacreated by passing the strifiggs”  as the
first argument to the member functi@Control::model (). For example, statement

sys.model("rss");

creates a model of SISO, first order system with random systainix, input matrix, output matrix and
direct transmission matrix. The declaration statement

sys.model("rss", nx, nu, ny);

constructs a model ohf)th order random system withw, inputs andny outputs.
To get the system matrix, input matrix, output matrix ancedirtransmission matrix of an existing
systemsys, the user can use the member functi®@ontrol::ssdata() as follows.

sys.ssdata(A, B, C, D);

whereA, B, C' andD are Ch computational array of double type.

2.1.4 Discrete-Time Models

Ch Control System Toolkit can handle not only continuousetimodels, but also discrete-time models. The
user can easily create a model for discrete-time systemdgimgaan extra argumety representing sample
time to the member functio@Control::model () as shown below

sys.model("tf", num, den, 0.5);

The line above initializes a model of discrete-time systeith sample time of 0.5. If the value of argument
ts equals to0, the model will be treated as a continuous-time model. Bisctime system can also be
modeled using transfer function, state-space, and zdesgain. Progranl 216 is an example of creating
discrete-time transfer function model using Ch Controlt&ysToolkit.

To create a discrete-time model using the default sample, tthre default values of sample time for
different member functions might be different. For examphie default value of will be used for step and
impulse functions. A negative value efl can be used to replace the sample time, for example

sys.model("ss", A, B, C, D, -1);

The member functio@Control::isDiscrete() can be used to check if a system is a discrete-time system.
It returns1 for discrete-time systent), for continuous-time system.

16
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/I tfsys3.ch
/I example of creating discrete-time transfer function mod

#include <control.h>

int main() {
array double num[2] = {1, 3}, den[3] = {1, 2, 9};
CControl sys;

sys.model("tf", num, den, .5);
sys.printSystem();

return O;

2.1. LTIMODEL TYPES

el

Program 2.6: Example of creating discrete-time modsy/§2.ch ).

Discrete-time System with sample time of 0.500000s.
State-space arguments:
A =

-2.000000 -9.000000

1.000000  0.000000
B =

1.000000

0.000000
C =

1.000000  3.000000
D =

0.000000

Transfer function parameters:
Numerator:

0.000000  1.000000  3.000000
Denominator:

1.000000 2.000000  9.000000

Zero-Pole-Gain parameters:

Zero:

complex( -3.000000, 0.000000)

Pole:

complex( -1.000000, 2.828427) complex( -1.000000, -2.828
Gain: 1.000000

input delay is  0.000000
output delay is  0.000000
input/output delay is  0.000000

427)

Figure 2.6: The output from executing Progrian 2.6.
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/I setdelay.ch
/I example of setting delays

#include <control.h>

int main() {
array double num[2] = {1, 3}, den[3] = {1, 2, 9};
CControl sys;

sys.model("tf", num, den);
sys.setDelay(1, .1);
sys.setDelay(2, .2);
sys.setDelay(3, .3);
sys.printSystem();

return 0;

Program 2.7: Example of setting delagefdelay.ch ).

2.1.5 Models with Delays
Given an SISO state-space model as follows

(t) = Axz(t)+ Bu(t—r1)
y(t) = Cx(t—0)

wherer is called input delay which is between the inpLaind the state vectar, andé is called output delay
which is between the and the outpuy. In addition, delays called input/output delays which isNBenw
andy can be found in transfer function models.

The member functio©Control::setDelay() allows users to specify these delays after an LTI model is
created. The syntax of this function is shown as follows.

sys.setDelay(type, delay);

wheretype is an integer which indicates the type of the delay to be sée description of the possible
values oftype are listed in Tabl€2l4. The second arguméritiy is the value of the selected delay. The
user can use member functi@Control::hasdelay() to determine if the system has delays. Prodrath 2.7 is
an example which set input, output and input/output delayke transfer function model.

Table 2.4: Meanings of different values of the 1st argumémember functiorCControl::setDelay().
Value Description

1 set the input delay in the system
2 set the output delay in the system
3 set the input/output delay in the system

2.1.6 Empty Models

Sometimes, the user needs to call some member functionsftmmpesome calculations which do not depend
on the characteristics of the system itself. In this case ntember functiolf€Control::model () does not
need to be called to build the control model. For example,u$&r can just call the member function
CControl::lyap () to solve a Lyapunov equation as follows.

18
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Continuous-time System
State-space arguments:
A =

-2.000000 -9.000000

1.000000  0.000000
B =

1.000000

0.000000
C =

1.000000  3.000000
D =

0.000000

Transfer function parameters:
Numerator:

0.000000 1.000000 3.000000
Denominator:

1.000000 2.000000 9.000000

Zero-Pole-Gain parameters:

Zero:

complex( -3.000000, 0.000000)

Pole:

complex( -1.000000, 2.828427) complex( -1.000000, -2.828
Gain: 1.000000

input delay is  0.100000
output delay is  0.200000
input/output delay is  0.300000

427)

2.1. LTIMODEL TYPES

Figure 2.7: The output from executing Progriam 2.7.
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CHAPTER 2. LTI MODELING 2.2. GENERAL MODEL CHARACTERISTICS

CControl sys;
sys.lyap(x, a, b, q);

The solution of the Lyapunov equation depends only on theraemts ofa, b andg. The member function
CControl::lyap () will be described in detail in sectidn4.4.

2.2 General Model Characteristics

Each control system has its own characteristics such asmystder, input/output number. Ch Control
System Toolkit provides member functions to setting andenet the values related to its characteristics.
They are listed in the Table2.5. For system with delays,uiticlg input delays, output delays, and 1/0
delays, the member functio@Control::hasdelay() returnsl, otherwise). The member functio@€Con-
trol::isDiscrete() returnsl if the system is a discrete-time system, otherviis€rogranZI8 is an example
of getting some system characteristics by calling membections CControl::.getSystemType() CCon-
trol::hasdelay(), andCControl::isDiscrete().

Table 2.5: General model characteristics and related mefubetions.

Function Description

CControl::getSystemType() get system type

CControl::getTs() get sample time of discrete-time system
CControl::setTs() set sample time of discrete-time system
CControl::hasdelay() determine if the system has any delay
CControl::setDelay() set delay in the system
CControl::isDiscrete() determine if the system is discrete
CControl::size() get system parameters’ sizes

Table 2.6: Meanings of different values of the argument ofriper functionCControl ::size().

Value Description

get the order of the system

get the number of the output of the system

get the number of the input of the system

get the order of the numerator of the transfer function
get the order of the denominator of the transfer function
get the number of the zeros of the system

get the number of the poles of the system

[SERSUENER A

3

As it has been used in Progrdml2.2, the member fun&@iGontrol::size() returns dimensions of out-
put/input/system matrix for state-space models, ordersioferator and denominator for transfer function
models, or numbers of zeros and poles for zero-pole-gairelapdccording to different values of the argu-
ment passed. Table2.6 describes meanings of these diffaiees.

2.3 Model and System Conversion

As it has been revealed by the member funct@@ontrol::printSystem(), systems created in the Pro-
gramd 21l {214 are identical internally. When a system iateckusing one of three models of state-space,
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CHAPTER 2. LTI MODELING 2.3. MODEL AND SYSTEM CONVERSION

/I syschar.ch
/I example of getting system characteristics

#include <control.h>

#define NUMX 2 /I number of states
#define NUMU 1 /I number of inputs
#define NUMY 1 /l number of outputs
void syschar(CControl *pSys);
int main() {
array double A[NUMX][NUMX] = {{-2, -9},
{1, 0},
B[NUMX][NUMU] = {1, 0},
C[NUMY]INUMX] = {1, 3},
DINUMY][NUMU] = {0};

CControl sys1i;
CControl sys2;
CControl sys3;

sysl.model("ss", A, B, C, D),
sysl.setDelay(1, .5);
syschar(&sysl);

sys2.model("ss", A, NULL, NULL, NULL, -1);
syschar(&sys?2);

syschar(&sys3);

return 0;

}

void syschar(CControl *pSys){
switch(pSys->getSystemType()) {

case CHTKT_CONTROL_SYSTEMTYPE_ABCD:
printf("\nThe system type is : dot_x=Ax+Bu; y=Cx+Du\n");
break;

case CHTKT_CONTROL_SYSTEMTYPE_D:
printf("\nThe system type is : y=Du\n");
break;

case CHTKT_CONTROL_SYSTEMTYPE_AC:
printf("\nThe system type is : dot_x=Ax; y=Cx\n");
break;

case CHTKT_CONTROL_SYSTEMTYPE_AB:
printf("\nThe system type is : dot_x=Ax+Bu\n");
break;

case CHTKT_CONTROL_SYSTEMTYPE_A:
printf("\nThe system type is : dot_x=Ax\n");
break;

case CHTKT_CONTROL_SYSTEMTYPE_EMPTY:
printf("\nThe system type is : empty system.\n");
break;

case CHTKT_CONTROL_SYSTEMTYPE_TFO:
printf("\nThe system only has transfer function model.\n" );
break;

case CHTKT_CONTROL_SYSTEMTYPE_INVALID:
printf(\nThe system type is invalid.\n");
break;

default:
printf("\nError: Incorrect mode specified.\n");

}

if(pSys->isDiscrete()) {
printf("The system is discrete-time system.\n");

21
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CHAPTER 2. LTI MODELING 2.3. MODEL AND SYSTEM CONVERSION

The system type is : dot_x=Ax+Bu; y=Cx+Du
The system has delays.

The system type is : dot_x=Ax
The system is discrete-time system.

The system type is : empty system.

Figure 2.8: The output from executing Progrian 2.8.

transfer function and zero-pole-gain models, the Ch Cor8ystem Toolkit automatically converts it to
other two models internally. The user can retrieve any patanof these three models by calling member
functionsCControl::tfdata() , CControl::ssdata(), andCControl::zpkdata(). For MIMO systems, only
state-space models are available in Ch Control System iteatkits current implementation.

To improve the conditioning of the system matrx sometimes the user needs to perform similarity
transformation on the state vect®, and produces an equivalent state-space model. Assuntkédtwatginal
state-space model is

X = AX 4+ BU
Y = CX+ DU

and the similarity transformation i¥ = T°X, the equivalent state-space model is

X = TAT'X +TBU
Y = CT'X+DU

Typically, this generated system has the same input/outparacteristics as the original one. The member
function CControl::ss2ss()can perform such transformation. Its syntax is

syst = sys.ss2ss(T);

where the state coordinate transformatibis a computation array of double type. The function returns a
pointer of CControl class. Prografi 2.9 transforms the systemto its equivalent state-space modgkt.
They have different state-space models, but the same ¢rausictions.

Member function&CControl::c2d() andCControl::d2c() can explicitly convert systems from continuous-
time models to discrete-time models and vice versa. Membtion CControl::d2d() converts discrete-
time models to discrete-time models which have differembsa time. Prograni 210 is an example of
system conversions between continuous-time models ancetistime models.

For systems that have delays, member func@@ontrol::delay2z() replaces all delays with a phase
shift.

Table 2.7: Member functions performing system conversions

Member functions Description
CControl::ss2ss() state coordinate transformation for state-space models

CControl::c2d() convert systems from continuous-time models to discigte-tnodels
CControl::d2c() convert systems from discrete-time models to continuons-models
CControl::d2d() convert discrete-time models to discrete-time models

with different sample time
CControl::delay2z() replace all delays with a phase shift

22



CHAPTER 2. LTI MODELING 2.3. MODEL AND SYSTEM CONVERSION

/I ss2ss.ch
/I example of coordinate transformation for state-space mo dels

#include <control.h>

#define NUMX 2 /l number of states
#define NUMU 1 /I number of inputs
#define NUMY 1 /I number of outputs
int main() {
array double A[NUMX][NUMX] = {{-2, -9},
{1, 0O},

BINUMX][NUMU] = {1, 0},
CINUMY]INUMX] = {1, 3},
D[NUMY][NUMU] = {0};

array double T[NUMX][INUMX] = {{-4.12, -17.4},

{4, O
CControl sys;

CControl *sysT,;
sys.model("ss", A, B, C, D);
sysT = sys.ss2ss(T);
sysT->printSystem();

return O;

Program 2.9: Example of state coordinate transformatis@qs.ch ).
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Continuous-time System
State-space arguments:

A =
-2.131034 -4.484966
2.068966  0.131034
B =
-4.120000
4.000000
C =
-0.172414 0.072414
D =
0.000000
Transfer function parameters:
Numerator:
0.000000 1.000000 3.000000
Denominator:
1.000000 2.000000 9.000000

Zero-Pole-Gain parameters:

Zero:

complex( -3.000000, 0.000000)

Pole:

complex( -1.000000, 2.828427) complex( -1.000000, -2.828
Gain: 1.000000

input delay is  0.000000

output delay is  0.000000

input/output delay is  0.000000

2.3. MODEL AND SYSTEM CONVERSION

427)

Figure 2.9: The output from executing Progrian 2.9.
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/I sssysl.ch
/I example of creating SISO state space model

#include <control.h>

#define NUMX 2 /I number of states
#define NUMU 1 /I number of inputs
#define NUMY 1 /l number of outputs
int main() {
array double A[NUMX][NUMX] = {{-2, -9},
{1, 0},
B[NUMX][NUMU] = {1, 0},
C[NUMY]INUMX] = {1, 3},
D[NUMY][NUMU] = {0},

CControl *sysdl, *sysd2;
CControl sys;

sys.model("ss", A, B, C, D);
sys.printSystem();

sysdl = sys.c2d(.5, "zoh");
sysd1->printSystem();

sysd2 = sysdl->d2d(1);
sysd2->printSystem();

return O;

2.3.

MODEL AND SYSTEM CONVERSION

Program 2.10: Example of system conversianedconv.ch ).
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Continuous-time System
State-space arguments:
A =

-2.000000 -9.000000

1.000000  0.000000
B =

1.000000

0.000000
C =

1.000000  3.000000
D =

0.000000

Transfer function parameters:
Numerator:

0.000000  1.000000  3.000000
Denominator:

1.000000  2.000000  9.000000

Zero-Pole-Gain parameters:

2.3. MODEL AND SYSTEM CONVERSION

Zero:
complex( -3.000000, 0.000000)
Pole:
complex( -1.000000, 2.828427) complex( -1.000000, -2.828 427)
Gain: 1.000000
input delay is  0.000000
output delay is  0.000000
input/output delay is  0.000000
Discrete-time System with sample time of 0.500000s.
State-space arguments:
A =
-0.117233 -1.906357
0.211817  0.306402
B =
0.211817
0.077066
C =
1.000000  3.000000
D =
0.000000
Transfer function parameters:
Numerator:
0.000000  0.443017 -0.050113
Denominator:
1.000000 -0.189169  0.367879
Zero-Pole-Gain parameters:
Zero:
complex( 0.113118, 0.000000)
Pole:
complex( 0.094585, 0.599110) complex( 0.094585, -0.59911 0)

Gain: 0.443017

Figure 2.10: The output from executing ProgfamP.10.
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input delay is  0.000000
output delay is  0.000000
input/output delay is  0.000000

Discrete-time System with sample time of 1.000000s.
State-space arguments:
A =

-0.390056 -0.360624

0.040069 -0.309918
B =

0.040069

0.145546
C =

1.000000  3.000000
D =

0.000000

Transfer function parameters:
Numerator:

0.000000 0.476709  0.135061
Denominator:

1.000000 0.699974  0.135335

Zero-Pole-Gain parameters:

Zero:

complex( -0.283320, 0.000000)

Pole:

complex( -0.349987, 0.113333) complex( -0.349987, -0.113
Gain:  0.476709

input delay is  0.000000
output delay is  0.000000
input/output delay is  0.000000

2.3. MODEL AND SYSTEM CONVERSION

333)

Figure 2.10: The output from executing ProglamP.10 (Contd.
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Chapter 3

Manipulating LTI Models

3.1 Interconnecting and Reduction

If the individual objects are available as subsystems inrdarobsystem, it is possible to use Ch Control
System Toolkit to create a hew object of the interconnecystems. Ch Control System Toolkit provides
three member function€Control::series(), CControl::parallel (), andCControl::feedback() for typical
forms of interconnection of series, parallel, and feedbesspectively.

Table 3.1: Member functions interconnecting and reducyrsgesn models.

Member functions Description

CControl::append() group LTI models by appending their inputs and outputs
CControl::augstate() append the state vector to the output vector
CControl::connect()  derive state-space model from block diagram description
CControl::series() series connection of LTI models

CControl::parallel() parallel connection of LTI models

CControl::feedback() feedback connection of two LTI models
CControl::minreal() minimal realization of the system

The series connection of control systems is illustratedigufe[31, where systesys consists of two
subsystemsysl andsys2. They are connected in series. The inputgél and the output ofys2 are the
input and output of theys. The first output okys1 is connected as the second inputsgg2. To build the
systemsys, the member functio@Control::series() can be called as follows.

array int outputl[l] = {1};
array int input2[1] = {2};
sys = sysl.series(sys2, outputl, input2);

Arrays outputl andinput2 contain indices of the outputs of the first subsystem andtinptithe second

subsystem which will be connected with each other. The irsfasts with 1. Prografi-3.1 makes a series

interconnection of these two subsystesms1 andsys2 with the output of the program in FiguteB.2.
Another form of interconnction is parallel which is illuated in Figuré=313, where systems consists

of two subsystemsys1 andsys2 that are connected in parallel. The interconnected systenias three

inputsu1, u2, u3 and three outputgl, y2, y3. Each of its two subsystems has two inputs and two outputs.

Two of their inputsu12 andu21 are connected with each other and treated as the secondoingys, and

so do the outputs. Other two inputsl1 andu22, and two outputsy11 andy22 are treated as inputs and

outputs ofsys. To build the systemys, the member functio@Control::parallel () can be called as follows.
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SysS
u2l

sys2 >y

U——r— sysl

Figure 3.1: Series connection.

array int inputl[l] = {2}, input2[1] = {1};
array int outputl[l] = {2}, output2[l] = {1};
sys = sysl.parallel(sys2, inputl, input2, outputl, output 2);

The index arraysnputl andinput2 specify which inputs ogys1 and which inputs ofys2 are connected.
Similarly, the index arraysutput1 andoutput2 specify which outputs ofys1 and which outputs ofys2
are summed. Prograln_B.2 makes a parallel interconnectibwoo$ame subsystemsg sl and sys2 with
output of the the program in FiguEe B.4. Each of themhamputs and outputs, and the inpu of system
sysl is connected to the inputof systemsys2, and the outpu® of sysl is summed with the outpuit of
sys2 as shown in Figure—3.3.

The third form of the interconnection is feedback which lissirated in Figur€-3l5, where systems
is a closed-loop model with a feedback loop. The ouggubf the subsystemys1 is fed out as the input
to sys2. The output ofsys2 is summed with the second input @fs. To build the systemys, the member
function CControl::feedback() can be called as follows.

array int feedin[1l] = {2}, feedout[1l] = {2}
sys = sysl.feedback(sys2, feedin, feedout);

the arrayfeedin contains indices of the input vector 8fs1 and specifies which inputs are used in the
feedback loop. Similarly, arrafeedout specifies which outputs af;s1 are used for feedback. The resulting
modelsys has the same inputs and outputssgsl. Prograni-313 makes a feedback interconnection of these
two subsystemsysl and sys2. The output of the program is shown in Figlirel3.7. For an Sisairol
system shown in Figure—3.6, the arraysedin and feedout could be omitted in the member function
CControl::feedback() as shown below.

sys = sysl.feedback(sys?2);

Progranf-34 makes such a feedback interconnection withutpeibof the program in Figuie—3.8.

Other member functions provided by Ch Control System Toddkiinterconnecting systems are listed
in Table[321. Two commonly used member functions @ontrol::append() and CControl::connect().
These two member functions can be used to construct modetsfioplex systems given in block diagram
forms. Different fromCControl::series() function, theconnect) function can specify the external inputs
and outputs of the connected system by arrays.t andoutput . In Figure[3.9, the first output ofys1
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/I series.ch

/I example of series connection

#include <control.h>

#define
#define
#define
#define
#define
#define

NUMX1 4
NUMU1 1
NUMY1 2
NUMX2 4
NUMU2 2
NUMY2 1

int main() {

3.1.

/I number of states of system 1
/Il number of inputs of system 1
/I number of outputs of system 1
/Il number of states of system 2
/I number of inputs of system 2
/I number of outputs of system 2

array double A1[NUMXI1][NUMX1] = {{-4.12, -17.4, -30.8, -60

B1[NUMX1][NUMU1]
C1[NUMY1][NUMX1]

D1[NUMY1][NUMU1]

I 0, 0,
[, 1, 0,
{0, 0, 1,

{1, 0, 0, 0},

= {4, 8.4, 30.78, 60,
3, 7.4, 29.78, 50},
{1, 2}

array double A2[NUMX2][NUMX2] = {{-4.12, -17.4, -30.8, -60

array int

B2[NUMX2][NUMU2]

C2[NUMY2][NUMX2]
D2[NUMY2][NUMU2]
input2[1] = {2},

outputl[l] = {1};

CControl sysli;
CControl sys2;
CControl *sys;

sysl.model("ss",
sys2.model("ss",

Al, B1, C1, D1);
A2, B2, C2, D2),

{1, 0, 0,
{0, 1, 0,
{0, 0, 1,
= {1, 0,
2, 0,
0, 1,
0, 1},
{4, 8.4, 30.78, 60},
{1, 2}

sys = sysl.series(&sys2, outputl, input2);

sys->printss();

return O;

0},
0},
0}

0},
0},
0}

INTERCONNECTING AlD REDUCTION

Program 3.1: Example of series interconnectiseries.ch
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State-space arguments:
A =
-4.120000 -17.400000 -30.800000 -60.000000 0.000000 0.00 0000 0.000000
0.000000
1.000000 0.000000  0.000000 0.000000 0.000000  0.000000 0.0 00000
0.000000
0.000000 1.000000 0.000000  0.000000  4.000000 8.400000 30. 780000
60.000000
0.000000 0.000000 1.000000 0.000000 4.000000 8.400000 30. 780000
60.000000
0.000000  0.000000  0.000000  0.000000 -4.120000 -17.400000 -30.800000
-60.000000
0.000000  0.000000  0.000000  0.000000 1.000000  0.000000 0.0 00000
0.000000
0.000000 0.000000 0.000000 0.000000 0.000000 1.000000 0.0 00000
0.000000
0.000000  0.000000  0.000000  0.000000 0.000000  0.000000 1.0 00000
0.000000

0.000000
0.000000
1.000000
1.000000
1.000000
0.000000
0.000000
0.000000
C =
4.000000 8.400000 30.780000 60.000000 8.000000 16.800000 61.560000
120.000000

D =

2.000000

Figure 3.2: The output from executing Progrian 3.1.

sys
ull 11
L i o1y
ulz . St y12
+
u2 - —-y2
+
u2l—» y21
Sys2
us u22) (y22) Y3

Figure 3.3: Parallel connection.
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/I parallel.ch
/I example of parallel connection

#include <control.h>

#define NUMX 4 /I number of states
#define NUMU 3 /I number of inputs
#define NUMY 2 /I number of outputs

int main() {
array double A[NUMX][NUMX] = {{-4.12, -17.4, -30.8, -60},
{1, 0, 0, 03},
{0, 1, 0, 0},
{0, 0, 1, 0}},
B[NUMX][NUMU] = {1, 0O, O,

2,0, 0,

0, 0, 1,

0, 1, 0},

{4, 8.4, 30.78, 60,

3, 7.4, 29.78, 50},

{1, 2, 3,

4, 5, 6};

array int inputl[1l] = {2}, input2[1] = {1};

array int outputl[l] = {2}, output2[l] = {1};

CControl sysli;

CControl sys2;

CControl *sys3;

CINUMY][NUMX]

D[NUMY][NUMU]

sysl.model("ss", A, B, C, D);

sys2.model("ss", A, B, C, D);

sys3 = sysl.parallel(&sys2, inputl, input2, outputl, outp ut2);
sys3->printss();

return O;

Program 3.2: Example of parallel interconnectipar@llel.ch ).
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CHAPTER 3. MANIPULATING LTI MODELS

State-space arguments:

A =
-4.120000 -17.400000 -30.800000 -60.000000
0.000000
1.000000 0.000000 0.000000 0.000000
0.000000
0.000000 1.000000 0.000000 0.000000
0.000000
0.000000 0.000000 1.000000 0.000000
0.000000
0.000000 0.000000 0.000000 0.000000
-60.000000
0.000000 0.000000 0.000000 0.000000
0.000000
0.000000 0.000000 0.000000 0.000000
0.000000
0.000000 0.000000 0.000000 0.000000
0.000000
B =
1.000000 0.000000 0.000000 0.000000
2.000000 0.000000 0.000000 0.000000
0.000000 1.000000 0.000000 0.000000
0.000000 0.000000 1.000000 0.000000
0.000000 0.000000 1.000000 0.000000
0.000000 0.000000 2.000000 0.000000
0.000000 0.000000 0.000000 0.000000
0.000000 0.000000 0.000000 1.000000
C =
4.000000 8.400000 30.780000 60.000000
0.000000
3.000000 7.400000 29.780000 50.000000
60.000000
0.000000 0.000000 0.000000 0.000000
50.000000
D =
1.000000 3.000000 2.000000 0.000000
4.000000 6.000000 6.000000 2.000000
0.000000 0.000000 4.000000 5.000000

3.1.
0.000000  0.00 0000
0.000000  0.000000 0.0
0.000000  0.000000 0.0
0.000000  0.000000 0.0
-4.120000 -17.400000
1.000000  0.000000 0.0
0.000000  1.000000 0.0
0.000000  0.000000 1.0
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
1.000000
0.000000
0.000000 0.000000 O
4.000000  8.400000 3
3.000000  7.400000 29.
0.000000
3.000000
6.000000

INTERCONNECTING AlD REDUCTION

0.000000

00000

00000

00000

-30.800000

00000

00000

00000

.000000

0.780000

780000

Figure 3.4: The output from executing Progrian 3.2.
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3.1. INTERCONNECTING AID REDUCTION

Sys
ul >
sysl
w
Sys2 lea—
y21 u2l

Figure 3.5: Feedback connection of a MIMO control system.

SyS

u— sysl

Sys2

>~y

Figure 3.6: Feedback connection of an SISO control system.
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#include <control.h>

#define NUMX1 2 /I number of states of system 1
#define NUMU1 2 /I number of inputs of system 1
#define NUMY1 2 /I number of outputs of system 1
#define NUMX2 2 /I number of states of system 2
#define NUMU2 1 /I number of inputs of system 2
#define NUMY2 1 /I number of outputs of system 2
int main() {
array double A1[NUMX1]J[NUMX1] = {{-2, -3},
{1, o},
B1[NUMX1][NUMU1] = {1, O, O, 1},
C1[NUMY1]J[INUMX1] = {1, -5, 2, 3},
D1[NUMY1]J[NUMU1] = {2, 1, 3, 2}

CControl sysli;
CControl sys2;
CControl *sys3;
sysl.model("ss", Al, B1, C1, D1);

array double A2[NUMX2]J[NUMX2] = {-10, 1, 1, 1},

B2[NUMX2][NUMU2] = {1, 1},
C2[NUMY2][NUMX2] = {-40, 1},
D2[NUMY2][NUMU2] = {5},

sys2.model("ss", A2, B2, C2, D2);

array int feedin[1] = {2},
feedout[1] = {2};

sys3 = sysl.feedback(&sys2, feedin, feedout);

sys3->printss();
return O;

Program 3.3: Example of MIMO feedback interconnectifae@iback _mimo.ch ).

State-space
A =
-2.000000
0.090909
0.181818
0.181818
B =
1.000000
-1.363636
0.272727
0.272727
C =
0.090909
0.181818
D =
0.636364
0.272727

arguments:

-3.000000
-1.363636
0.272727
0.272727

0.000000
0.090909

0.181818

0.181818

-6.363636
0.272727

0.090909
0.181818

0.000000
3.636364

-2.727273
8.272727

3.636364
7.272727

0.000000

-0.090909

0.818182
0.818182

-0.090909
-0.181818

Figure 3.7: The output from executing Progrian 3.3.
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#include <control.h>

#define NUMX1 2 /I number of states of system 1
#define NUMU1 1 /I number of inputs of system 1
#define NUMY1 1 /I number of outputs of system 1
#define NUMX2 2 /I number of states of system 2
#define NUMU2 1 /I number of inputs of system 2
#define NUMY2 1 /I number of outputs of system 2
int main() {
array double AL[NUMXI1]J[NUMX1] = {{-2, -3},

{1, O}
B1[NUMX1][NUMU1] = {
C1[NUMY1][NUMX1] = {1, -5},
D1[NUMY1][NUMU1] = {
CControl sys1;
CControl sys2;
CControl *sys3;

sysl.model("ss", Al, B1, C1, D1);

array double A2[NUMX2]J[NUMX2] = {-10, 1, 1, 1},

B2[NUMX2J[NUMU2] = {1, 1},
C2[NUMY2][NUMX2] = {-40, 1},
D2[NUMY2][NUMU2] = {5};

sys2.model("ss", A2, B2, C2, D2);
sys3 = sysl.feedback(&sys2); /* array int feedin[l] = {1}, f eedout[1] = {1}
sys3 = sysl.feedback(&sys2, feedin, feedout);
*
/
sys3->printss();

return O;

Program 3.4: Example of SISO feedback interconnectieedback _siso.ch ).

State-space arguments:
A =
-2.454545 -0.727273 3.636364 -0.090909
1.000000 0.000000 0.000000 0.000000
0.090909 -0.454545 -2.727273  0.818182
0.090909 -0.454545 8.272727 0.818182
B =
0.090909
0.000000
0.181818
0.181818
C =
0.090909 -0.454545 7.272727 -0.181818
D =
0.181818

Figure 3.8: The output from executing Progrian 3.4.
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SYys
u2 -
vl U3 Sys2 = y3

ul ——— sysl

Figure 3.9: Modeling of block diagram interconnections.

is connected to the second input«fs2. There are three inputs ul, u2, and u3 for two subsystems
andsys2. The input ul ofsys1 and the first input u2 ofys2 are the inputs ofys. This is reflected by the
value {1, 2} of arrayinput with two elements. There are also three outputs y1, y2, anidrythese two
subsystems. The second output y29$1 and the output y3 afys2 are the outputs ofys. Therefor, array
output contains also two elements with values of 2 and 3 correspgndiy2 and y3, respectively. To build
the systemsys, member function€Control::append() andCControl::connect() can be called as follows.

array int q[1][2] = {3, 1}

array int input[2] = {1, 2};

array int output[2] = {2, 3};

sys = sysl.append(sys2);

sysc = sys->connect(qg, input, output);

Member functionappend)) group two LTI modelssys1 and sys2 by appending their inputs and outputs.
It returns a block-diagonal, unconnected LTI mostgs. The array q contains input and output numbers to
indicate how the blocks on the diagram are connected. Eaclfrarray q specifies a summing input from
output of the unconnected system. In this case, the summing is simply input u3 with output from y1.
The first element of each row is the number of summing inputtvig u3 and the subsequent elements are
output numbers which is y1 to sum up and form this summingtinphere is only one summing input and
this summing input gets its input only from one output. Assutg the array g is a one dimensional array
with two elements. Its values of 3 and 1 corresponding to uBydn respectively. The arraysput and
output specify which inputs and outputs of the unconnected systemsed as external inputs and outputs
of the connected system. Program 3.5 constructs a state-spadelsy sc for the above system. The system
matrices of the connected system are shown in Figuré 3.10.

The member functiolf©Control::minreal () eliminates uncontrollable or unobservable states ofsa sy
tem, the resulting system has the minimal order and the sespense characteristics as the original system.
Details and application examples of these member functanse found in Appendix A.

3.2 Controllability and Observability

The controllability and observability are important stural properties of a control system. If there exists
an input arrayU (¢) that will take the states of the system from any initial st&fg to any desired final states
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/I connect.ch
/I example of connect

#include <control.h>

#define NUMX1 4 /I number of states of system 1
#define NUMU1 1 /Il number of inputs of system 1
#define NUMY1 2 /I number of outputs of system 1
#define NUMX2 4 /Il number of states of system 2
#define NUMU2 2 /I number of inputs of system 2
#define NUMY2 1 /I number of outputs of system 2

int main() {
array double A1[NUMX1][NUMX1] = {{-4.12, -17.4, -30.8, -60 b
{1, 0, 0, 0},
{0, 1, 0, 0},
{0, 0, 1, 03},
B1[NUMX1][NUMU1] = {1, O, 0O, 0},
C1[NUMY1][NUMX1] = {4, 8.4, 30.78, 60,
3, 7.4, 29.78, 50},
D1[NUMY1][NUMU1] = {1, 2}
array double A2[NUMX2]J[NUMX2] = {{-4.12, -17.4, -30.8, -60 b
{1, 0, 0, 0},
{0, 1, 0, 0},
{0, 0, 1, 0}},
B2[NUMX2][NUMU2] = {1, O,
2, 0,
o, 1,
0, 1},
C2[NUMY2][NUMX2] = {4, 8.4, 30.78, 60},
D2[NUMY2][NUMU2] = {1, 2}

array int q[1][2] = {3, 1};

array int input[2] = {1, 2},
output[2] = {2, 3}

CControl sysl;

CControl sys2;

CControl *sys, *sysc;

sysl.model("ss", Al, B1, C1, D1);

sys2.model("ss", A2, B2, C2, D2);

sys = sysl.append(&sys2);

sysc = sys->connect(q, input, output);

sysc->printss();

return O;

Program 3.5: Example of using connect functioor{nect.ch ).
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State-space arguments:

A =

-4.120000 -17.400000 -30.800000 -60.000000

0.000000
1.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
-60.000000
0.000000
0.000000
4.000000
0.000000
4.000000
0.000000

1.000000
0.000000
0.000000
0.000000
0.000000
0.000000
1.000000
1.000000

3.000000
0.000000
8.000000
60.000000
D =
2.000000
2.000000

0.000000
1.000000
0.000000
0.000000
0.000000
8.400000
8.400000
0.000000
0.000000
0.000000
0.000000
1.000000
2.000000
0.000000
0.000000
7.400000
16.800000

0.000000
1.000000

0.000000  0.000000

0.000000  0.000000

1.000000  0.000000

0.000000  0.000000

0.000000  0.000000

30.780000 60.000000

30.780000 60.000000

29.780000 50.000000

61.560000 120.000000

0.000000

0.000000

0.000000

0.000000

-4.120000

1.000000

0.000000

0.000000

0.000000

4.000000

0.00

0.000000

0.000000

0.000000

-17.400000

0.000000

1.000000

0.000000

0.000000

8.40000

0000  0.000000
0.0 00000
0.0 00000
0.0 00000

-30.800000
0.0 00000
0 .000000
1 .000000
0 .000000
0 30.780000

Figure 3.10: The output from executing Progfan 3.5.

39



CHAPTER 3. MANIPULATING LTIMODELS 3.2. CONTROLLABILITY AND OBSERVABILITY

/I ctrb.ch
/I example of calculating the controllability matrix
#include <control.h>

#define NUMX 2 /I number of states
#define NUMU 1 /I number of inputs

int main() {
int num;
array double A[NUMX][NUMX] = {{-2, -9},

{1, O},
B[NUMX][NUMU] = {1, 0O}
array double co[NUMX][NUMX*NUMUJ;
CControl sys;

sys.model("ss", A, B, NULL, NULL);
sys.ctrb(co);
num = rank(co);
if (num == min(NUMX, NUMX*NUMU))
printf("The system is controllable.\n");
else
printf("The system is not controllable.\n");
printf("co = %f\n", co);

return O;

Program 3.6: Example of calculating controllability magctrb.ch ).
The system is controllable.

co = 1.000000 -2.000000
0.000000 1.000000

Figure 3.11: The output from executing Progran 3.6.

X in a finite time interval, the system is controllable. Nortpathe controllability matrix can be easily
used to determine the controllability. Fegth order system, if the controllability matrix which is dedthas

B AB A?B ... Aln-1p

has full rankn,, the system is controllable. In Ch Control System Toolkie thember functiof©Con-
trol::ctrb () calculates the controllability matrix of the system. Egample, assume that systegs hasnx
states andhu inputs, the controllability matrixo can be computed as follows

array double co[nx][nx*nu];
sys.ctrb(co);

Prograni3F is an example of calculating controllabilitytrixaand determine its rank by numerical function
rank(). Since only system matrixd and input matrixB are involved in the calculation, the other two
matrices can be omitted in the member functi@@ontrol::model ().
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Table 3.2: Member functions computing controllabilityselvability matrix.

Member functions Description

CControl::ctrb() compute controllability matrix of systems
CControl::ctrbf() compute controllability staircase form
CControl::obsv()  compute observability matrix of systems
CControl::obsvf() compute observability staircase form
CControl::gram()  controllability and observability gramians

Similar, for any initial statesY, if there is a finite time ; such thatX, can be determined frorr (¢)
andY (t) for 0 <t < ty, the system is observable. Foyth order system, if the observability matrix which

is defined as
C

CA
CA?

Calr-y
has full rankn,, the system is observable. In Ch Control System Toolkit,tle@nber functionCCon-

trol::obsv () calculates the observability matrix of the system. Faregle, assume that systems hasnx
states anay outputs, the observability matrod can be calculated as follows

array double ob[nx*ny][nx];
sys.obsv(ob);

Progranf3J7 is an example of calculating the observabiligrixiand its rank. Since only system matrix
and output matrixC are involved in the calculation, the other two matrices caroimitted in the member
function CControl::model ().

If the controllability matrix has rank < nz, then there exists a similarity transformatidnwhich can
change systertd, B, C) into a staircase formiA, B, C), in which the uncontrollable modes are in the upper
left corner, such as

A=TATT B=TB,C =CT"

and
- A O _ 0 -
A:[Am AclyB:ch]’O:[C“c Cc}

where(A,, B.) is controllable, and’,(sI — A.)"'B, = C(sI — A)~'B. The member functio€Con-
trol::ctrbf () can do this transformation. Similar, the member funct@ontrol::obsvf() can compute the
observability staircase form of a system. Details of thesentver functions can be found in Appendix A.

3.3 Analysis in Time Domain

The time responses reveal the time-domain transient behalvLTI models for particular classes of inputs
and disturbances. The user can determine such system tenetézs as rise time, setting time, overshoot
and peak time from the time response. Ch Control System Tqmi@vides a set of member functions to
compute time responses to arbitrary inputs, as well agirdtindition response. These functions includes
CControl::step() for calculating step respons€Control::stepinfo() for obtaining characteristic informa-
tion for step response;Control::impulse() for impulse responseCControl::lsim () for response to an
arbitrary input, andCControl::initial () for response based on the initial condition as shown in€la@.
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/I obsv.ch
/I example of calculating observablity matrix

#include <control.h>

#define NUMX 2 /l number of states
#define NUMY 1 /I number of outputs
int main() {
int num;
array double A[NUMX][NUMX] = {{-2, -9},
{1, O}

C[NUMY]INUMX] = {1, 3},
array double ob[NUMX*NUMY][NUMX];
CControl sys;

sys.model("ss", A, NULL, C, NULL);
sys.obsv(ob);
num = rank(ob);
if(num == min(NUMX*NUMY, NUMX))
printf("The system is observable.\n");
else
printf("The system is not observable.\n");
printf("ob = %f\n", ob);
return O;

3.3. ANALYSIS IN TIME DOMAIN

Program 3.7: Example of calculating observability matbgv.ch ).

The system is observable.
ob = 1.000000 3.000000
1.000000 -9.000000

Figure 3.12: The output from executing Progfan 3.7.
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All these functions can plot results by using CPRlot class. For example, the syntax of functiG€on-
trol::step() is

sys.step(plot, yout, tout, xout, tf);

The first argumenplot is an object of CHCPlot class. Arraysgjout, tout andxout are output response,
the time vector used for simulation, and the state trajexsprespectively. The last argumeéift specifies
the final time for simulation. Please refer to Appendix A fgntax of other functions that are listed in
Table[3B. Prograri—3.8 is an example of plotting time domasponse of systemys by calling these
functions. Customizing plot using the class plotti@glot will be described in Chaptél 5. Figuréds_3.13 -
318 are plots from executing Programi3.8.

Table 3.3: Member functions computing time responses.
Member functions Description

CControl::step() step response
CControl::impulse() impulse response
CControl::Isim() response to arbitrary inputs
CControl::initial() initial condition response

Step Response
0.6

0.5 | /- "\\

04 | \

Amplitude Y
o
w
T
|
|
|

02 |

o1}

0 “‘ 1 1 1 1 1 )
0 1 2 3 4 5 6

Time (sec)

Figure 3.13: Step response.
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/I timedom.ch
/I example of time response

#include <control.h>

#define NUMX 2 /I number of states
#define NUMU 1 /I number of inputs
#define NUMY 1 /I number of outputs
int main() {

int i, j, k = 0, flag;
double iu[100];
array double A[NUMX][NUMX] = {{-2, -9},

{1, o},
BINUMX][NUMU] = {1, 0},
CINUMY]INUMX] = {1, 3},
D[NUMY][NUMU] = {O};

array double x0[2] = {1.0, 0.0};
CPlot plotl, plot2, plot3, plot4;
CControl sys;

sys.model("ss", A, B, C, D);

Il step
sys.step(&plotl, NULL, NULL, NULL, 6);

/I impulse
sys.impulse(&plot2, NULL, NULL, NULL, 6);

/I square wave
flag = 1; // generate the square wave as input
for (i = 0; i < 5; i++) {

flag = 1-flag;

for = 0; j < 20; j++) {
iulk] = flag;
k++;

}

sys.Isim(&plot3, NULL, NULL, NULL, iu, 6);

/I initial condition response
sys.initial(&plot4, NULL, NULL, NULL, xO0);

return O;

Program 3.8: Example of time domain response plottimggdom.ch ).
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Impulse Response
12

0.8

0.6

0.4

Amplitude Y

0.2

0.4 1 1 1 1 1 )

Time (sec)
Figure 3.14: Impulse response.

Linear Simulation Results
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Figure 3.15: Response to square wave input.
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Response to Initial Conditions
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Figure 3.16: Initial condition response.

3.4 Analysis in Frequency Domain

The frequency response is a linear system'’s response ol input. It not only can help the user under-
stand how a system response to a sinusoidal input, but disd&iermine the stability of a closed -loop sys-
tem. Ch Control System Toolkit provides member functi@tontrol::bode(), CControl::nichols(), and
CControl::nyquist () to generate commonly used frequency response plots of,Bédhols and Nyquist
plots as shown in Tab[e—3.3, respectively. These plots a@alied by CHCPlot class. For example, the
syntax of functionCControl::bode() for a Bode plot is as follows.

sys.bode(plot, mag, phase, wout, wmin, wmax);

The first argumenplot is an object of CICPIot class. Arraysnag andphase contain the returned mag-
nitude (in decibels) and phase (in degrees) of the frequessgonse at the frequenciesut (in rad/sec).
The last two argumentsymin andwmax, explicitly specify frequency range to be used for the pRiease
refer to Appendix A for syntax of other functions that arédsin Tabld-3. Program-3.9 is an example
of plotting the frequency domain response of system by calling member function€Control::bode(),
CControl::nichols (), CControl::nyquist (). Figures[3.1I7 {-3:19 are plots from executing Prodram 3.9.
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/I freqdom.ch

/I example of frequency response

#include <control.h>

#define NUMX 2
#define NUMU 1
#define NUMY 1

/I number of states
/I number of inputs
/l number of outputs

3.4. ANALYSIS IN FREQUENCY DOMAIN

int main() {
array double A[NUMX][NUMX] = {{-2, -9},
{1, 0O},
B[NUMX][NUMU] = {1, 0},
C[NUMY]INUMX] = {1, 3},
D[NUMY][NUMU] = {0},

CPlot plot5, plot6, plot7;
CControl sys;

sys.model("ss", A, B, C, D);
sys.bode(&plot5, NULL, NULL, NULL);
sys.nichols(&plot6, NULL, NULL, NULL);
sys.nyquist(&plot7, NULL, NULL, NULL);

return O;

Program 3.9: Example of frequency domain response-pip{freqdom.ch ).
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Figure 3.17: Bode plot.
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Nyquist plot of LTI models
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Figure 3.19: Nyquist plot.

Besides these three commonly used member functions, otleber functions listed in Table_B.4 can
be used to analyze model dynamics such as the gain margse piergin, DC gain, bandwidth, disturbance
rejection, and stability. Please refer to Appendix A fortsyes of these functions.
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Table 3.4: Member functions computing frequency respanses

Member functions Description
CControl::bandwidth()  bandwidth of SISO models
CControl::bode() Bode plot
CControl::bodemag() plot Bode magnitude
CControl::damp() natural frequency and damping
CControl::dcgain() low-frequency gain
CControl::nichols() Nichols plot
CControl::nyquist() Nyquist plot

CControl::margin() gain and phase margins
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Chapter 4

System Design Using Ch Control System
Toolkit

In this chapter, how to design and optimize a control systeinguthe Ch Control System Toolkit will be
described. Patrticularly, the root-locus design methode ptacement, Linear-quadratic regulator design,
and solution of Lyapunov equations will be presented. Thmber functions in Ch Control System Toolkit
for design and optimization of control systems are liste@lahledZ1l {414.

4.1 Root Locus Design

Table 4.1: Member functions for root locus design.

Member functions  Description
CControl:irlocus()  compute and plot the root locus of SISO systems
CControl::pzmap() compute the pole-zero map of an LTI model

Normally, roots of the characteristic equation, which atijuare the closed-loop poles, will change as
one of the system’s parameters varies over a continuous raitlg default values. The paths of the changing
roots make a plot called the root locus. The root locus is mmostmonly used to study the effect of loop
gain variations.

Assume that the control system shown in Eig 4.1 consistseoptantp(s) and the scalar gaih. The
closed-loop poles are the roots of following equation

q(s) =1+ kp(s)

r p(s) >y

k

Figure 4.1: System with feedback gain K.
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4.1. ROOT LOCUS DESIGN

/I rlocus.ch
/I example of root locus

#include <control.h>

int main() {
array double num[2] = {1, 3}, den[3] = {1, 2, 9};
CControl sys;
int nx;
CPlot plot8;

sys.model("tf", num, den);
nx = sys.size(’x’);

array double complex r[nx][100];
array double kout[100];
sys.rlocus(&plot8, r, kout);

return O;

Program 4.1: Example of root locus plottingocus.ch ).

The root locus is the trajectories of the roots when the faekilyaink varies from 0 to positive infinity.
The member function to plot root locus@Control::rlocus () whose syntax is shown as follows,

sys.rlocus(plot, r, kout, k);

wherek is an array which contains user-selected gains for whichrdbts are calculated. K is omitted,
the function will select gains adaptively, and return thgams inkout. The computational arrayis used

to contain the complex root locations for gainskiowt. PrograniZ1l is an example of root locus. The plot
of the output for Prograin4.1 is shown in Figlirel4.2. The zeindicated by a small circle, whereas a pole
is represented by a cross in a root locus diagram.
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Root Locus

3 - o ~
i e X
2+ ///
1t
k%)
<
= 0 o
IS
E
_1 -
2+
3+ X
4 1 1 1 1 1 )
-12 -10 -8 -6 -4 -2 0
Real Axis

Figure 4.2: Root locus.

4.2 Pole Placement

The closed-loop response characteristics, such as rige siettling time, and transient oscillatins, depend
on the set of closed-loop poles of the system. For a systesepted by the state-space model

X = AX + BU
Y =CX + DU

with the linear state feedback regulator control law defiagtl = — K X, the closed loop poles are eigen-
values of matrix 4 — BK). To make the system more stable and have the desired tipenss charac-
teristics, the user can first select desired pole locatiand,then find the gain matriX” which moves these
poles to the desired locations. This technique is known &s placement. The member functions which
can be used in pole placement are listed in TRBIE 4.2. The mefubctionCControl::pole () can compute
the poles of an LTI system. For example, statements

int np = sys.size('p");
array double complex p[np];
sys.pole(p);

retrieve poles ofys in variablep.
The member functior€Control::acker () is typically used for pole placement of SISO system. The
syntax is

sys.acker(k, p);

wherep is an array of desired poles andis the corresponding gain matrix which makes the close loop
poles match the matrix. ProgranZR is an example of pole placement of second ot&€ System using
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4.2. POLE PLACEMENT

/I acker.ch
#include <control.h>

#define NUMX 2 /I number of states
#define NUMU 1 /I number of inputs
#define NUMY 1 /I number of outputs

int main() {
array double A[NUMX][NUMX] = {{-2, -9},
{1, O},
B[NUMX][NUMU] = {1, 0},
C[NUMY][NUMX] = {1, 3},
DINUMY][NUMU] = {0};
array double K[NUMX];
array double complex p[NUMX] = {-1, -2}
int i
CControl sys;
sys.model("ss", A, B, C, NULL);
sys.acker(k, p);
for (i = 0; i < NUMX; i ++) { // print out the result
printf("k[%d] = %f\n", i, K[i]);
}

return O;

Program 4.2: Example of pole placement using function grkecker.ch ).

k[0] = 1.000000
k[1] = -7.000000

Figure 4.3: The output from executing Progriam 4.2.
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/I place.ch
#include <control.h>

#define NUMX 4 /I number of states
#define NUMU 2 /I number of inputs
#define NUMY 2 /I number of outputs

int main() {

array double A[NUMX][NUMX] = {{-2, -9, 0, 0},
{1, o, 0, 0},
{0, 0, -2, -9},
{0, 0, 1, 0O}},
B[NUMX][INUMU] = {1, O,

coo
or o

2
C[NUMY][NUMX] = {1, 3, 0, O,
o, 0, 1, 3},
D[NUMY][NUMU] = {0, 0, O, 0};
array double complex kK[INUMU]J[NUMX];
array double complex p[NUMX] = {-1, -2, -1, -2};
CControl sys;

sys.model("ss", A, B, C, D);
sys.place(k, p);

/I print out the result
printf("k = \n%f\n", K);
return O;

Program 4.3: Example of pole placement for MIMO systemsgaifiimction place()glace.ch ).

CControl::acker (). In this example, the desired poles ar2 and—1. The corresponding gain matrix is

shown in Figur¢4]3
For MIMO systems, Ch toolkit provides another member fuxc@Control::place(). It has a similar

syntax toCControl::acker () as shown below.
sys.place(k, p);

wherep is an array of desired poles aikds the corresponding gain matrix which makes the closeg-loo
poles match the matrix. Progranf 413 is an example of pole placement of a second twaeinput-two-
output system usin@Control::place(). In this example, the desired poles ar@, —1, —2, and—1. The
corresponding gain matrix is shown in Figlirel4.4.

Table 4.2: Member functions for pole placement.

Member functions Description

CControl::pole() compute poles of LTI systems

CControl::acker()  pole placement gain selection using Ackermann’s formul&sfesystems
CControl::place() pole placement design
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k =

complex(1.000000,0.000000) complex(-7.000000,0.00000 0) complex(-0.000000,0.000000)
complex(-0.000000,0.000000)

complex(-0.000000,0.000000) complex(-0.000000,0.0000 00) complex(1.000000,0.000000)

complex(-7.000000,0.000000)

Figure 4.4: The output from executing Progriam 4.3.

4.3 LQG Design

Given the state dynamics equation

= Ax+ Bu
y = Cx+ Du

and a cost function

J(u) = /xTQx +uTRu + 2xT Nudt,

the purpose of Linear Quadratic Gaussian (LQG) controlmmehis to find an optimal gain matrik, so that
the state-feedback law
u=-Kx

minimizes the above cost functioh(u). The gainK is called the LQ optimal gain. To obtain the LQ
optimal gain, the user need to solve an algebraic Riccattemushown below

SA+ATS —(SB+N)R'(BTS+ N +Q=0
Then, K can be derived from the solutidgh of the above equation by
K =R 'B"S+NT")

Ch Control System Toolkit provides two functior@Control::lgr () andCControl::dlgr (), for design-
ing linear-quadratic (LQ) state-feedback regulator fortcmious-time and discrete-time plants, respectively.
The syntax ofCControl::Igr () is shown as follows,

sys.lgr(k, s, e, Q, R, N);

wherek is the returned optimal gai,is the solution of the algebraic Riccati equation, ansl the closed-
loop eigenvalues of matri{ — BK). @, R, andN are weighting matrices of the cost functiditu). If the
matrix N is set to zero, it can be absent. Progfam 4.4 is an example oég@ator design for continuous-
time systems usin@Control::Igr (). In this example, the weighting matri¥ is absent. The results of
executing prograngr.ch  is shown in Figur&4l5.

Another functionCControl::dIgr () is for discrete-time systems. It has the same syntax asttianc-
tion CControl::lgr (),

sys.dlgr(k, s, e, Q, R, N);
As an example, for a discrete-time system with sampling wff@ 1 and following state space equation,

x = Ax+ Bu
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/I lgr.ch
#include <control.h>

#define NUMX 2 /I number of states
#define NUMU 1 /I number of inputs

int main() {
array double A[NUMX][NUMX] = {{-1, 0},
{0, -2},
B[NUMX][NUMU] = {1, 1};
CPlot plot;

array double k[1][2], s[2][2];

array double complex e[2];

array double Q[2][2] = {1, 0, 0, O}

array double R[1][1] = {1};

CControl sys;

sys.model("ss", A, B, NULL, NULL);
sys.ar(k, s, e, Q, R);

printf("k = %fi\ns = %f\ne = %f\n", k, s, e);

return 0;

Program 4.4: Example of LQ regulator design using functopf) I(lqr.ch ).

k = 0.414214 0.000000

s = 0.414214 -0.000000
-0.000000 -0.000000

e = complex(-2.000000,0.000000) complex(-1.414214,0.00 0000)

Figure 4.5: The output from executing Progriam 4.4.
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/I digr.ch
#include <control.h>

#define NUMX 2 /I number of states
#define NUMU 1 /I number of inputs

int main() {
array double A[NUMX][NUMX] = {{-1, 0},

{0, -2},
B[NUMX][NUMU] = {1, 1}
array double kK[INUMU]INUMX], s[NUMX][NUMX];
array double complex e[NUMX];

array double Q[NUMX][NUMX] = {1, 0, 0, 0};
array double R[NUMU][NUMU] = {1};
CControl sys;

sys.model("ss", A, B, NULL, NULL, .1);
sys.dlgr(k, s, e, Q, R);

printf("k = %fi\ns = %f\ne = %fn", k, s, e);

return O;

Program 4.5: Example of LQ regulator design for discratgetsystems using function digr@igr.ch ).

k = 0.309017 -2.427051

S = 4.618034 -7.854102
-7.854102 20.562306

e = complex(-0.381966,0.000000) complex(-0.500000,0.00 0000)

Figure 4.6: The output from executing Progrian 4.5.

o[ e[

progranT4.b designs the LQ regulator for this discrete-system usingCControl::digr (). In this example,
the parameters of the cost function

where

J(u) = /XTQX +uTRu + 2xTNudt,
are as follows.

1 0
o[} 8]y o

The results of executing progradfgr.ch  is shown in Figur&4l6.
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Table 4.3: Member functions for LQG designing.

Member functions Description
CControl::lgr() Linear-quadratic regulator design for continuous-timstems
CControl::dlqr() Linear-quadratic regulator design for discrete-time exyst

4.4 Lyapunov Equation Solvers

In control engineering, Lyapunov matrix equation is oftesed to solve problems related to the system
stability. The general form of the Lyapunov matrix equati{@ylvester equation) can be represented as
follows,

AX +XB=-Q

where matricesi, B and(@ must have compatible dimensions. If the maiBixn the generalized Lyapunov
matrix equation is the transpose of the matdixthe equation is called the special form of the Lyapunov
matrix equation

AX + XAT = —Q

where A and@ are square matrices of same sizes. The member funCi@ontrol::lyap() in Ch Control
System Toolkit can be used to solve these two forms of cootisdime Lyapunov equations. For a general
form, its syntax is

sys.lyap(X, A, B, Q);
For a special form, the syntax is

sys.lyap(X, A, Q);

where arrayX is the solution of the Lyapunov matrix equation, array,sB and () are parameters of the
equation. Because the solution of a Lyapunov equation i @ependent on the parametersAf B and
Q, rather than the characteristics of the systeya itself, the user can simply create an empty system.
Progranf4) is an example of solving continuous-time Lyapwsguations usin@Control::lyap (). In this
example, the Lyapunov equation is in the general form. Tkalt® of executing prograryap.ch is
shown in Figuré&4]7.

To solve a discrete Lyapunov equation

AXAT — X = —Q,
the member functio@Control::dlyap() can be used. It has the syntax as follows,

sys.dlyap(X, A, Q);

where arrayX is the solution of the discrete Lyapunov matrix equatidnand Q are parameters of the
equation.

Table 4.4: Member functions for solving Lyapunov equations

Member functions Description
CControl::lyap() solve continuous-time Lyapunov equations
CControl::dlyap()  solve discrete-time Lyapunov equations

Besides member functions introduced in this chapter, @if ildready includes many numerical func-
tions, such asoots() andnorm() for system design. Please refer@h User's Guiddor details of these
functions.
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#include <control.h>

int main() {
array double complex a[3][3] = {2, 3, 4,
5 6, 7,
8, 9, 10}
array double complex b[3][3] = {2, 4, 5,
11, 13, 15,
1, 2, 3}

array double complex c[3][3] = {2.3000, 4.5000, 2,
3.4000, 6.7000, 5.0000,
2.8700, 9.3200, 1};

array double complex Xx[3][3];

CControl sys;

sys.lyap(x, a, b, c);
printf("x = \n%f\n", x);

return O;
}
Program 4.6: Example of solving continuous-time Lyapunguations yap.ch ).
X =
complex(-2.009236,0.000000) complex(-0.260711,0.0000 00) complex(4.408764,0.000000)
complex(3.094459,0.000000) complex(-0.368029,0.00000 0) complex(-5.158256,0.000000)
complex(-1.271845,0.000000) complex(-0.066459,0.0000 00) complex(1.346946,0.000000)

Figure 4.7: The output from executing Progrian 4.6.
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Customizing Response Plot Properties

5.1 Ch Plot Properties

Ch has a clas€Plot for high-level creation and manipulation of two and thremelnsional plotting. In
Ch Control System Toolkit, all member functions with plogiifeatures internally invoke member functions
of classCPlot to generate 2D/3D plots. To allow the user to customize g plobbject of clas€Plot is
required to be instantiated in the user’s application mmogrThen, the user can set properties such as title
and axis labels by calling member functions of cl&@s3ot. Finally, the address (a pointer) of this object
needs to be passed as an argument to the member functionpletiihg features of Ch Control System
Toolkit.

For example, the following statements

CPlot plot;

sys.step(&plot, NULL, NULL, NULL);

can generate a step response plot with default title “Stegp&ese” as shown in Figure—3]113. To display a
user-defined title, the functio@Plot::title () can be used. For example, statements below

CPlot plot;

plot.title("My Title™);
sys.step(&plot, NULL, NULL, NULL);

will change the default title to “My Title”. Not only can thesar change an existing property in the plot, but
also modify the default properties of a plot using membecfioms of clas<CPlot . For example, member
functionCPlot::border () can be used to add the border to a plot and member funCiat::outputType ()
can be used to change the output type as shown below .

CPlot plot;
plot.title("My Title");
plot.border(PLOT_BORDER_ALL, PLOT_ON);

plot.outputType(PLOT_OUTPUTTYPE_FILE, "postscript eps color", "fig9.eps");
sys.step(&plot, NULL, NULL, NULL);

where the macrd®LOT _BORDER_ALL indicates that the border is put on all sides of the plot, and
PLOT _ON enables the drawing of the box around the plot. The outpuh@fprogram will be exported
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/I plot_border.ch
/I example of frequency response plot with border

#include <control.h>
#define NUMX 2 /I number of states

#define NUMU 1 /I number of inputs
#define NUMY 1 /I number of outputs

int main() {
array double A[NUMX][NUMX] = {{-2, -9},
{1, 0O},
B[NUMX][NUMU] = {1, 0},
C[NUMY]INUMX] = {1, 3},
D[NUMY][NUMU] = {0},
CPlot plot9;

CControl sys;

sys.model("ss", A, B, C, D);
plot9.title("My Title");
plot9.border(PLOT_BORDER_ALL, PLOT_ON);

plot9.outputType(PLOT_OUTPUTTYPE_FILE, "postscript ep

sys.step(&plot9, NULL, NULL, NULL, 6);

return O;

5.1. CH PIRROPERTIES

s color", "fig9.eps");

Program 5.1: Example of creating transfer function modeingisCh Control System Toolkit

(plot _border.ch ).

to an extern color postscript fifgg9.eps , instead of displayed by default. The example of adding-user
defined title and border is shown in ProgrBml 5.1 with outpapldiyed in Figuré5l1 exported as a color
postscript file. More information on how to customize a plsing member functions of clag&lot can be

found inCh User’s Guide.
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Figure 5.1: Step response plot with user-defined title amddyo

Detailed description of each member function of cl@gdot can be found in the chapter about plotting
in Ch User’s Guide

5.2 Plotting with Grids

Proper grids can help the user understand some special glmtis as Nyquist plot, Nichols plot, and root
locus or pole-zero maps in z-plane and s-plane. In Ch CoS8lystem Toolkit, member functions that can
add special grids to a plot are listed in Tahld 5.1.

Table 5.1: Member functions adding grid lines to plots.

Member functions Description

CControl::grid() add regular/Nyquist grid lines
CControl::ngrid()  add Nichols chart grid lines
CControl::sgrid()  generate an s-plane grid
CControl::zgrid()  generate a z-plane grid

The member functiolControl::grid () can add grid lines to Nyquist plots, regular plots suchtap s
response plots and Bode plots. Its syntax is shown as fallows

sys.grid(flag);

where flag is an integer. The function turns on the grid when the argurfigry equalsl, and turns off the
grid when it equald). Figure[5.2 is an example of regular grid which is added toBbde plot shown in
Figure[3.I¥. The original program without grid lines is simow Prograni_319.
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When the member functio@Control::grid () is applied to Nyquist plot, the grid lines are circles e
of regular straight lines as illustrated in Figlirel5.3. FIB@ systems, whe@'(jw) is the complex transfer
function, there is a corresponding unity-feedback cldseg-transfer function

- G(jw)
T(Jw)—m

Assume thatV/ (w) anda(w) are magnitude and phase of the closed-loop transfer functie have equa-
tions as shown below,
M(w) = T(jw)],a(w) = /T(jw)

In Nyquist plot, the contours of constant value/f(w) anda(w) are circles. These circles are referred to
as the M and N circles, respectively. Figlire]l 5.3 is an exampielding M and N circles to Nyquist plots
shown in Figuré-3.119 using member functié&ontrol::grid ().

Bode Diagram
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Figure 5.2: Bode plot with regular grid lines.
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Nyquist plot of LTI models
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Figure 5.3: Nyquist plot with grid lines.

The member functiorfCControl::ngrid () adds grid lines to a Nichols chart. Its syntax is shown as
follows,

sys.ngrid(flag);

whereflag is an integer. The function turns on the grid when the argunfikry equalsl, and turns off the
grid when it equal®. Similar to a Nyquist plot, a Nichols chart consists of thatooirs of constant closed-
loop magnitude and phase. But these contours are not cirélgare[5.4 is an example of superimposing
Nichols chart grid lines over the Nichols frequency resgoskown in Figuré_3.18, so that the user can
determine the bandwidth, gain margin, phase margin, and $§ observing where the Nichols plot crosses
some special grid lines.
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Nichols Chart
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Figure 5.4: Nichols frequency response with Nichols ched kines.

The member functiorCControl::sgrid () adds s-plane grid of constant damping factors and natural
frequencies to plots of pole-zero map or root locus. Theasyof this member function is as follows.

sys.sgrid(flag);

If flag equalsl, a grid of constant damping factors fraimo 1 in steps of0.1 and natural frequencies from
0 to 10 rad/sec in steps df rad/sec will be added to a plot. If the user needs to replaesetdefault steps,
the following syntax can be used,

sys.sgrid(flag, z, w);

where arrays andw contain the user-defined damping factors and natural fredee Figurd5l5 is the
root locus plot shown in Figule4.2 with s-plane grid lines.
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Root Locus
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Figure 5.5: Root locus plot with s-plane grid of constant gdang factors and natural frequencies.

If the object is a discrete-time system and the root locus tké z-plane. The member functi@Con-
trol::zgrid () can be used to add z-plane grid of constant damping faetedsnatural frequencies. The
default grid of constant damping factors is fréno 1 in steps 0f0.1 and natural frequencies frofnto 7 in
steps ofr/10. The user can replace these default steps by passing egtnaants to the member function.
The syntax of this function is shown as follows. The stateimen

sys.zgrid(flag);
adds grid to z-plane with default steps, whereas the
sys.zgrid(flag, z, w);

statement uses the user-defined steps indicated by areayw.
Figure[5.6 illustrates the grid added to a discrete z-planélocus diagram. The source code is shown
in Progranf5.R.
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/I rlocus.ch
/I example of root locus

#include <control.h>

int main() {
array double num[3] = {2, -3.5, 1.5}, den[3] = {1, -1.5, 0.9}
int nx;
CPlot plotl12;
CControl sys;

sys.model("tf", num, den, -1);
nx = sys.size(’x’);

array double complex r[nx][100];
array double kout[100];
sys.zgrid(1);

sys.rlocus(&plotl2, r, kout);

return O;

Program 5.2: Example of root locus plot with z-plane grid @fistant damping factors and natural frequen-
cies. plot _zgrid.ch ).

Root Locus
1t 188 1.57 1.26
2.20 0.10 0.94
0.20
2.51 0.30 63
0s L 0.40 N
: 0.50 \
0.60
2.83 0.70 \ 031
0.80
” 0.90 \
Z 3.14 = \‘
2 0 F 34 e} O
E
2.83 0.31
05
2.5 .63
2.20 0.94
1.88
1 1.57 1.26
1 1 1 1
1 0.5 0 0.5 1
Real Axis

Figure 5.6: The output from executing Progriam 5.2.
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Chapter 6

Web-Based Control Design and Analysis
System

Using web-based control design and analysis system (WCDAGHh Control System Toolkit, design and
analysis of control systems can be performed using a webdaoawer the internet without any software
installation on the client machine and without tedious progming. The user can specify a simulation
method, system type of continuous-time or discrete-tirgstesn model of state-space, transfer function, or
zero-pole-gain, and other system parameters in a web browbkese data are then transferred to the web
server for computation using Ch and Ch Control System Totlikbough Common Gateway Interface (CGl).
The text or graphical results are sent back and displayetdenalient web browser. This web-based system
is especially useful for teaching and student learning oitrod theorem. In this chapter, the web-based
control design and analysis system in Ch Control Systemkitosill be described.

6.1 System Requirement and Installation

To use Web-based control and design system, it only reqaiM&b brower in a computer connected to
the internet. However, to install and setup a Web-basedaamd design system, it requires the following
modules. which are available for downloading from the Web.

1. A Web server.

2. Ch Professional Edition.
3. Ch CGl Toolkit.

4. Ch Control System Toolkit.

The html files for Web-based control and design system are atddc in
$CHHOME/toolkit/demos/CGl/chhtml/toolkit/control You need to copy or symbolically
link html files to a documentation directory in a Web server, ucks as
{usr/local/apachd..3.9/htdocs/chhtml/toolkit/control for Apache web s&rversion 1.3.9, by the folllowing
command in Ch.

cd your_web _doc_home_dir

mkdir -p chhtml/toolkit

cd chhtml/toolkit

In -s $CHHOME!/toolkit/demos/CGl/chhtml/toolkit/contro | control
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or
cp -r $CHHOME/toolkit/demos/CGl/chhtml/toolkit/contro | control

The Ch CGI programs for Web-based control and design system lacated in
$CHHOME/toolkit/demos/CGl/chcgi/toolkit/control . You need to copy or symbolically
link the chcgi directory CHHOME/toolkit/demos/CGl/chégiolkit/control to the Web server cgi-bin direc-
tory such as /ust/local/apache3.9/htdocs/chcgi/toolkit/control for Apache web semersion 1.3.9, by the
folllowing command in Ch.

cd your_web_cgi-bin_dir
mkdir -p chcgiftoolkit
cd chcgi/toolkit

In -s $CHHOME/toolkit/demos/CGl/chcgi/toolkit/control control
or
cp -r $CHHOME/toolkit’/demos/CGl/chcgi/toolkit/control control

After sectup, Ch Web-based control and design system can [loeessed at
http://www.yourweh server.com/chhtml/toolkit/control/index.html.

6.2 Features of Web-Based Control Design and Analysis Syste

Taking the advantage of the Ch language environment, thebaséd control design and analysis system
has the following salient features:

Powerful. The WCDAS provides most commonly used functions in corgystem design and analysis
such as time-domain response, frequency-domain respeysiem analysis, system design, model conver-
sion and system conversion, etc. Most functions can beeppdi both continuous-time and discrete-time
LTI systems, which can be modeled in state-space equatamsfer function or zero-pole-gain represen-
tations. They also support multiple-input, and multiplegut (MIMO) systems. The functionality of the
WCDAS is outlined in Tablg®&l1. Figurle—%.1 gives the partialwof the index page of WCDAS.

Interactive. All the functions in WCDAS are interactive and all parameteuch as system model,
system type, and system data can be modified on-line to sohatigal engineering problems. The user’s
input is checked for consistency of control models, vectat matrix dimension matching, data validation,
etc. with informative messages to guide the user to solve@agoroblems.

Ease to useA unigue feature of the WCDAS is its ability for the user tigm, analyze and verify con-
trol strategies over the internet without any softwareaitation, system configuration and programming.
The user can focus on the control system problems and getsiéis on the fly without tedious program-
ming. The WCDAS provides a working sample case for each iomdb illustrate its use. By following
the sample cases, entering the system parameters in theafatrolicking buttons to select the different
choices, the user can gain valuable experience of the ¢@ystem design and analysis, and readily solve
more complicated problems.

Easy to maintain. From the system developer’s point of view, the WCDAS is dasyaintain. Each
function is arranged in a series of files without across fonctalls. A function can be added or modified
from the web site with ease.
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Table 6.1: Functions of web-based control design and aisadystem.

1.Time Domain Response Analysis | 5. Model Reduction and Dynamics
Step response Bandwidth
Impulse response Pole-zero map
Initial response Damping factors and natural frequencies
Simulation response DC gain

2. Frequency Domain Analysis Sort poles
Bode diagram Minimal realization
Gain and phase margin Pzcancel
Nichols chart 6. Model Conversion
Nyquist diagram State-space model
Frequency response Transfer function model

3. Analysis and Design in State-Space ZPK model
Controllability analysis 7. System Conversion
Controllability staircase Coordinate transformation
Grammian Continuous-time to discrete-time
LQE design Discrete-time to continuous-time
LQG design Discrete-time to discrete-time
Lyapunov equation solvers Delay2z
Observability analysis 8. System Interconnection
Observability staircase Series
Pole placement Parallel

4. Root Locus Design Feedback
Root locus Append

Connect
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File Edit W¥iew Go

6.2. FEATURES OF WEB-BASED CONTROL DESIGN AND ANALYSIS SY&EM

and &nalw
Communicator

i| 4" Members & WebMail 4 Connections ¢ BizJournal ¢ SmartUpdate #* Mkiplace

.,;‘v Bookmarks $ Location: [Ell_ql:f.fwww.snﬂintegr_ajion.i:om.fwehservices.fcnntnlr

Home |

@ Our Founding Vision: =
integfatlon One Language for All[tm]
Products | Support | Download | Store | Search | Company
Web Services in Ch
Web Services Web-Based Control System Design and Analysis
Calculators
20/30 Plotting i ! . . ; o
M ok Kokl This Web service for interactive control system design and analysis is part of Ch Control System
UNELEAbNR ST Toolkit. Ch Control Zystem Toolkit supports most classical and modern control technigues through
Control Design and object-oriented programming based on a control class. It can seamlessly interface existing C/C++
Analysis code in either source code or binary static/dynamical libraries without re—compilation. It can even be
Weh Based OpenGl embedded in other application programs.
This YWeb-bhased system can be used for modeling, design, and analysis of continuous-time or
discrete—time linear time—invariant (LTI) control systems. 4 control system can be modeled in the
form of transfer functions, zero-pole—gain, or state-space.
Function Description
Time Domain Fesponse Analysis
Step response Plot step response of a system in time domain.
Impulse response Plot impulse response of a system in time domain.
i Plot time domain initial response of a system
lalielasnanan represented in state space.
Simulation response Simulate system response to an arbitrary input.
Freguency Domain Analysis
Eode diagram Plot the Bode frequency respaonse of a system.
Gain and phase margin Calculate the gain and phase margins of a system.
Hichaols chart Plot the Michols frequency response of a system.
Myquist diagram Plot the Myquist frequency response of a system.
Freguency response Calculate the system frequency response.
Analysis and Design in State-Space
= | [ e 4P 2|

Figure 6.1: Index page of web-based control design and sisadystem.
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Forml
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Descrption.
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__oystern time

Formd Paratneters

Foye3

Figure 6.2: The overview of using a function in the WCDAS.

6.3 User Interface of Web-Based Control Design and AnalysiSystem

In WCDAS, multiple web pages are provided for each functiorthis section, the function of step response
will be used as an example to illustrate the user interfaddefiystem. The system overview of using a
function in the WCDAS, such as step response function, issho Figure [6.P.

Clicking Step responsknk on the index page shown in Figule—6.1, the new page wibtmight up
as shown in Figurd_8.3, which is indicated as Form 1 in Fidu® Bs the first page for function of step
response, function description is presented at the topegbdige. The user first selects a system model from
state-space, transfer function or zero-pole-gain reptaens. Then selects the system type of continuous-
time or discrete-time. For a discrete-time system, the ligetto input a sampling time in unit of second. In
Figure [&.B, continuous system in state-space equationgmasdelected. We label this web page as Form 1.

Clicking on Continuebutton in Form 1, we will get the second page shown in Figué. &his page

consists of two parts. A default example, correspondingpécsi/stem type and system model chosen by the
user in the previous page Form 1, is given in the upper panttHeofunction of step response, the default
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Metscape: step Eesponze

File Edit Yiew Go Communicator

t Members .‘ Webhail t Conneclions t BizJournal ‘ SmartUpdate .‘ Mkiplace

mf' Bookmarks qﬁ. Location: liiupﬂnuww.swﬂintegraﬁun.cumrchhhnlrtunlkitfcuntulmtepmnl

Step Response

Description:

The step response is defined as the response of a system to a step input. The zero
initial state is assumed by default in the state—space model. For MIMMO systems, the
step responses of each input—output pair will be plotted in separate subplots,

Flease select a model to represent the system:

Svystem Model:

@>tate—space equations
_Transfer function
. Zero—pole—gain representation

Svstem Type:

WContinuous-time.

~ Discrete—time with the sampling time of |J0.25 second

Cuntinue|

Figure 6.3: System model and system type selection pagen(Epr
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control system in state-space equation is as follows.

1"1 = —0.51'1 — 0.81'2 +u (61)
iy = 0.81; (6.2)
y = 2x1+6.5x9 (6.3)

In standard state-space equation of

%X = Ax+Bu (6.4)
y = Cx+Du (6.5)
values for matrice#\, B,C andD are
—-0.5 —-0.8 1.0
A:[O.S 0 ],B:[O],Czp 6.5],D:[0]. (6.6)

This example illustrates how to fill out the input boxes. Tlerncan just clickRun Exampléutton in this
part to get the result.

The user can also define a new control system in the lower paheoFigure [&4. The dimension
of system matrices for state-space equations, the ordenlpfigmials of numerator and denominator for
transfer function, the number of zeros and poles for ZPKasgmtations can be specified by the user. For
example, the lower part in Figule—6.4 asks the user to spawfgimension of system matrices because we
chose the system model of state-space representation preti@us page shown in Figule—5.3. We label
this web page as Form 2.

If the user clicksSubmitbutton in the lower part of Form 2, a new page will be broughasghown in
Figure [&5. This page asks the user to input each entry ofygtera matrices for a state-space model, the
coefficients of polynomials of numerator and denominatoftransfer function model, or the zeros, poles,
and gain for a zpk representation. We label this new page as Boln Figure[&b, we entered values for
system matrice&\,B,C andD in state-space equation. The dimensions of these matnieedefined in the
lower part of Form 2 in Figuré_8.4.

The user can obtain the final result by two ways. One is clgiRim Exampléutton in Form 2 for
sample system, and the otheRsnbutton in Form 3 for user-defined systems. We label the resje as
Form 4. The time duration of 16 seconds and plotting grid atecsed at the bottom of Form 3 in Figure
[E3. Figure[8)6 shows the step response of the system defiieédure [6.5.

6.4 An Application Example

In this section, a sample application will be used to illasgrhow control problems are solved using this
web-based control design and analysis system. For a contatime linear time-invariant control system
represented in state-space equatifng (6.4)[@nd (6.5 give

—0.5 —08 0.53 1.0
A=| 08 012 07 |,B=| 08 ,C:[z 6.5 —2},D:[1.2}. (6.7)
~053 —0.7 —1.1 15

plot the step response of the system.

The procedure to obtain the result is as follows. FirstkcBtep responsknk in the index page shown
in Figure[&1 to bring up Form 1 shown in Figurel6.3. Then,dlee system model of state-space equation
and system type of continuous-time, cliClontinuebutton then Form 2 appears as shown in Fiduré 6.4. We
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Metscape: Web-Eased Control System Analysis and Design
File Edit Yiew Go Communicator

l Members l Webkail l Connections l BizJournal l SmartUpdate l Mkiplace

»».‘T Bookmarks JL Location: [Z_ﬂIp:f.f'.uww.snrﬂintegralinn.cnm.fr.gi-hin.fnhcgi.ftunlhit.l'nnnh'nl.fn'u:_atep.ch

Step Response

Example:

To build & swstem with dimensions different from the spstem below, please click fuwe.
A matrin=

0.5 0.8

0.8 0

B mattid=

C mafrin=

D matin=

Time dutation in seconds (0 for artomatic selection of dursdion fime) :D

. PloHing ard

Fun EHa.mpIeI Resefl

Define Dimensions of the System:

The size of matri- A is: 3; L] 3;

The size of matri B is: 3; L] :1

The size of matrix C is: :1 L] j

The size of matriz D is: :1 L] :1

Submifl F!e_sefl

Figure 6.4: The default system example and new system defirpage (Form 2).
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I Metscape: Web-Eased Control System &nalwsis and Design
File Edit W¥iew Go Communicator

l Members l Webkail l Conneclions t BizJournal l SmartUpdate l Mkiplace

W" Eookmarks \$ Location: [imp:fnuwws:rﬂintegraﬁnn.r.nma'ngi-him'nhcgiﬂtunlhih'nnnh‘nl!ﬂﬂ:_step.r.h

Step Response

Please fill out the entries below

hatri A =
-0.5 -0.§ 0.53

0.8 0.12 0.7

-0.53 -0.7 —il iE
hatriz B =
1.00

0.8

-1.5

hAatrix C =

= 6.5 -2.0
Matriz D =

1.2

Time duration in seconds (0 for automatic selection of duration time) | 14
WFlotting grid

Figure 6.5: The user defined system input page (Form 3).
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Metscape: Web-EBased Control System Analvsis and Design
File Edit Yiew Go Communicator

l Members l Webkail l Connections l BizJournal l SmartUpdate l Mkiplace

“' Bookmarks qﬁ Location: [iittp:fmrwwmrﬂintegralinn.cnm.fr.gi-hin.fnhcgi.ftunlhit.l'nnnh'nl.fn'u:_atep.ch

Step Response

Step Response
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———

i
1
5] 2 4 & g 1@ 1z 14 15
Time (secl

Figure 6.6: The result page of the step response (Form 4).
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need to build a new system with matrix dimensiongdodf 3x3, B of 3x1, C of 1x3 andD of 1x1. Next,
click Submitbutton in Form 2 in Figurd_6l4, Form 3 will be brought up as shawFigure [&5. Fill out
each element with given data. Finally, cliBunbutton to display the result as shown in Figlire] 6.6.
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Appendix A

Reference of Member Functions of
CControl Class

The Ch Control System Toolkit provides clag€ontrol and a set of member functions for control system
design, analysis, and modeling. The headercietrol.h contains the definition of the the cla8&ontrol
, macros and prototypes of member functions that are alpicabig listed in TabldZAL.

Table A.1: Member functions a@Control class.

Functions  Description cl b2 wm3
acker() pole placement gain selection using Ackermanmisdita for Sl systems X X X
append() group LTI models by appending their inputs anduistp X X X
augstate() append the state vector to the output vector X X X
bandwidth() bandwidth of SISO models X N
bode() Bode plot X X
bodemag()  plot Bode magnitude X
cz2d() convert systems from continuous-time models to disetime models X N X
canon() canonical state-space realizations X X X
compensatorZeroPoleGain() X
compute a compensator’s zero, pole, and gain
connect() derive state-space model from block diagramrigien X X X
ctrb() compute controllability matrix of systems X X X
ctrbf() compute controllability staircase form X X X
d2c() convert systems from discrete-time models to contisttime models N X X
d2d() convert discrete-time models to discrete-time nmeodel N X X
with different sample time
damp() compute natural frequency and damping factors X
dcgain() compute low-frequency gain X X X

1Continuous-time systems supporting. "X’ indicates that thember function supports continuous-time systems; Bitadtik
cates that the feature will be added; 'N’ indicates that tivefion does not apply to continuous-time systems.

2Discrete-time systems supporting. "X’ indicates that trenther function supports discrete-time systems; Blanlcitds that
the feature will be added; 'N’ indicates that the functioredmot apply to discrete-time systems.

3MIMO systems supporting. ’X’ indicates that the member timve supports MIMO systems; Blank indicates that the featur
will be added; "N’ indicates that the function does not ap@iyvIMO systems. All member functions support SISO systems.

4Only apply to single input system.

SAll discrete-time systems should have the same sample time.
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Table A.1: Member functions g€ Control .

N

Functions Description C D M
delay2z() replace all delays with a phase shift N X
digr() Linear-quadratic regulator design for discretedisystems N X X
dlyap() solve discrete-time Lyapunov equations N X X
dsort() sort the poles of discrete-time systems N X
esort() sort the poles of continuous-time systems X N
estim() produce a state/output estimator X X
feedback() feedback connection of two LTI models X X X
fregresp() frequency response function X
getDominantPole() compute the dominant pole based on tlvepie X

overshoot or damping ratio
getSystemType() get system type X X X
gram() controllability and observability gramians X X X
grid() add regular/Nyquist grid lines X X X
hasdelay() determine if the system has any delay X X
impulse() impulse response X X X
initial() initial condition response X X X
isDiscrete() determine if the system is discrete X X X
Ige() Kalman estimator design for continuous-time systems X N X
Iqr() Linear-quadratic regulator design for continuoumse systems X N X
Isim() response to arbitrary inputs X X X
lyap() solve continuous-time Lyapunov equations X N X
margin() compute gain and phase margins X N
minreal() minimal realization of an LTI model X X X
model() create a model for an LTI system X X X
ngrid() add Nichols chart grid lines X N
nichols() Nichols plot X
nyquist() Nyquist plot X
obsv() compute observability matrix of the system X X X
obsvf() compute observability staircase form X X X
parallel() parallel connection of LTI models X X X
place() pole placement design X X X
pole() compute poles of LTI systems X X
printSystem() print information of system X X X
printss() print system, input, output, and direct transinis matrices X X X

for state space models
printtf() print numerator and denominator of a transferction model X X
printzpk() print zeros, poles and gain of a zero-pole-gagdeh X X
pzcancel() pole-zero cancellation in transfer functiozemo-pole-gain models X X
pzmap() compute the pole-zero map of an LTI model X X
rlocfind() find feedback gains for a given set of roots X X N
rlocus() compute and plot the root locus of an SISO system X X
series() series connection of LTI models X X X
setDelay() set delay in the system X X

80



APPENDIX A. REFERENCE OF MEMBER FUNCTIONS OF CCONTROL CLASS

Table A.1: Member functions g€ Control .

Functions Description C D M
setTs() set sample time of discrete-time system N X
sgrid() generate an s-plane grid X N X
size() get system parameters’ sizes X X X
ss2ss() state coordinate transformation for state-spacels X X X
ssdata() get system, input/output and direct transmigg@tnix in SS model X X X
step() step response X X X
stepinfo()  characteristics information for step response X X X
tfdata() get the numerators and denominators in TF model X X
tzero() return the transmission zeros of the LTI system X X
zgrid() generate a z-plane grid N X X
zpkdata()  get zeros, poles and gains in ZPK model X X
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CControl ::acker

CControl ::acker

Synopsis
int acker (array double &, array double complex|:]);

Purpose
Pole placement design for single-input systems.

Return Value
Upon successful completion, zero is returned. Otherwisaluwe of non-zero is returned.

Parameters

k Array of reference containing the gains that make the cldsepl poles match these specified in the
argumentp.

p An assumed-shape array of double complex which contairieededosed-loop pole locations.

Description
The functionacker () uses Ackermann’s formula to calculate a gain veétauch that the state feedback
u = —kx places the closed-loop poles, which are the eigenvaluesatix(A — Bk), at the locations

specified byp. Here,A and B are system and input matrices, respectively.

Note: acker () is limited to controllable single-input systems. The nimfunctionplace () is recom-
mented for pole placement design.

Example

#include <control.h>

#define NUMX 2 /I number of states
#define NUMU 1 /Il number of inputs
#define NUMY 1 /I number of outputs
int main() {
array double A[NUMX][NUMX] = {-0.5572, -0.7814,
0.7814, 0};
array double B[NUMX][NUMU] = {1, 0};

array double C[NUMY][NUMX] = {1.9691, 6.4493};
array double K[NUMX];

array double complex p[NUMX] = {1, 2};

int i;

CControl sys;

sys.model("ss", A, B, C, NULL);
sys.acker(k, p);

for (i = 0; i < NUMX; i ++) { // print out the result
printf("k[%d] = %f\n", i, K[i]);

return O;
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The output is shown as follows.

k[0] = -3.557200
K[1] = 1.778109

See Also
CControl::lgr (), CControl::rlocus (), CControl::place().

CControl ::append

CControl ::append

Synopsis
CControl* append(.../* CControl *sys2, ...*/);

Purpose

Group LTI models by appending their inputs and outputs.

Return Value

Upon successful completion, a non-NULL pointer to cl@&Sontrol representing the generated system is

returned. Otherwise, a NULL pointer is returned.

Parameters

... Variable number of pointers to cla€Control representing systems to be appended to this system.

Description

The functionappend () appends the inputs and outputs of the LTI models, ..
represented in state space models 4s B;,Cy, D1), ...

., andsys,,, which are

, and(A,, B, C,, D,,), to form the resulting

modelsys. The matrices of state space mo¢idl B, C, D) of sys is shown as below.

Ay 0 0 ]
0 A, 0
A= . . |.B=
0 0 . Ay
C; 0 0 |
0 O 0
pu— . 7D:
0 0 ... G|

B 0 ... O
0 By ... O
0 O B,
Dy 0 0
0 Dy 0

0 O D,

If the systems are created in other models rather than state sthey will be changed to state space models

by Ch Control System Toolkit automatically.

Example

#include <control.h>

#define NUMU2 1 /I number of inputs
#define NUMY2 1 /I number of outputs
#define NUMX3 1 /I number of states
#define NUMU3 1 /I number of inputs
#define NUMY3 1 /I number of outputs
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int main() {

array double num[1l] = {1}, den[2] = {1, O}

array double D2[NUMY2]J[NUMU2] = {10};

array double A[NUMX3][NUMX3] = {1},
B[NUMX3][NUMU3] = {2},
C[NUMY3][NUMX3] = {3},
DINUMY3][NUMU3] = {4};

CControl sysl, sys2, sys3, *sys;

sysl.model("tf", num, den);
sys2.model("ss", NULL, NULL, NULL, D2);
sys3.model("ss", A, B, C, D);

sys = sysl.append(&sys2, &sys3);
sys->printSystem();
return O;

}
The output is shown as follows.

Continuous-time System
State-space arguments:
A =

-0.000000  0.000000
0.000000  1.000000

B =
1.000000 0.000000 0.000000
0.000000 0.000000 2.000000
C =
1.000000 0.000000
0.000000 0.000000
0.000000 3.000000
D =
0.000000 0.000000 0.000000
0.000000 10.000000 0.000000
0.000000 0.000000 4.000000
See Also

CControl::connect(), CControl::parallel (), CControl::series().

CControl ::augstate

Synopsis
CControl* augstate();

Purpose
Append the state vector to the output vector.

Return Value
Upon successful completion, a non-NULL pointer to cl@&Sontrol representing the generated system is
returned. Otherwise, a NULL pointer is returned.

Parameters
None.
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Description
The functionaugstate() appends the state vector to the output vector of the sysdasume that the system
sys has state space model

X = AX 4+ BU
Y = CX+ DU

the function calkys.augstate returns a system with state space model of

X = AX + BU
Y C D
HEHESHE

If the systems are created in other models rather than ia sfsce, they will be changed to state space
models by Ch Control System Toolkit automatically.

Example

#include <control.h>

#define NUMX 4 /I number of states

#define NUMU 2 /I number of inputs

#define NUMY 2 /I number of outputs

int main() {

array double A[INUMX][NUMX] = {{-4.12, -17.4, -30.8, -60},

{1, 0, 0, 0},
{0, 1, 0, 0},
{0, 0, 1, o1

B[NUMX][NUMU] = {15, 0, 0, 2, 1, 2, 3, 4},
C[NUMY]INUMX] = {4, 8.4, 30.78, 60, 3, 4, 5, 6 },
D[NUMY]NUMU] = {1, 2, 3, 4}

CPlot plot;

CControl sys, *asys;

sys.model("ss", A, B, C, D);
asys = sys.augstate();
asys->printSystem();

return O;

}
The output is shown as follows.

Continuous-time System
State-space arguments:
A =
-4.120000 -17.400000 -30.800000 -60.000000
1.000000  0.000000  0.000000  0.000000
0.000000  1.000000 0.000000  0.000000
0.000000  0.000000 1.000000  0.000000
B =
1.500000  0.000000
0.000000  2.000000
1.000000  2.000000
3.000000  4.000000
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C =

4.000000 8.400000 30.780000 60.000000
3.000000 4.000000 5.000000 6.000000
1.000000 0.000000 0.000000 0.000000
0.000000 1.000000 0.000000 0.000000
0.000000 0.000000 1.000000 0.000000
0.000000 0.000000 0.000000 1.000000

1.000000  2.000000
3.000000  4.000000
0.000000  0.000000
0.000000  0.000000
0.000000  0.000000
0.000000  0.000000

See Also
CcControl::feedback(), CControl::parallel (), CControl::series().

CControl ::bandwidth

Synopsis
double*bandwidth (... /* double dbdrop */);

Purpose
Calculate the bandwidth of the SISO model.

Return Value
A double value representing the bandwidth of the systentisned. It is expressed in radians per second.

Parameters
... The following argument is optional.

dbdrop A double value which specifies the critical gain drop in detib

Description

The functionbandwidth () calculates the bandwidth which is defined as the first ®eagy where the gain
drops below the critical gain drop specified by argum#al-op or 70.79 percent (-3 dB) by default of sys-
tem steady-state gain.

Example

#include <control.h>

int main() {
array double complex zero[2] = {-10, -20.01};
array double complex pole[3] = {-5, -9.9, -20.1};
double k = 1;
double fb;
CControl sys;

sys.model("zpk", zero, pole, k);

fb = sys.bandwidth();
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printf("Bandwidth of the system corresponding to default ¢ ritical gain drop is %f\n", fb);

fb = sys.bandwidth(-4);
printf("Bandwidth of the system corresponding to critical gain drop of -4 is %f\n", fb);

return O;

}

The output is shown as follows.

Bandwidth of the system corresponding to default critical g ain drop is 4.969758
Bandwidth of the system corresponding to critical gain drop of -4 is 6.120673
See Also

CControl::dcgain ()

CControl ::bode

Synopsis
int* bode (classCPlot *plot, array doublenag[&], array doublephase[&], array doublewout[&], ... /*
array doublew[&] or double wmin, doublewmaz */);

Purpose
Compute the Bode frequency response of system.

Return Value
Upon successful completion, zero is returned. Otherwisaluwe of non-zero is returned.

Parameters
plot Pointer to an existing object of cla€¥lot .

mag Array of reference containing magnitudes of the frequeesponse at the frequencies in arteyut.
The magnitudes are expressed in decibels.

phase Array of reference containing phases of the frequency respat the frequenciesout. The phases
are expressed in degrees.

wout Array of reference containing output frequencies which expressed inad/sec. If user-defined
frequencies are absent, the automatically generatedenetps will be contained.

... Variable length argument list expecting one argumenipr two argumentsymin andwmaz.
w Array of reference containing user-defined frequencieshatiwfrequency response is calculated.
wmin and wmaxz Two double value specifying bounds of a particular freqyanterval [wmin,wmax].

Description

The functionbode () computes and plots the magnitude and phase of the frequesgonse of LTI models.

If the first argument is not a NULL pointer, a Bode plot will beoduced. If the user explicitly specifies
the frequency range or frequency points, they will be useshlaulations and plots. Otherwise, the default
frequency vectotv is generated by the following statement automatically.

logspace(w, log10(0.1), log10(1000))
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w is a logarithmically spaced frequency vector and expresseddians/sec. This function is applicable
only to SISO cases in the current implementation.

Example
In this example, the Bode plots are produced on both defadltuser-defined frequency range. The user
can retrieve output information from arraysug, phase, andwout.

#include <control.h>

int main() {
array double num[3] = {1, 0.1, 7.5}, den[5] = {1, 0.12, 9, 0, O}
CPlot plotl, plot2;
array double mag[100], phase[100], wout[100];
CControl sys;

sys.model("tf", num, den);

sys.bode(&plotl, NULL, NULL, NULL);
sys.bode(&plot2, mag, phase, wout, 1, 10);
return O;

}
The plot on the default frequency range [.1, 1000] is showfokmvs.

Bode Diagram
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The plot on the user-defined range [1, 10] is shown as follows.
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Bode Diagram
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See Also
CControl::fregresp (), CControl::nichols (), CControl::nyquist ().

CControl ::bodemag

Synopsis
int* bodemag(classCPlot *plot, array doublenag[&], array doublewout[&], ... /* array doublew[&] or
doublewmin, doublewmax */);

Purpose
Compute the Bode frequency response of system.

Return Value
Upon successful completion, zero is returned. Otherwisa|uwe of non-zero is returned.

Parameters
plot Painter to an existing object of cla€¥lot .

mag Array of reference containing magnitudes of the frequersponse at the frequencies in arteyut.
The magnitudes are expressed in decibels.

wout Array of reference containing output frequencies which expressed inad/sec. If user-defined
frequencies are absent, the automatically generatedenetps will be contained.

... Variable length argument list expecting one argumenipr two argumentsymin andwmaz.
w Array of reference containing user-defined frequencieshatiwfrequency response is calculated.

wmin and wmaxz Two double value specifying bounds of a particular freqyanterval [wmin,wmax].
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Description

The functionbodemag() computes and plots the magnitude of the frequency regpohkTI models. If
the first argument is not a NULL pointer, a Bode plot will be gwuoed. If the user explicitly specifies
the frequency range or frequency points, they will be usechinulations and plots, otherwise the default
frequency vectotv is generated by the following statement automatically.

logspace(w, log10(0.1), log10(1000))

w is a logarithmically spaced frequency vector and expreBseddians/sec. This function is applicable
to SISO system only in the current implementation.

Example
In this complete example, the Bode plots are produced on defult and user-defined frequency range.
The user can retrieve output information from arraysg, andwout.

#include <control.h>

int main() {
array double num[3] = {1, 0.1, 7.5}, den[5] = {1, 0.12, 9, 0, O}
CPlot plotl, plot2;
array double mag[100], wout[100];
CControl sys;

sys.model("tf", num, den);
sys.bodemag(&plotl, NULL, NULL);
sys.bodemag(&plot2, mag, wout, 1, 10);

return O;

}
The plot on the default frequency range [.1, 1000] is showfokmvs.

Bode Magnitude Diagram
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The plot on the user-defined range [1, 10] is shown as follows.
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Bode Magnitude Diagram
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See Also
CControl::bode()

CControl ::c2d

Synopsis
CControl* c2d (double ts, ... /* string method */);

Purpose
Converts a state space model from continuous-time modelis¢cete-time.

Return Value
Upon successful completion, a non-NULL pointer to cl&@Sontrol representing the resulting discrete-
time generated system is returned. Otherwise, a NULL poisteturned.

Parameters
ts Sample time.

... The following argument is optional.

method Selected discretization method amdmgh" |, "foh" ,"tustin” ,"prewarp" ,and"'matched"
"zoh" standing for'Zero-order hold" is the default and the only method available for now.
Description

The functionc2d () discretizes the continuous-time LTI mod®lys" using specified methods such as
“zero-order hold” on the inputs with the sample timeteseconds.

Example

The following example produces a discrete-time systgm from the continuous oneys using “zero-
order hold” as the discretization method and second as the sample time. The difference between the
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continuous and discretized system are illustrated by thgpenison of their step responses in the following

figure.

#include <control.h>

#define
#define
#define
#define
#define
#define

NUMX 4 /I number of states

NUMU 1 /I number of inputs

NUMY 1 /I number of outputs

TS 0.5 |/ time sampling of discrete system

N1 500 // number of time samples for continuous-time
N2 34 /I number of time samples for discrete-time sys

/I 17 seconds for ts = 0.5

int main() {

array double A[INUMX][NUMX] = {{-4.12, -17.4, -30.8, -60},
{1, 0, 0, 0},
{0, 1, 0, 0},
{0, 0, 1, 0}},

BINUMX][NUMU] = {1, 0, 0, O},
CINUMY]INUMX] = {4, 8.4, 30.78, 60};

CControl sys, *sysd;

array double y1[N1], t1[N1];
array double y2[N2], t2[N2];
CPlot plot;

sys.model("ss", A, B, C, NULL);
sys.step(NULL, y1, t1, NULL);
plot.data2D(t1, y1);

sysd = sys.c2d(TS, "zoh");
sysd->step(NULL, y2, t2, NULL);
plot.data2D(t2, y2);

plot.plotType(PLOT_PLOTTYPE_STEPS, 1);
plot.label(PLOT_AXIS_X, "Time (second)");
plot.label(PLOT_AXIS_Y,"Amplitude Y");
plot.title("Step Response");
plot.legend("Continuous-time system", 0);
plot.legend("Discrete-time system”, 1);

plot.plotting();

return 0;

}

The step responses of both systems are shown as follows.
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Step Response
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Continuous-time system ———
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See Also
CControl::d2c(), CControl::d2d (), CControl::ss2sg).

CControl ::canon

Synopsis
CControl* canon(array double &, ... /* string.t type */);

Purpose
Compute canonical state-space realizations.

Return Value
Upon successful completion, a non-NULL pointer to cl@&Sontrol expressed in canonical state-space

model is returned. Otherwise, a NULL pointer is returned.

Parameters
T State coordinate transformation.

... The following argument is optional.
type Type of canonical forms. Two typednodal” and"companion” , are available.

Description
The functioncanon () returns a canonical state-space model of the originaklytem. The system matrix

A, of the canonical model can be in modal or companion form. Imahdorm, the real eigenvalues of
A, appear on the diagonal, and the complex conjugate eigers/alppear i2 x 2 blocks on the diagonal.
Assume matrixA has eigenvalues\(c + w), it has the modal form as

A0 O
Ac=10 o w
0 —w o
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In companion form, coefficients of the characteristic polyral of the system appears explicitly in the
rightmost column of the system matri.. For a system with characteristic polynomial

p(s) =s" + a1s" V.t an_18 + an

the system matri¥. in companion form is

00 ... ... 0 =—a
10 0 ... 0 —ap—
01 0 : :
0 0 ... 1 0 —an
00 ... ... 1 —a |

The state coordinate transformatidrsatisfies the equation
X.=TX
whereX. is canonical state vector, where&sis the state vector of the original system.

Example

#include <control.h>

#define NUMX 4 /I number of states
#define NUMU 1 /I number of inputs
#define NUMY 1 /I number of outputs

int main() {
array double A[NUMX][NUMX] = {{-4.12, -17.4, -30.8, -60},
{1, 0, 0, 0},
{0, 1, 0, 0},
{0, 0, 1, 01,
B[NUMX][NUMU] = {1, 0, O, O},
C[NUMY]INUMX] = {4, 8.4, 30.78, 60}

array double T[NUMX][NUMX];
CControl sys, *syscl, *sysc2;

sys.model("ss", A, B, C, NULL);

syscl = sys.canon(T, "modal");

printf(">>>>>> State transformation for modal form :\n%f\ n", T);
syscl->printss();

sysc2 = sys.canon(T, "companion™);

printf(">>>>>> State transformation for companion form :\ n%f\n", T);
sysc2->printss();

return 0;

}
The output is shown as follows.

>>>>>> State transformation for modal form :
1.335048 3.507940 11.328091 20.707772
0.183734 -2.528629 -0.024470 -19.374270
-0.269257 -3.533022 -11.409088 -20.855833
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-0.922560 -2.830358 -5.755593 3.946991

State-space arguments:

A =
-1.797086
-2.213723

0.000000
0.000000
B =
1.335048
0.183734
-0.269257
-0.922560
C =
3.434442
D =
0.000000

>>>>>> State transformation for companion form :

2.213723
-1.797086

0.000000

0.000000

0.219592

0.000000
0.000000
-0.262914
-2.703862

0.433539

0.000000
0.000000
2.703862

-0.262914

0.551465

1.000000 4.120000 17.400000 30.800000
0.000000 1.000000 4.120000 17.400000

0.000000 0.000000 1.000000 4.120000
0.000000 0.000000 0.000000 1.000000

State-space arguments:

A =

0.000000
1.000000
0.000000
0.000000

1.000000
0.000000
0.000000
0.000000
4.000000
0.000000

See Also

0.000000
0.000000
1.000000
0.000000

-8.080000

0.000000 -60.000000
0.000000 -30.800000
0.000000 -17.400000

1.000000

-4.120000

-5.530400 100.177248

CControl::ctrb (), CControl::ctrbf ().
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CControl ::compensatorZeroPoleGain

Synopsis

int compensatorZeroPoleGailarray double complexompsys_dp|:],
array double complexomp_zerol:],
array double complexomp_polel:],
double *omp_gain);

Purpose
Compute a compensator’s zero, pole, and gain based on tinecdddsminant pole.

Return Value
Upon successful completion, zero is returned. Otherwises returned.

Parameters
compsys_dp Computational array of double complex containing the @elsdtominant pole.

comp_zero Computational array of double complex containing the camsp#or’s zero.
comp_pole Computational array of double complex containing the camspéor’s pole.
comp_gain Pointer to double value denoting the compensator’s gain.

Description

The functioncompensatorZeroPoleGain(computes and returns the zero, pole, and gain of a compensato
based on the desired dominant pole. One of the approachies dfesign of a compensator is to specify the
dominant pole that can be possessed by the compensatethsyites function allows a user to specify a
single dominant pole or a dominant pole pair, and a real vialuéhe compensator’s zero/pole. Based on
these input data, the compensator’s pole/zero and gairbevitlalculated and returned. Note that currently
we only deal with compensators with one real pole and onezezal This is the most common situation in
the design of a compensator. Therefore the currently agbkpsize of the second and third arrays of this
function is one. Since assumed-size computational arrfagsuble complex are adopted as the second and
third arguments of this function, this function can be egthto solve for compensators with multiple zeros
and poles of real or complex values.

Example 1
In this example, the compensator’s zero and gain are cédclidand returned based on the specified dominant
pole and compensator’s pole.

#include <control.h>

int main() {
/I Define the plant
double plant_k = 4;
array double complex plant_p[] = {0, -2};

/I Specify a pole for the dominant pole pair
array double complex dominant_p[] ={complex(-2, 2*sqrt(3 Nk

/I Specify the compensator’s pole/zero
array double complex comp_p[1] = {-20}, comp_z[1];
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/I Declare a double variable for the compensator's gain
double comp_k;

/I Declare a CControl object for the plant
CControl plant;

/I Calculate the compensator's pole/zero and gain
plant.model("zpk", NULL, plant_p, plant_k);
plant.compensatorZeroPoleGain(dominant_p, comp_z, com p_p, &comp_Kk);

/I Display compensator’s information
printf("\nCompensator:\n"

Pole: %f"

Zero: %f"

Gain: %f\n\n", real(comp_p), real(comp_z), comp_K);
return O;

The output of Example 1 is shown as follows.

Compensator:
Pole: -20.000000
Zero: -6.000000
Gain: 12.000000

Example 2
In this example, the compensator’s pole and gain are cadzlibnd returned based on the specified dominant
pole and compensator’s zero.

#include <control.h>

int main() {
/I Define the plant
double plant_k = 4;
array double complex plant_p[] = {0, -2};

/I Specify a pole for the dominant pole pair
array double complex dominant_p[] ={complex(-2, 2*sqrt(3 Nk

/I Specify the compensator’s pole/zero
array double complex comp_p[1], comp_z[1] = {-3};

/I Declare a double variable for the compensator's gain
double comp_k;

/I Declare a CControl object for the plant
CControl plant;

/I Calculate the compensator's pole/zero and gain
plant.model("zpk", NULL, plant_p, plant_k);
plant.compensatorZeroPoleGain(dominant_p, comp_z, com p_p, &comp_Kk);

/I Display compensator’s information
printf("\nCompensator:\n"
Pole: %f"
Zero: %f"
Gain: %f\n\n", real(comp_p), real(comp_z), comp_K);
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return O;

}

The output of Example 2 is shown as follows.

Compensator:
Pole: -5.600000
Zero: -3.000000
Gain: 4.800000

See Also
CControl::getDominantPole().

CControl ::connect

Synopsis
CControl* connect(array intg[:][:], array int input[:], array intoutput[:]);

Purpose
Construct state-space model from a unconnected bloclodégnodel.

Return Value
Upon successful completion, a non-NULL pointer to cl@&Sontrol representing the generated system is
returned. Otherwise, a NULL pointer is returned.

Parameters

q Array of interger which contains input and output numbermitticate how the blocks on the diagram are
connected. It has a row for each connected input of the systérare the first element is the input
number. The subsequent elements specify where the condisgoinput gets its summing inputs.
Negative elements indicate minus inputs.

input Array of interger which contains the indices indicating ahof the inputs in the unconnected system
are used as external inputs in the connected system.

output Array of interger which contains the indices indicating etniof the outputs in the unconnected
system are used as external outputs in the connected system.

Description

The functionconnect () constructs state-space model of a large scale system rmecting inputs and
outputs of a set of small subsystems. Given all subsysteatscin be expressed in state-space, trans-
fer function, or zero-pole-gain models, the user need tomsber functionCControl ::append () first

to append these subsystem together and construct an uctesiock-diagonal state-space model. The
functionconnect() then can be used to make the selected inputs and outputeated. Note that the count
of the inputs and outputs in Ch Control System Toolkit begyith 1.

Example
This example constructs the state-space model of the systenwn in Figuré All. The system consists of
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three subsystems. The transfer functions of sysl and sgs3 ar

6(s+3)
Gl = GroE )

1
@) = armTa

The system matrices of sys2 are

A —-9.0201 17.7791 B —0.5112 0.5362
C | —1.6943 3.2138 |’ | —0.002 —1.8471
o — —3.2897  2.4544 D— —0.5476 —0.1410
| —13.5009 18.0745 |’ | —0.6459 0.2958

The inputs ul and u2 are external inputs of the system. Thautsuy2 and y3 are external outputs of the
system. The input 3 is connected to the outputs 1, and 4, wheraput from output 4 is negative, the
corresponding row of g is 3, 1, -4. The internal input 4 is froatput 3.

sys
u2 > - y2
sys2
ul sysl 4>y1 > u3 - y3
y4 sys3 = u4

Figure A.1: Block diagram of the system.

#include <control.h>

#define NUMX 2 /I number of states
#define NUMU 2 /I number of inputs
#define NUMY 2 /I number of outputs

int main() {
array double complex z[1] = {-3}, p[2] = {-2, -5};
double k = 6;
array double A[INUMX][NUMX] = {{-9.0201, 17.7791},
{-1.6943, 3.2138}},
B[NUMX][NUMU] = {{-.5112, .5362},
{-.002, -1.8471}},
{{-3.2897, 2.4544},
{-13.5009, 18.0745}},
{{-.5476, -.1410},
{-.6459, .2958}};
array double num[l] = {1}, den[3] = {1, 2, 1};
array int q[2][3] = {{3, 1, -4},
{4, 3, O},
input[2] = {1, 2},
output[2] = {2, 3}
CControl sysl, sys2, sys3, *sys, *sysc;

CINUMY][NUMX]

D[NUMY][NUMU]
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sysl.model("zpk", z, p, K);
sys2.model("ss", A, B, C, D);
sys3.model("tf", num, den);

sys = sysl.append(&sys2, &sys3);
sysc = sys->connect(q, input, output);
sysc->printss();

return O;

}

The output is shown as follows.

State-space arguments:

A =

-7.000000 -10.000000 0.000000 0.000000 0.000000 0.000000
1.000000 0.000000 0.000000 0.000000 0.000000 0.000000
3.217200 9.651600 -9.020100 17.779100 0.000000 -0.536200

-11.082600 -33.247800 -1.694300 3.213800 0.000000 1.8471 00

1.774800 5.324400 -13.500900 18.074500 -2.000000 -1.2958 00

0.000000  0.000000  0.000000  0.000000 1.000000  0.000000

1.000000 0.000000

0.000000 0.000000

0.000000 -0.511200

0.000000 -0.002000

0.000000 -0.645900

0.000000 0.000000

C =

-0.846000 -2.538000 -3.289700 2.454400 0.000000 0.141000
1.774800 5.324400 -13.500900 18.074500 0.000000 -0.29580 0
D =

0.000000 -0.547600

0.000000 -0.645900

See Also
CControl::append(), CControl:.feedback(), CControl::connect(), CControl::parallel (), CControl::series().

CControl ::ctrb

Synopsis
int *ctrb (array double &o);

Purpose
Compute the controllability matrix.

Return Value
Upon successful completion, zero is returned. Otherwisaluwe of non-zero is returned.

Parameters
co Output controllability matrix.

Description
The functionctrb () computes the controllability matrix from system matridanput matrix. Assume that

100



APPENDIX A. REFERENCE OF MEMBER FUNCTIONS OF CCONTROL CLASS
CcControl ::ctrbf

the system has an x n system matrix4 and ann x m input matrix B, ctrb (A,B) returns then x nm
controllability matrixC,

B AB A?B ... Al»-Lp

The system is controllable @', has full rankn.

Example

#include <control.h>

#define NUMX 2 /l number of states
#define NUMU 2 /I number of inputs
#define NUMY 1 /I number of outputs
int main() {
array double A[NUMX][NUMX] = {-0.5572, -0.7814,
0.7814, 0};
array double B[NUMX][NUMU] = {1, 0,
0, 2%

array double co[NUMX][NUMX*NUMUJ;
CControl sys;
int num;

sys.model("ss", A, B, NULL, NULL);
sys.ctrb(co);
num = rank(co);
if(hum == min(NUMX, NUMX*NUMU))
printf("The system is controllable.\n");
else
printf("The system is not controllable.\n");
printf("co = %f\n", co);
return O;

}

The output is shown as follows.

The system is controllable.
co = 1.000000 0.000000 -0.557200 -1.562800
0.000000 2.000000 0.781400 0.000000

See Also
CControl::obsv(), CControl:ctrbf ().

CControl ::ctrbf
Synopsis
int *ctrbf (array double &bar, array double &bar, array double &bar, array double &, array int &,

array double &, array double &, array double &, ... /* doubletol */);

Purpose
Compute the controllability staircase form.
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Return Value
Upon successful completion, zero is returned. Otherwisauwe of non-zero is returned.

Parameters
abar Computational array of double containing the system matroontrollability staircase form.

bbar Computational array of double containing the input matnixontrollability staircase form.
cbar Computational array of double containing the output matrigontrollability staircase form.

t Computational array of double containing similarity triEmmation matrix from the original form to con-
trollability staircase form. The dimension ofs n, x n,, wheren,, is the number of state variables
of original system.

k Computational array of int containing the number of cotdtale states identified at each iteration of the
algorithm. The array hasn, elements. The number of controllable states equals the $ém o

a Computational array of double containing the system matroriginal system.
b Computational array of double containing the input matnixiiginal system.
¢ Computational array of double containing the output matrigriginal system.
... The following argument is optional.

tol A double value used to calculate the controllable/uncdiatste subspaces.

Description
The functionctrbf () decomposes the original state-space system repredgneld B, C) into the control-
lability staircase form 4, B, C') which satisfies

A=TAT" B=TB,C =CTT"

and

- Aye 0 = | 0 =

A_[Am Ac]’B_[BC]’C_[C“C c. |
where(A,, B,) is controllable subspace, anf,c is uncontrollable states. The dimensionAfB, andC
are the same as those 4f B, andC, respectively. The input/output characteristics of thginal system
and its controllability staircase form are exactly the saihat is,C.(sI — A.)"'B. = C(sI — A)~'B. For
the user’s convenience, an object of empty model can beett¢atcall this member function.

Example

#include <control.h>

#define NUMX 2 /I number of states
#define NUMU 2 /I number of inputs
#define NUMY 2 /I number of outputs

int main() {
array double A[NUMX][NUMX] = {1,1,4,-2},
B[NUMX][NUMU] = {1, -1, 1, -1},
C[NUMY]INUMX] = {1, 0, O ,1}
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array double Abar[NUMX][NUMX], Bbar[NUMX][NUMU], Cbar[N UMY][NUMX],
tINUMX]INUMX];

array int kK[INUMX];

CControl sys;

sys.ctrbf(Abar, Bbar, Chbar, t, k, A, B, C);

printf("Abar = %f\nBbar = %f\nCbar = %f\int = %fink = %d\n", Ab ar, Bbar, Cbar, t, Kk);
printf("tAt" = %f\ntB = %AnCt'" = %f\n", t*A*transpose(t), t*B, C*transpose(t));
return O;

}

The output is shown as follows.

Abar = -3.000000 0.000000
3.000000 2.000000

Bbar = 0.000000 0.000000
-1.414214 1.414214

Cbar = -0.707107 -0.707107
0.707107 -0.707107

t = -0.707107 0.707107
-0.707107 -0.707107

k=10

tAt" = -3.000000 0.000000
3.000000 2.000000

tB = 0.000000 0.000000
-1.414214 1.414214

Ct = -0.707107 -0.707107
0.707107 -0.707107

See Also
CControl::ctrb ().

CControl ::d2c

Synopsis
CControl* d2c(.../* string_.t method */);

Purpose
Converts a state space model from the discrete-time sysiéme tontinuous-time system.

Return Value
Upon successful completion, a non-NULL pointer to cl@§sontrol representing the resulting continuous-
time generated system is returned. Otherwise, a NULL poisteturned.

Parameters
... The following argument is optional.
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method Selected conversion method amdmgh" ,"tustin” ,"prewarp” ,and'matched" ."zoh"
standing for'Zero-order hold" is the default and the only method available in the current im
plementation.

Description
The functiond2c () converts discrete-time models to continuous-time nmedesing specified conversion
methods such as “zero-order hold”.

Example

The following example produces a continuous-time systestr from the discrete-time ongysd using
“zero-order hold” as the conversion method. The differenoetween these two systems are illustrated by
the comparison of their step responses in the generatee figur

#include <control.h>

#define NUMX 4 /I number of states
#define NUMU 1 /I number of inputs
#define NUMY 1 /I number of outputs

#define N1 34 /I number of time samples for discrete-time sys tem
/I 17 seconds for ts = 0.5

#define N2 500 // number of time samples for continuous-time system

int main() {

array double A[NUMX][NUMX] =
{ -0.491495, -3.142023, -4.676251, -3.624473,
0.060408, -0.242614, -2.090926, -2.815688,
0.046928, 0.253752, 0.573935, -0.645539,
0.010759, 0.091255, 0.440958, 0.905312,

3
B[NUMX][NUMU] = { 0.060408,
0.046928,
0.010759,
0.001578,

3
CINUMY][NUMX] = {4, 8.4, 30.78, 60};

array double y1[N1], t1[N1];
array double y2[N2], t2[N2];
CPlot plot;

CControl *sysc;

CControl sysd;

sysd.model("ss", A, B, C, NULL, 0.5);
sysd.step(NULL, y1, t1, NULL);
plot.data2D(t1, y1);

sysc = sysd.d2c();
sysc->step(NULL, y2, t2, NULL);
plot.data2D(t2, y2);

plot.plotType(PLOT_PLOTTYPE_STEPS, 0);
plot.label(PLOT_AXIS_X, "Time (second)");
plot.label(PLOT_AXIS_Y,"Amplitude Y");
plot.title("Step Response");
plot.legend("Discrete-time system", 0);
plot.legend("Continuous-time system", 1);
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plot.plotting();

return 0;

}

The step responses of both systems are shown as follows.

Step Response

Discrete-time system ———
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Time (second)
See Also
CControl::c2d (), CControl::d2d (), CControl::ss2sg).

CControl ::d2d

Synopsis
CControl* d2d (double ts);

Purpose
Resample a discrete-time LTI model.

Return Value
Upon successful completion, a non-NULL pointer to cl@sSontrol representing the resulting system is
returned. Otherwise, a NULL pointer is returned.

Parameters
ts Sampling time expressed in second for generating the naretiéstime system.

Description
The functiond2d () generates a discrete-time system with different samggime.

Example

The following example produces a continuous-time systgsa2 with sampling time).25s from thesysd
with sampling time0.5s. The difference between these two systems are illustragatidocomparison of
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their step responses in the generated figure.

#include <control.h>

#define NUMX 4 /I number of states
#define NUMU 1  // number of inputs
#define NUMY 1 /[ number of outputs

#define N1 30 // number of time samples for discrete-time sys tem with ts=0.5
/I 15 seconds for ts = 0.5
#define N2 60 // number of time samples for discrete-time sys tem with ts=0.25

/I 15 seconds for ts = 0.25

int main() {
array double A[NUMX][NUMX] =
{ -0.491495, -3.142023, -4.676251, -3.624473,
0.060408, -0.242614, -2.090926, -2.815688,
0.046928, 0.253752, 0.573935, -0.645539,
0.010759, 0.091255, 0.440958, 0.905312,

b
B[NUMX][NUMU] = { 0.060408,
0.046928,
0.010759,
0.001578,

3
CINUMY]INUMX] = {4, 8.4, 30.78, 60};

array double y1[N1], t1[N1];
array double y2[N2], t2[N2];
CPlot plot;

CControl sysd, *sysd2;

sysd.model("ss", A, B, C, NULL, 0.5);
sysd.step(NULL, y1, t1, NULL);
plot.data2D(t1, y1);

sysd2 = sysd.d2d(0.25);
sysd2->step(NULL, y2, t2, NULL);
plot.data2D(t2, y2);

plot.plotType(PLOT_PLOTTYPE_STEPS, 0);
plot.plotType(PLOT_PLOTTYPE_STEPS, 1);
plot.label(PLOT_AXIS_X, "Time (second)");
plot.label(PLOT_AXIS_Y,"Amplitude Y");
plot.title("Step Response");

plot.legend("Discrete-time system with ts = 0.5", 0);
plot.legend("Discrete-time system with ts = 0.25", 1);
plot.plotting();

return O;

}

The step responses of both systems are shown as follows.
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Step Response
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See Also
CControl::c2d (), CControl::d2c (), CControl::ss2sg).

CControl ::damp

Synopsis
intdamp (... /* array double &n, array double &, array double complex &*/);

Purpose
Compute the damping factors and natural frequencies aéisypbles.

Return Value
Upon successful completion, 0 is returned. Otherwise, rétigned.

Parameters
... Variable length argument list

wn Array of reference containing the natural frequencies sfey poles.
z Array of reference containing the damping factors of syspetes.

p Array of reference containing system poles.

Description

The functiondamp () computes the damping factors and natural frequenciegstés poles. When invoked
without arguments, the function outputs the system polesgawith their damping factors and natural fre-
guencies through standard output stream stdout. The paessplayed in ascending order. If the function
is called with two arguments, the natural frequencies amdpitag factors of system poles are passed by
arrayswn andz to the calling function. The function can also pass systelespoy the third argument. The
function applies to SISO cases only in the current impleat@ri.
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Example

This example dispalys the poles, natural frequencies, antbthg factors of the following system
252 + 5541
s24+25+3

#include <control.h>

int main() {
array double num[3] = {2, 5, 1}, den[3] = {1, 2, 3}
CControl sys;
int np;

sys.model("tf", num, den);
np = sys.size('p’);

array double complex p[np];
array double z[np];
array double wn[np];

sys.damp(); /* sys.damp(p, z, wn); */
return O;

}
The output of this example is shown as follows.

Damping
0.5774 0.5774

Natural Frequency (rad/s)
1.732 1.732

Eigenvalue
complex(-1,1.414) complex(-1,-1.414)

See Also
CControl::esort(), CControl::pole (), CControl::pzmap ().

CControl ::dcgain

Synopsis
array doubledcgain O[:][:];

Purpose
Compute low frequency (DC) gain of the system.

Return Value
Upon successful completion, a computation array reprigggtiie array of the DC gain is returned. Other-
wise, a NULL pointer is returned.

Parameters
None.
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Description
The functiondcgain () computes low frequency (DC) gaknof the system using formuls® = D—-CA~'B
for continuous-time system dt = D + C (I — A)~! B for discrete-time system.

Example
In this example, DC gains of continuous-time systeya and discrete-time systesysd are calculated.

#include <control.h>

#define NUMX 4 /I number of states
#define NUMU 2 /I number of the inputs
#define NUMY 2 /I number of the outputs
#define TF 15 /I final time

int main() {
array double A[NUMX][NUMX] = {{-4.12, -17.4, -30.8, -60},
{1, 0, 0, 0},
{0, 1, 0, 0},
{0, 0, 1, 0},
B[NUMX][NUMU] = {1, O, O, 1, .5, .3, 0O, .11},
CINUMY]INUMX] = {4, 8.4, 30.78, 60,
3, 2, 1, 5}
CPlot plot;

array double K[NUMY][NUMUJ;
CControl sys, sysd;

sys.model("ss", A, B, C, NULL);
sysd.model("ss", A, B, C, NULL, -1);
K = sys.dcgain();

printf("K = %f\n", K);

K = sysd.dcgain();

printf("K = %f\n", K);

return O;

}
The output is shown as follows.

K = 5.500000 2.822200
-0.191667 -2.649333

K = 4.962962 3.683898
-1.309919 -3.437857

See Also
CControl::bandwidth ().

CControl ::delay2z

Synopsis
CControl* delay2z();

Purpose
Generate a discrete-time system in which all delays in thggnad system are replaced by poles at z=0.
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Return Value
Upon successful completion, a non-NULL pointer to cl@3ontrol representing the generated system is
returned. Otherwise, a NULL pointer is returned.

Parameters
None.

Description
The functiondelay2z() replaces all delays in the original system by poles at z=0.

Example
In this example, the systerysdl has input delays.

#include <control.h>

int main() {
array double complex zero[2]={2, 3},
pole[2]={1, -1},
double k = 3;

CControl *sysd2;

CControl sysd1;

sysdl.model("zpk", zero, pole, k, -1);
sysdl.setDelay(1, 2);
sysd1.printSystem();

sysd2 = sysdl.delay2z();
sysd2->printSystem();
return O;

}
The output is shown as follows.

Discrete-time System with unspecified sample time
State-space arguments:
A =
-0.000000  1.000000
1.000000  0.000000
B =
1.000000
0.000000
C =
-15.000000 21.000000
D =
3.000000

Transfer function parameters:
Numerator:

3.000000 -15.000000 18.000000
Denominator:

1.000000  0.000000 -1.000000

Zero-Pole-Gain parameters:

Zero:

complex( 2.000000, 0.000000) complex( 3.000000, 0.000000 )
Pole:
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complex( 1.000000, 0.000000) complex( -1.000000, 0.00000
Gain:  3.000000

input delay is  2.000000
output delay is  0.000000
input/output delay is  0.000000

Discrete-time System with unspecified sample time
State-space arguments:

A =

-0.000000  1.000000 -0.000000 -0.000000
1.000000  0.000000  0.000000  0.000000
0.000000  1.000000  0.000000  0.000000
0.000000  0.000000  1.000000  0.000000

1.000000
0.000000
0.000000
0.000000

0.000000  3.000000 -15.000000 18.000000
0.000000

Transfer function parameters:

Numerator:

0.000000  0.000000  3.000000 -15.000000 18.000000
Denominator:

1.000000  0.000000 -1.000000 0.000000  0.000000

Zero-Pole-Gain parameters:

Zero:

complex( 2.000000, 0.000000) complex( 3.000000, 0.000000
Pole:

complex( 0.000000, 0.000000) complex( 0.000000, 0.000000
complex( -1.000000, 0.000000)

Gain: ~ 3.000000

input delay is  0.000000
output delay is  0.000000
input/output delay is  0.000000

See Also
CControl::hasdelay().

0)

)

) complex(

1.000000,

0.000000)

CControl ::dlgr

Synopsis

int digr (array double &, array double &, array double complex & array double &, array double &,

...I* array double & */);

Purpose

Build linear-quadratic (LQ) state-feedback regulatordistrete-time plant.

Return Value
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Upon successful completion, zero is returned. Otherwisaluwe of non-zero is returned.

Parameters
k Array of reference containing the output optimal gain nxaki for state-feedback law

u[n] = —Kx[n]

s Array of reference containing the solution of discretediRiccati equation.

ATSA— S —(ATSB+ N)(BTSB+R) Y (BTSA+NT)+Q=0

e Array of reference containing the closed-loop eigenvalues

q Array of reference containing parametgtin the following cost function/
Z [n]” Qz[n] + u[n) Ruln] + 2x[n)” Nu[n])

r Array of reference containing paramefeiin the above cost functiod.
. The following argument is optional.
n Array of reference containing paramefgrin the above cost functiod. It is set to zero when omitted.

Description
The functiondigr () can be used to design linear-quadratic (LQ) state-feddbegulator for discrete-time
plants shown as follows,

and a cost function

J(u) = Z(m[n]TQw[n] + u[n]” Ru[n] + 2z[n)" Nuln))

n=1
The purpose of Linear Quadratic Gaussian (LQG) control reehis to find an optimal gain matrik’, so
that the state-feedback law
u[n] = —Kx[n]

minimizes the above cost functiof(u). The gainK is called the LQ optimal gain. To obtain the LQ
optimal gain, the user needs to solve a discrete-time ageBRiccati equation below

ATSA—S — (ATSB+ N)(BTSB+ R\ (BTSA+NT)+Q =0
Then, K can be derived from the solutidgf of the above equation by

K =(BTSB+R)™(BTSA+ NT)

Example
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#include <control.h>

#define NUMX 2 /I number of states
#define NUMU 1 /I number of inputs

int main() {
array double A[NUMX][NUMX] = {{-1, 0},
{0, -2},
B[NUMX][NUMU] = {1, 1}
CPlot plot;

array double k[INUMU]JINUMX], s[NUMX][NUMX];
array double complex e[NUMX];

array double Q[NUMX][NUMX] = {1, 1, 1, 1};
array double R[NUMU][NUMU] = {5};

array double N[NUMX][NUMU] = {10, 20},
CControl sys;

sys.model("ss", A, B, NULL, NULL, .1);
sys.dlgr(k, s, e, Q, R, N);
printf("k = %f\ns = %fine = %fn", k, s, e);

return O;

}
The output is shown as follows.

k = 0.078506 -1.848855

s = 21.812674 -24.550627
-24.550627 184.544003

e = complex(-0.350526,0.000000) complex(-0.879124,0.00 0000)

See Also
CControl::lgr ().

CControl ::dlyap

Synopsis
int dlyap (array double complex[&][&], array double complexa[&][&], array double complexc[&][&]);

Purpose
Solve the discrete Lyapunov equation.

Return Value
Upon successful completion, zero is returned. Otherwisaluwe of non-zero is returned.

Parameters
x Array of reference containing the solution of the Lyapunquation.

a Array of reference containing the parameteof Lyapunov matrix equation.

¢ Array of reference containing the parameféof Lyapunov matrix equation.
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Description
The functiondlyap () solves the following discrete-time Lyapunov equation,

ATXA-X4+Q=0

whereX is the solution, and parametedsand( aren x n matrices. For the user’'s convenience, an object
of empty model can be created to call this member function.

Example

#include <control.h>

int main() {
array double complex x[2][2];
array double a[2][2] = { -0.557200, -0.781400,
0.781400, 0.000000},
q[2][2] = {1.000000, 0.000000,
0.000000, 4.000000};
CControl sys;

sys.dlyap(x, a, q);
printf("x = %f\n", x);
return O;
}
The output is shown as follows.

x = complex(6.234801,0.000000) complex(-1.685479,0.000 000)
complex(-1.685479,0.000000) complex(7.806882,0.00000 0)

See Also
CControl::lyap ().

CControl ::dsort

Synopsis
array double complessort ()[:];

Purpose
Sort the poles of discrete-time systems.

Return Value
Upon successful completion, a one-dimensional compunaltiarray containing the sorted poles is returned.

Parameters
None.

Description
The functiondsort () sorts the poles of a discrete-time system in descendithgy day magnitude that makes

unstable poles appear first.

Example
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#include <control.h>

int main() {
array double complex zero[3]={complex(-0.05, 2.738156),
complex(-0.05, -2.738156),
-2.0},
pole[6]={ 0.0001, -9.5,
complex(1.797086, -2.213723), complex(1.797086, 2.2137 23),
complex(-0.262914, 2.703862), complex(-0.262914, -2.70 3862)};
double k=4;
array double complex pp[6];
CControl sys;

sys.model("zpk", zero, pole, k, -1);
pp = sys.dsort();

printf("pp = %fn", pp);

return O;

}
The output is shown as follows.

pp = complex(-9.500000,0.000000) complex(1.797086,2.21 3723) complex(1.797086,-2.213723)
complex(-0.262914,2.703862) complex(-0.262914,-2.703 862) complex(0.000100,0.000000)

See Also
CControl::dsort (), CControl::pzmap ().

CControl ::esort

Synopsis
array double complegsort ()[:];

Purpose
Sort the poles of continuous-time systems.

Return Value
Upon successful completion, a one-dimensional compun@ltiarray containing the sorted poles is returned.

Parameters
None.

Description
The functionesort () sorts the poles of a continuous-time system in desceruatugy by real part that makes
unstable poles appear first.

Example

#include <control.h>
int main() {
array double complex zero[3]={complex(-0.05, 2.738156),
complex(-0.05, -2.738156),
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-2.0},

pole[6]={ 0.0001,

complex(1.797086, -2.213723),

1.797086,

complex(1.797086, 2.213723),

complex(-0.262914, 2.703862), complex(-0.262914, -2.70 3862)};
double k=4;
array double complex pp[6];
CControl sys;

sys.model("zpk", zero, pole, k);
pp = sys.esort();

printf("pp = %f\n", pp);

return O;

}
The output is shown as follows.

pp = complex(1.797086,2.213723) complex(1.797086,-2.21 3723) complex(1.797086,0.000000)
complex(0.000100,0.000000) complex(-0.262914,2.70386 2) complex(-0.262914,-2.703862)

See Also
CControl::dsort (), CControl::pzmap ().

CControl ::estim

Synopsis
CControl* estim (array double &ain, .. ./[* array intsensors[:], array intknownl[:] */);

Purpose
Produce a state/output estimator.

Return Value
Upon successful completion, a non-NULL pointer to cl@§ontrol representing the estimator is returned.
Otherwise, a NULL pointer is returned.

Parameters
gain Computational array containing the estimator gain.

. Following arguments are optional.
sensors Computational array containing indices specify which atgpare measured.
known Computational array containing indices specify which igpare known.

Description

The functionestim () produces a state/output estimator based on a state-spaie and given estimator
gain. If the optional arguments are absent, all inputs ofsfretem are assumed stochastic, and all outputs
are measured. For the system expressed in the followingImode

X = AX + BU
Y =CX + DU
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the estimated state¥ and output®” are given from
X =AX + L(Y — CX)
Y C

If the user specifies the measured out@dtand known inputd/ by passing additional argumestnsors
andknown, the state-space model of the plant can be expressed asdpllo

X = AX 4+ ByW + ByU
Z | |G Dy
Y| = | Oy

Doy
where W are stochastic inputs and are nonmeasured outputs. In this case, the estimated States!
outputsY” are given from

X + W+

Dqo
U
Do ]

X = AX + L(Y — CoX — DapU)

[Y]: Co X+ D22]U
X 1 0
Example
#include <control.h>
#define NUMX 4 /I number of states
#define NUMU 3 /I number of inputs
#define NUMY 3 /I number of outputs
int main() {
array double A[NUMX][NUMX] = {{-4.12, -17.4, -30.8, -60},
{1, 0, 0, 0},
{0, 1, 0, 0},
{0, 0, 1, 0}},
B[NUMX][NUMU] = {1, 0, 0,
0, 1, O,
0, 0, 1,
1, 2, 3},
C[NUMY]INUMX] = {4, 8.4, 30.78, 33,
60, 2.1, 5, 78,
5.5, 6.7, 111, 21},
DINUMY][NUMU] = {1, 2, 3,
4, 5, 6,
7, 8, 9%

array int sensors[2] = {2, 0},
known[2] = {1, 2}
array double [[NUMX][NUMY] = {2, 1, 3,
55, 8, 10,
33, 43, 8,
101, 9, 30}
CControl sys, *est;
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sys.model("ss", A, B, C, D);

est = sys.estim(l, sensors, known);
est->printSystem();

return O;

}

The output is shown as follows.

Continuous-time System

State-space arguments:

A =

-19.120000 -39.200000 -283.580000 -135.000000
-235.500000 -482.100000 -2025.900000 -1878.000000
-84.000000 -136.600000 -1195.800000 -498.000000
-353.500000 -582.300000 -4985.540000 -2112.000000
B =

-18.000000 -21.000000  2.000000  1.000000
-133.000000 -192.000000  3.000000 55.000000
-84.000000 -101.000000  8.000000 10.000000
-348.000000 -423.000000 33.000000 43.000000

C =

5.500000 6.700000 111.000000 21.000000
4.000000  8.400000 30.780000 33.000000
1.000000  0.000000  0.000000  0.000000
0.000000  1.000000  0.000000  0.000000
0.000000  0.000000  1.000000  0.000000
0.000000  0.000000  0.000000  1.000000

8.000000  9.000000  0.000000  0.000000
2.000000  3.000000  0.000000  0.000000
0.000000  0.000000  0.000000  0.000000
0.000000  0.000000  0.000000  0.000000
0.000000  0.000000  0.000000  0.000000
0.000000  0.000000  0.000000  0.000000

See Also
CControl::place().

CControl ::feedback

Synopsis
CControl* feedback(CControl *sys2, .../* array int feedin[:], array int feedout[:], istgn */);

Purpose
Feedback connection of two LTI models.

Return Value
Upon successful completion, a non-NULL pointer to cl@3ontrol representing the generated system is
returned. Otherwise, a NULL pointer is returned.

Parameters
sys2 Pointer to the clas€Control representing the system to be connected in the feedback path

... The following arguments are optional.
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feedin One-dimensional computational array containing indigesciying which inputs are involved in
the feedback loop. For SISO systems, the default vald}isFor MIMO systems with m inputs, the
default value of the array ifl, 2, 3, ..., n}.

feedout One-dimensional computational array containing indigescgying which outputs are involved in
the feedback loop. For SISO systems, the default valyd is For MIMO systems with n outputs,
the default value of the array {4, 2, 3, ..., i}.

sign Integer indicating every element of input is a positive fegek or a negative one. The valuistands
for a positive feedback, whereas valué a negative feedback. The default value of this argument is
—1.

Description
The functionfeedback() builds a system with feedback interconnection like tHe%aing figure,

Sys
> yl
sysl
> y2
u2l
sys2 322

The resulting system has the same inputs and outputgsds The argumentgeedin and feedout contain
indices specifying which inputs and outputs are involvethim feedback loop, respectively. Note that the
count of the feedin and feedout in Ch Control System Tookgdibs with1.

Example

#include <control.h>

#define NUMX 4 /I number of states
#define NUMU 2 /I number of inputs
#define NUMY 2 /I number of outputs

int main() {
array double A[NUMX][NUMX] = {{-4.12, -17.4, -30.8, -60},
{1, o, 0, 0},
{0, 1, 0, 0},
{0 0, 1, 0}},

BINUMX]JINUMU] = {1, O,

com
2 oo

h

{4, 8.4, 30.78, 60,
3, 7.4, 29.78, 50},
{1, 2,

4, 5}

array int feedin[2] = {1, 2}, feedout[2] = {1, 2};
CControl sysl, sys2, *sys3;

1

CINUMY][NUMX]

D[NUMY][NUMU]
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sysl.model("ss", A, B, C, D);
sys2.model("ss", A, B, C, D);
sys3 = sysl.feedback(&sys2, feedin, feedout);
sys3->printss();

return O;

}

The output is shown as follows.

State-space
A =

arguments:

-3.504615 -16.276923 -27.094615 -51.538462

-27.692308
2.230769
-55.384615
0.000000
0.000000
-1.346154
18.076923
1.923077
-51.538462
3.846154
16.923077
0.000000
0.000000
-1.269231
-20.384615
B =
0.653846
1.307692
0.000000
-0.461538
-0.269231
-0.538462
0.000000
0.307692
C =
1.923077
8.461538
-1.269231
-20.384615
D =
-0.269231
0.307692

See Also

2.246154
1.000000
-2.869231
3.784615
7.569231
0.000000
-2.453846
-0.230769
-0.461538
0.000000
0.192308
0.153846
0.307692
0.000000
0.038462
3.784615
-2.453846

0.153846
0.038462

7.410769 16.923077
0.000000  0.000000
-9.616154 -20.384615
13.253077 27.692308
26.506154 55.384615
0.000000  0.000000

-8.479231 -18.076923

13.253077 27.692308

-8.479231 -18.076923

-1.923077 -3.
-3.846154 -7.569231
0.000000  0.000000
1.269231  2.4538

-3.504615 -16.2769
2.230769 2.246154
0.000000 1.000000

-1.346154 -2.86

0.615385 1.123077

-1.346154 -2.86

CControl::connect(), CControl::parallel (), CControl::series().

CControl ::freqresp

784615 -13.253077

-26.506154
0.0 00000
46 8.479231

23 -27.094615

7 410769
0.0 00000
9231 -9.616154

3 .705385

9231 -10.616154

CControl ::fregresp

Synopsis

array double complefteqgresp (array doublew[&])[:];

Purpose
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Frequency response function.

Return Value
Upon successful completion, a computational array comigifniequency response at the specified frequency
points is returned.

Parameters
w Computational array containing frequency points at whighdystem responses are evaluated.

Description
The functionfreqresp () computes frequency response of a system at given fregymemiets. The response
at a frequencw of system(A, B, C, D) is given by

H(jw) =D+ C(jwl — A)~'B

Example

#include <control.h>

int main() {
array double num[3] = {1, 0.1, 7.5}, den[5] = {1, 0.12, 9, O, O} ;
CControl sys;
array double w[10];
array double complex h[10];
int i

sys.model("tf", num, den);

logspace(w, -1, 1);

h = sys.fregresp(w);

for(i = 0; i < 10; i++) {
printf(*'w = %f ", wli]);
printf("h(w) = %fAn", h[i]);

}

return O;

}

The output is shown as follows.

w = 0.100000 h(w) = complex(-83.314792,-0.000025)
w = 0.166810 h(w) = complex(-29.929872,-0.000041)
w = 0.278256 h(w) = complex(-10.744235,-0.000070)
w = 0.464159 h(w) = complex(-3.849019,-0.000120)
w = 0.774264 h(w) = complex(-1.370246,-0.000219)
w = 1.291550 h(w) = complex(-0.476849,-0.000480)
w = 2.154435 h(w) = complex(-0.141430,-0.002260)
w = 3.593814 h(w) = complex(-0.106578,-0.004632)
w = 5.994843 h(w) = complex(-0.029371,-0.000165)
w = 10.000000 h(w) = complex(-0.010165,-0.000024)
See Also

CControl::bode(), CControl::nyquist (), CControl::nichols ().
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CControl ::getDominantPole

Synopsis
int getDominantPolddouble *percent_overshoot,
double *amping_ratio,
array double compledominant_polel:],
double *xtra_gain,
double *natural_frequency);

Purpose
Based on the desired percent overshoot/damping ratio, wientipe corresponding dominant pole/dominant
pole pair, extra gain, natural frequency, and damping /ffi@ent overshoot.

Return Value
Upon successful completion, zero is returned. Otherwises returned.

Parameters
percent_overshoot Pointer to double value denoting the desired percent ogetsh

damping_ratio Pointer to double value denoting the desired damping ratio.

dominant_pole Computational array of double complex containing the d@mirpole pair or a single pole
of the
dominant pole pair.

extra_gain Pointer to double value denoting the extra gain that can dedtb the system to yield the
dominant
pole.

natural_frequency Pointer to double value denoting the natural frequency va#ipect to the dominant
pole.

Description

In the design and analysis of control systems, oftentimesi@eel to utilize the root locus to calculate the
dominant pole, extra gain, and natural frequency of a systiewhich point the system exhibits the desired
percent overshoot or damping ratio. Based on the specifiezkpeovershoot/damping ratio, the func-
tion getDominantPole()computes and returns the corresponding dominant polefdorpole pair of the
system, extra gain that should be added to yield the domipalet natural frequency of the system, and
damping ratio/percent overshoot. Note that for the paitheffirst and second arguments, only one argu-
ment can point to a non-zero value. The remaining argumethipair should point to NULL or a variable
where no value is assigned. If any of the third to fifth argutaénnot desired, it can be specified as NULL,
so that the corresponding value will not be calculated ahdmed.

Example 1
In this example, the dominant pole, extra gain, naturaldfesgy, and damping ratio of a system are calcu-
lated and returned when the percent overshoot of the systepecified.

#include <control.h>

int main() {
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/I Define the plant
double plant_k = 4;
array double complex plant_p[] = {0, -2};

/I Specify the percent overshoot/damping ratio
double percent_os = 30, damping_ratio;

/I Declare necessary variables
array double complex dominant_p[1];
double extra_gain, natural_freq;

/I Declare a CControl object for the plant
CControl plant;

/I Calculate the dominant pole, extra gain,

/I natural frequency, and damping ratio

plant.model("zpk", NULL, plant_p, plant_k);

plant.getDominantPole(&percent_os, &damping_ratio, do minant_p, &extra_gain, &natural_freq);

/I Display the ouput data
printf("\nDamping ratio: %f\n"

"Dominant pole: %f"

"Extra gain: %f\n"

"Natural frequency: %f\n\n", damping_ratio, dominant_p, extra_gain, natural_freq);
return O;

The output of Example 1 is shown as follows.

Damping ratio: 0.357857

Dominant pole: complex(-1.000000,2.609318)
Extra gain: 1.952135

Natural frequency: 2.794376

Example 2
In this example, only the dominant pole and extra gain of éesysare calculated and returned when the
damping ratio of the system is specified. The arguments fmetlunwanted values are specified as NULL.

#include <control.h>

int main() {
/I Define the plant
double plant_k = 4;
array double complex plant_p[] = {0, -2};

/I Specify the percent overshoot/damping ratio
double damping_ratio = 0.6;

/I Declare necessary variables
array double complex dominant_p[1];
double extra_gain;

/I Declare a CControl object for the plant
CControl plant;

/I Calculate the dominant pole, extra gain,
/I natural frequency, and damping ratio
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plant.model("zpk", NULL, plant_p, plant_k);
plant.getDbominantPole(NULL, &damping_ratio, dominant_ p, &extra_gain, NULL);

/I Display the ouput data
printf("\nDominant pole: %f"

"Extra gain: %f\n\n", dominant_p, extra_gain);
return O;

}

The output of Example 2 is shown as follows.

Dominant pole: complex(-1.000000,1.333335)
Extra gain: 0.694446

See Also
CControl::compensatorZeroPoleGain).

CControl ::getSystemType

Synopsis
int getSystemType();

Purpose
Get system type.

Return Value
Upon successful completion, a positive integer which stdodone of the system types is returned. Other-
wise, CHTKT.CONTROLSYSTEMTYPEINVALID is returned.

Parameters
None.

Description
The functiongetSystemType() returns a system type which is defined as a macro irctigrol.h. All
possible system types are listed in TdRIEIA.2.

Table A.2: Macros of system types.
Macros System Type

CHTKT _CONTROL _SYSTEMTYPE_INVALID invalid system
CHTKT _.CONTROL _SYSTEMTYPE_EMPTY empty system

CHTKT _.CONTROL _SYSTEMTYPE_TFO transfer function model only
CHTKT _CONTROL _SYSTEMTYPE _ABCD X =AX + BU;Y =CX + DU
CHTKT .CONTROL SYSTEMTYPE D Y =DU

CHTKT .CONTROL _SYSTEMTYPE_AC X =AX:Y =CX

CHTKT .CONTROL _SYSTEMTYPE_AB X = AX + BU

CHTKT .CONTROL _SYSTEMTYPE_A X = AX
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Example

#include <control.h>

#define NUMX 2 /I number of states

#define NUMU 1 /l number of inputs

#define NUMY 1 /I number of outputs

void sysprint(CControl *pSys);

int main() {
array double A[NUMX][NUMX] = {-0.5572, -0.7814,

0.7814, 0};

array double B[NUMX][NUMU] = {1, 0};
array double C[NUMY][NUMX] = {1.9691, 6.4493};
array double D[NUMY][NUMU] = {5}
CControl sysl, sys2, sys3;
sysl.model("ss", A, B, C, D);
sysprint(&sys1);
sys2.model("ss", A, B, NULL, NULL);
sysprint(&sys2);
sys3.model("ss", NULL, NULL, NULL, D);
sysprint(&sys3);
return O;

}

void sysprint(CControl *pSys){
switch(pSys->getSystemType()) {

case CHTKT_CONTROL_SYSTEMTYPE_ABCD:
printf(\nThe system type is : dot_x=Ax+Bu; y=Cx+Du\n");
break;

case CHTKT_CONTROL_SYSTEMTYPE_D:
printf(\nThe system type is : y=Du\n");
break;

case CHTKT_CONTROL_SYSTEMTYPE_AC:
printf(\nThe system type is : dot_x=Ax; y=Cx\n");
break;

case CHTKT_CONTROL_SYSTEMTYPE_AB:
printf("\nThe system type is : dot_x=Ax+Bu\n");
break;

case CHTKT_CONTROL_SYSTEMTYPE_A:
printf(\nThe system type is : dot_x=Ax\n");
break;

case CHTKT_CONTROL_SYSTEMTYPE_EMPTY:
printf(\nThe system type is : empty system.\n");
break;

case CHTKT_CONTROL_SYSTEMTYPE_TFO:
printf(\nThe system only has transfer function model.\n" );
break;

case CHTKT_CONTROL_SYSTEMTYPE_INVALID:
printf(\nThe system type is invalid.\n");
break;

default:
printf("\nError: Incorrect mode specified.\n");

}

if(pSys->isDiscrete()) {
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printf("The system is discrete-time system.\n");

}

if(pSys->hasdelay()) {
printf("The system has delays.\n");

}
}

The output is shown as follows.

The system type is : dot_x=Ax+Bu; y=Cx+Du
The system type is : dot_x=Ax+Bu
The system type is : y=Du

See Also
CControl::hasdelay(), CControl::isDiscrete().

CControl ::gram

Synopsis
int gram (array double complew[:][:], char type);

Purpose
Compute the controllability or observability grammiansacftate-space model.

Return Value
Upon successful completion, zero is returned. Otherwisa|uwe of non-zero is returned.

Parameters
w Computational array containing the output grammian.

type Character indicates which grammian is computed. Char&ctegsults in the controllability gram-
mian, and ‘0’ results in the observability grammian.

?ﬁzf‘zggggngram () computes the controllability or observability grammnsasf the systenfA, B, C, D).
If the system is continuous, its controllability grammids is defined by

W, = /O T ATBBTA T dr
and the observability grammid, by

W, = /OOO eATCTCeA ™ dr

If the system is discrete, the controllability grammian abdervability grammian are

W. =Y A*BBT(AT)F
k=0
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and -
W, => (AT)*BTC AF
k=0
respectively. To obtain these grammians, some Lyapunogtems are solved internally by Ch Control
System Toolkit.

Example

#include <control.h>

#define NUMX 2 /I number of states
#define NUMU 2 /I number of inputs
#define NUMY 1 /I number of outputs
int main() {
array double A[NUMX][NUMX] = {-0.5572, -0.7814,
0.7814, 0};
array double B[NUMX][NUMU] = {1, O,
0,2}

array double C[NUMY][NUMX] = {1.9691, 6.4493},
array double complex w [NUMX][NUMX];
CControl sysl, sys2;

sysl.model("ss", A, B, C, NULL); // continuous time
sys2.model("ss", A, B, C, NULL, -1); // discrete time

sysl.gram(w, 'c’);

printf("The controllability grammian of continuous-time system is\nwc = %f\n", w);
sysl.gram(w, '0");
printf("The observability grammian of continuous-time sy stem is\nwo = %f\n", w);

sys2.gram(w, 'c’);

printf("The controllability grammian of discrete-time sy stem is\nwc = %fn", w);
sys2.gram(w, '0");

printf("The observability grammian of discrete-time syst em is\nwo = %f\n", w);
return O;

}
The output is shown as follows.

The controllability grammian of continuous-time system is

wc = complex(4.486719,0.000000) complex(-2.559509,0.00 0000)
complex(-2.559509,0.000000) complex(6.311851,0.00000 0)

The observability grammian grammian of continuous-time sy stem is
wo = complex(40.802966,0.000000) complex(26.614711,0.0 00000)
complex(26.614711,0.000000) complex(43.529355,0.0000 00)

The controllability grammian of discrete-time system is

wc = complex(6.234801,0.000000) complex(-1.685479,0.00 0000)
complex(-1.685479,0.000000) complex(7.806882,0.00000 0)

The observability grammian grammian of discrete-time syst em is
wo = complex(40.584885,0.000000) complex(18.856377,0.0 00000)
complex(18.856377,0.000000) complex(66.374031,0.0000 00)
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See Also
CControl::ctrb (), CControl::obsv(), CControl::lyap (), CControl::dlyap ().

CControl ::grid

Synopsis
int grid (int flag);

Purpose
Generate grid lines for regular plots or Nyquist plots.

Return Value
Upon successful completion, zero is returned. Otherwisaluwe of non-zero is returned.

Parameters
flag Integer to turn on/off the grid. The valdeturns on the grid, wheredsturns off the grid.

Description
The functiongrid () adds or removes grid lines for regular plots or Nyquistslo

Example
The following example adds grid lines on both Bode plot andjNst plot.

#include <control.h>

#define NUMX 2 /I number of states
#define NUMU 1 /I number of inputs
#define NUMY 1 /I number of outputs

int main() {
array double A[NUMX][NUMX] = {{-2, -9},
{1, O},

B[NUMX][NUMU] = {1, 0},
C[NUMY]INUMX] = {1, 3},
DINUMY][NUMU] = {0}

CPlot plotl, plot2;

CControl sys;

sys.model("ss", A, B, C, D);
sys.grid(1);

sys.bode(&plotl, NULL, NULL, NULL);
sys.nyquist(&plot2, NULL, NULL, NULL);

return O;

}

The bode plot with grid is shown as follows,
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Bode Diagram
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The nyquist plot with grid is shown as follows,

Phase(degree)

Nyquist plot of LTI models
25

2dB -2.dB

15

448 -4 dB
6.dB -6 dB
10d8 -10 dB\
20,dB" -20ldB

05 |

Image axis
o

;\\)

0.5 | _/

-15

25 1 1 1 1 1 1 1 1 J

Real axis

See Also
CControl::sgrid (), CControl::ngrid (), CControl::zgrid ().

CControl ::hasdelay

Synopsis
int hasdelay();

Purpose
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Determine if a system has delays.

Return Value
If system has delayd, is returned. Otherwisé), is returned.

Parameters
None.

Description

The functionhasdelay() determines if a system mode has input delay, output detapput/output delay.
Another functiongCControl ::setDelay() can be used to set delays in a system.

Example

#include <control.h>

int main() {
array double num[2] = {1, 3}, den[3] = {1, 2, 9};
CControl sys;

sys.model("tf", num, den);
sys.setDelay(1, .1);
sys.setDelay(2, .2);
sys.setDelay(3, .3);
if(sys.hasdelay()) {

printf("The system has delays.\n");
}

return 0;

}

The output is shown as follows.

The system has delays.

See Also
CControl::setDelay().

CControl ::impulse

Synopsis
int impulse (classCPlot *plot, array double &out, array double &out, array double &out, . ../* double

tf*1);

Purpose
Calculate and plot impulse response of continuous timafiggstems.

Return Value
Upon successful completion, zero is returned. Otherwisaluwe of non-zero is returned.

Parameters
plot Painter to an existing object of cla€¥lot .

yout Array of reference containing the output impulse respoesgiasnce.

130



APPENDIX A. REFERENCE OF MEMBER FUNCTIONS OF CCONTROL CLASS
CControl ::impulse

tout Array of reference containing time vector used for simolati
xout Array of reference containing state trajectories.

... The following argument is optional.

tf Double value specifying the final time of the simulation.

Description

The functionimpulse () computes and plots the impulse response of continuousydiem. The impulse
response is defined as the response of system to a DiracifipuT he initial state is assumed to be zero. If
system output array yout is not specified, the default value 100 of macro
CHTKT_CONTROLSAMPLE_POINTS, which is defined in file control.h, is used as the nundbéime
samples. Whemout is specified, the number of time samples is the same as thet eftés most right
dimension. If the system is a multi-input system, the outptihe collection of impulse responses for each
input channel, and data of every input/output channel véltsplayed in a seperate subplot. If the optional
argument f is absent, the function will determine the duration of siatioin automatically on the transient
behavior of the response.

Example
This example generates impulse response of a two-inpubtwout system.

#include <control.h>

#define N 300 /I number of time samples
#define TF 20 /I final time
#define NUMX 2 /I number of states
#define NUMU 2 /Il number of inputs
#define NUMY 2 /I number of outputs
int main() {
array double A[NUMX][NUMX] = { -0.5572, -0.7814,
0.7814, 0};
array double B[NUMX][NUMU] = { 1, -1, Il 2i
0, 2}
array double C[NUMY]INUMX] = { 1.9691, 6.4493, /I 20
12.0, 24.0 }

CPlot plot;
array double y[NUMU]JINUMY][NTJ;

CControl sys;

sys.model("ss", A, B, C, NULL);

/I To plot only

sys.impulse(&plot, NULL, NULL, NULL);

/I To get the response in y with plotting
/I sys.impulse(&plot, y, NULL, NULL);

/I user-defined TF
/I sys.impulse(&plot, NULL, NULL, NULL, TF);

/I To get the response in y with plotting
/I sys.impulse(&plot, y, NULL, NULL, TF);

/I getting the response in y without plotting
/I sys.impulse(NULL, y, NULL, NULL, TF);
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/* print the response y */

CcControl ::initial

/*
int i, j, k;
for i = 0; i < NUMU; i ++) { // for each input
printf("\nResponse from U%d\n", i);
for = 0; j < NUMY; j++) { /I for each output
printf("to Y%d \n", j);
for (k = 0; k < N; k += 30) // for every 30 time samples
printf("y[%d][%d][%d] = %f\n", i, j, k, Y[I{lK]);
}
}
*/
return O;
}
The output of four seperate subplots is shown in the follgWigure.
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See Also

CControl::step(), CControl::initial (), CControl::Isim ().

CControl ::initial

Synopsis

int initial (classCPlot *plot, array double &out, array double &out, array double &out, array double

&0, .../*doublet f */);

Purpose
Free response to the initial condition.

Return Value

Upon successful completion, zero is returned. Otherwisa|uwe of non-zero is returned.

Parameters
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plot Pointer to an existing object of cla€¥lot .

yout Array of reference containing the output initial responsgugnce.
tout Array of reference containing time vector used for simolati
zout Array of reference containing state trajectories.

0 Array of reference containing the initial state.

... The following argument is optional.

tf Double value specifying the final time of the simulation.

Description

The functioninitial () computes and plots the unforced response to the initiadliion Xy of continuous
LTI system. The system input is assumed to be zero. If systépubarrayyout is not specified, the default
value 100 of macro CHTKICONTROL SAMPLE_POINTS, which is defined in file control.h, is used as
the number of time samples. Whegaut is specified, the number of time samples is the same as thet exte
of its most right dimension. If the system is a multi-inpustgm, the output is the collection of initial
responses for each output, and data from every output willdayed in a seperate subplot. If the optional
argument f is absent, the function will determine the duration of siatigih automatically on the transient
behavior of the response.

Example
This example generates initial response of a two-inputdwiput second order system.

#include <control.h>

#define N 300 /I number of time samples
#define TF 50 /I final time
#define NUMX 2 /I number of states
#define NUMU 2 /I number of inputs
#define NUMY 2 /l number of outputs
int main() {
array double A[NUMX][NUMX] = { -0.5572, -0.7814,
0.7814, 0};
array double B[NUMX][NUMU] = { 1, -1, Il 2i
0, 2}
array double C[NUMY][NUMX] = { 1.9691, 6.4493, /I 20
12.0, 24.0 }

array double xO[NUMX] = {1.0, 0.0};

CPlot plot;

array double y[NUMY][N], tout[N], xout{NUMX][N];
CControl sys;

sys.model("ss", A, B, C, NULL);

/I To plot only
/Isys.initial(&plot, NULL, NULL, NULL, x0);

/I To obtain the response in y with plotting
/I sys.initial(&plot, y, NULL, NULL, x0);

/I user-defined TF
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CControl :initial
/I sys.initial(&plot, NULL, NULL, NULL, x0, TF);

/I To obtain the response in y with plotting
/I sys.initial(&plot, y, NULL, NULL, x0, TF);

/I To obtain the response in y without plotting
/I sys.initial(NULL, y, NULL, NULL, x0);

/I To obtain the response in y without plotting
/I sys.initial(NULL, y, NULL, NULL, x0, TF);

/I to obtain the response in y without plotting
/I sys.initial(&plot, y, tout, xout, x0, TF);

sys.initial(&plot, y, tout, xout, x0); // obtaining the res ponse in y with plotting
/* print the response y and state trajectories */
int j, k;
for = 0; j < NUMY; j++) { [/ for each output
printf("Response of output No. %d \n", j);
for (k = 0; k < N; k += 30) // for every 30 time samples

printf("%f: y[%d][%d] = %fn", toutlk], j, k. YIIK]):;
}

printf("state trajectories\n");

for (k = 0; k < N; k += 30) // for every 30 time samples
for ( = 0; j < NUMX; j++) { /I for each output
printf("%f: x[%d][%d] = %f\n", tout[k], j, k, xout[j][K]);

}
return O;
}
The plot consists of two subplots is shown in the followingifig
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The output of response sequence and state trajectoriegr@spgonding time is shown as follows.
Response of output No. O

0.000000: y[0][0] = 1.969100

Time (sec)
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3.762542: y[0][30] = 0.192155
7.525084: y[0][60] = -0.366336
11.287625: y[0][90] = 0.213473

15.050167: y[0][120] = -0.093138
18.812709: y[0][150] = 0.034044
22.575251: y[0][180] = -0.010587
26.337793: y[0][210] = 0.002668
30.100334: y[0][240] = -0.000426

33.862876: y[0][270] = -0.000052
Response of output No. 1
0.000000: y[1][0] = 12.000000
3.762542: y[1][30] = -1.037237
7.525084: y[1][60] = -0.803365
11.287625: y[1][90] = 0.647387

15.050167: y[1][120] = -0.320254
18.812709: y[1][150] = 0.127707
22.575251: y[1][180] = -0.043295
26.337793: y[1][210] = 0.012326
30.100334: y[1][240] = -0.002657
33.862876: y[1][270] = 0.000205
state trajectories

0.000000: x[0][0] = 1.000000
0.000000: x[1][0] = 0.000000
3.762542: x[0][30] = -0.375040
3.762542: x[1][30] = 0.144302
7.525084: x[0][60] = 0.119832
7.525084: x[1][60] = -0.093390
11.287625: x[0][90] = -0.031466

11.287625: Xx[1][90] = 0.042707

15.050167: X[0][120] = 0.005638
15.050167: x[1][120] = -0.016163
18.812709: X[0][150] = 0.000218
18.812709: X[1][150] = 0.005212
22.575251: x[0][180] = -0.000834
22.575251: x[1][180] = -0.001387
26.337793: x[0][210] = 0.000513
26.337793: x[1][210] = 0.000257
30.100334: x[0][240] = -0.000229
30.100334: x[1][240] = 0.000004
33.862876: x[0][270] = 0.000085
33.862876: x[1][270] = -0.000034

See Also
CControl::step(), CControl::impulse (), CControl::Isim ().

CControl ::isDiscrete

Synopsis
int isDiscrete(.. . /* int isdisc */);

Purpose
Determine if the system is discrete time.

Return Value
If the system is discrete-time system, valuis returned. Otherwise, valuEis returned.
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Parameters
... The following argument is optional

isdisc An integer to set the system to continuous time by valoe discrete time by valug.

Description
The functionisDiscrete() determine if the system is discrete-time system. The ceaerchange the system
to continuous time by passing the argumésati sc with value0, or to discrete time with valug.

Example

#include <control.h>

int main() {
array double complex zero[2]={2, 3},
pole[2]={1, -1};
double k = 3;

CControl sys;
sys.model("zpk", zero, pole, k, -1);

if(sys.isDiscrete()) {
printf("This is a discrete system.\n");

}

return O;

}
The output is shown as follows.

This is a discrete system.

See Also
CControl::delay2z(), CControl::.c2d(), CControl::d2c ().

CControl ::lge

Synopsis
int Ige (array double &, array double &, array double complex & array double &, array double &,
array double &, ... /* array double & */);

Purpose
Kalman estimator design for continuous-time systems.

Return Value
Upon successful completion, zero is returned. Otherwisa|uwe of non-zero is returned.

Parameters
I Array of reference containing the observer gain mafrix

p Array of reference containing the solutidhof the following Riccati equation.

AP + PAT — (PCT + GN)R™Y(CP + NTGT) + GQGT =0
e Array of reference containing the closed-loop eigenvaltiest is eigenvalues of matrid(— LC).
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g Array of reference containing the system noise maftix

q Array of reference containing parametgtin the following cost function/

T(u) = / XTQX + UTRU + 2XT NU dz
0

r Array of reference containing paramefeiin the above cost functiod.
... The following argument is optional.

n Array of reference containing parametgrin the above cost functiod. It is the noise cross-correlation,
and set to zero when omitted.

Description
The functionlge () calculates observer gain matrix of the Kalman filter fa dontinuous-time systems

X = AX+BU+GW
Y = CX+DU+V

with process noise and measurement noise covariances stsown
E{W}=FE{V}=0,E{WW'} =Q,E{vVT} =R E{WVT} =N
The function returns the observer gain mattisuch that the stationary Kalman filter
X =AX + BU + L(Y — CX — DU)
produces an optimal state estimafeof X using the sensor measuremetits

Example

#include <control.h>

#define NUMX 2 /Il number of states
#define NUMU 1 /I number of the inputs
#define NUMY 1 /I number of the outputs

int main() {
array double A[INUMX][NUMX] = {{-1, 0},
{0, -2},
C[NUMY]INUMX] = {1, 1}
array double [[NUMX][NUMY], p[NUMX][NUMX];
array double complex e[NUMX];
array double G[NUMX][1] = {0, 1};
array double Q[1][1] = {1}
array double R[NUMY]NUMY] = {1};
array double N[1][NUMY] = {10};
CControl sys;

sys.model("ss", A, NULL, C, NULL);
sys.lge(l, p, e, G, Q, R, N);

printf("l = %f\np = %f\ne = %f\n", |, p, e);
return O;
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The output is shown as follows.

| = 0.000000
4.708204

p = -0.000000 -0.000000
-0.000000 -5.291796

e = complex(-6.708204,0.000000) complex(-1.000000,0.00 0000)

See Also
CControl::care().

CControl ::Igr

Synopsis
int Igr (array double &, array double &, array double complex & array double &, array double &,
...[* array double & */);

Purpose
Build linear-quadratic (LQ) state-feedback regulatordontinuous-time plant.

Return Value
Upon successful completion, zero is returned. Otherwisalue of non-zero is returned.

Parameters
k Reference of computational array containing the outputragtgain matrixX for state-feedback law

U=-KX
s Reference of computational array containing the solutiasf continuous-time Riccati equation.
SA+ATS —(SB+ N)RYBTS+N)+Q=0

e Reference of computational array containing the closeg-&igenvalues, that is eigenvalues of matix(
BK).

g Reference of computational array containing the parandgiarthe following cost function/
J(U) = / (XTQX + UTRU +2XTNU) dz
0
r Reference of computational array containing the paranfeiarthe above cost functioi.

... The following argument is optional.

n Reference of computational array containing the param®ter the above cost functiod. It is set to
zero when omitted.
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Description
The functionlgr () can be used to design linear-quadratic (LQ) state-fegdlegulator for continuous-time
plants shown as follows,

X = AX 4+ BU
Y = CX+ DU

and a cost function -
J(U) = / (XTQX + UTRU +2XTNU) dz
0

The purpose of Linear Quadratic Gaussian (LQG) control reehis to find an optimal gain matrik’, so
that the state-feedback law
U=-KX

minimizes the above cost functioh(U). The gainK is called the LQ optimal gain. To obtain the LQ
optimal gain, the user needs to solve a continuous-timéedgeRiccati equation shown below

SA+ATS — (SB+N)R'(BTS+ N +Q=0
Then, K can be derived from the solutidsof above equation by

K =R 'B"S+NT")

Example

#include <control.h>

#define NUMX 2 /I number of states
#define NUMU 1 /I number of inputs

int main() {
array double A[NUMX][NUMX] = {{-1, 0},
{0, -2}},
B[NUMX][NUMU] = {1, 1},
array double k[INUMU]JINUMX], s[NUMX][NUMX];
array double complex e[NUMX];
array double Q[NUMX][NUMX] = {1, 1, 1, 1};
array double R[NUMU][NUMU] = {5};
array double N[NUMX][NUMU] = {10, 20},
CControl sys;

sys.model("ss", A, B, NULL, NULL);
Il sys.lgrk, s, e, Q, R);
sys.ar(k, s, e, Q, R, N);
printf("k = %f\ns = %fine = %fn", k, s, e);

return O;

}

The output is shown as follows.
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k = 0.975947 2.196276

s = -1.881182 -3.239082
-3.239082 -5.779537

e = complex(-4.923478,0.000000) complex(-1.248745,0.00 0000)

See Also
CControl::dlgr ().

CControl ::lsim

Synopsis
int Isim (classCPlot *plot, array double &out, array double &out, array double &out, array double
&u, .../* doublet f, array doublec0[&] */);

Purpose
Simulation of response to an arbitrary input of the lineatems.

Return Value
Upon successful completion, zero is returned. Otherwisauwe of non-zero is returned.

Parameters
plot Painter to an existing object of cla€slot .

yout Array of reference containing the output response sequence
tout Array of reference containing the time vector used for satiah.
zout Array of reference containing the state trajectories.

u Array of reference containing input sequence.

... The following arguments are optional.

tf Double value specifying the final time of the simulation.

x0 Array of reference containing the initial state.

Description

The functionlsim () computes and plots the response to an arbitrary inmftcontinuous-time linear sys-
tems with the initial condition:0. The initial condition is assumed to be zero by default. & flystem is a
multi-output system, response of each output channel witlisplayed in a seperate subplot. If the optional
argument f is absent, the function will determine the duration of siatioin automatically on the transient
behavior of the response.

Example _ _ _
This example simulates the response to a sinual wave input.

#include <control.h>

#define N 100
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int main() {
int i
array double num[2]={1, -1},
den[3]={1, 1, 5}
CPlot plot;
double times[N],iu[N];
CControl sys;

sys.model("tf", num, den);
linspace(times,0,12); // generate the sinual wave as input
for (i=0; i<N; i++)
iufi] = sin(2*3.14/5*times]i]);
sys.Isim(&plot, NULL, NULL, NULL, iu, 10);
return O;

}

The plot of system response to the sinual wave input is shouine following figure.
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See Also
CControl::step(), CControl::impulse (), CControl::initial ().

CControl ::lyap
Synopsis
int lyap (array double complex[:][:], array double complex[:][:], . ../* array double complex[:][:], ar-

ray double complex[:][:] */);

Purpose
Solve the continuous Lyapunov equation.

Return Value
Upon successful completion, zero is returned. Otherwisalwe of non-zero is returned.
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Parameters
x Array of reference containing the solution of the Lyapunquation.

a Array of reference containing the parameteof the Lyapunov matrix equation.
... One argument or two argument$ andc can be chosen.

b Array of reference containing the paramefeof the Lyapunov matrix equation.
¢ Array of reference containing the paramefépf the Lyapunov matrix equation.

Description
The functionlyap () solves the following special continuous-time Lyapunguation

AX —xAT = —C

whereX is the solution, and parametedsandC aren x n matrices. If the argumeidtis given, the general
form of the Lyapunov equation (also called Sylvester equatis solved.

AX - XB=-C

Example

#include <control.h>

int main() {
array double complex a[3][3] = {2, 3, 4,

5 6, 7,
8, 9, 10}

array double complex b[3][3] = {2, 4, 5,
11, 13, 15,
1, 2, 3}

array double complex c[3][3] = {2.3000, 4.5000, 2,
3.4000, 6.7000, 5.0000,
2.8700, 9.3200, 1};

array double complex X[3][3];

CControl sys;

sys.lyap(x, a, b, c);
printf("x = \n%f\n", x);

return O;

}
The output is shown as follows.

X =

complex(-2.009236,0.000000) complex(-0.260711,0.0000 00) complex(4.408764,0.000000)
complex(3.094459,0.000000) complex(-0.368029,0.00000 0) complex(-5.158256,0.000000)
complex(-1.271845,0.000000) complex(-0.066459,0.0000 00) complex(1.346946,0.000000)
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See Also
CControl::dlyap ().

CControl ::margin

Synopsis
int margin (classCPlot *plot, double *m, double *m, double *wcg, double *wcp, .../* array double
mag|[&], array double phase[&], array double w[&] */);

Purpose
Computes the gain and phase margins.

Return Value
Upon successful completion, zero is returned. Otherwisaluwe of non-zero is returned.

Parameters
plot Pointer to an existing object of cla€¥lot .

gm Pointer to double value containing the resulting gain nmargi

pm Pointer to double value containing the resulting phase imarg

wcg Pointer to double value containing the associated crossmaeuency of the gain margin.
wep Pointer to double value containing the associated cros$meuency of the phase margin.
... The following arguments are optional.

mag Array of reference containing the magnitude of frequenspoase.

phase Array of reference containing the phase of frequency respon

w Array of reference containing the frequency points comesing tomag andphase.

Description

The functionmargin () calculates and plots the minimum gain margin, phase maemnd corresponding
crossover frequencies of SISO open-loop models. The gaigimis the factor by which the gaiR can

be raised before the system becomes unstable. It can béatatttromm, where|G(jw)| is the mag-
nitude at frequency which makes the phas&~(jw) equal—180°. Similarly, the phase margin is another
measure which is used to indicate the stability margin instesy. It can be calculated frodG(jw) — 180°

at frequencyw which makes the magnitudé:(jw)| equall.0. The frequencyw is then called crossover
frequency. It is generally found that gain margins of threenore combined with phase margins between

30 and 60 degrees result in reasonable trade-offs betweelwinth and stability.

Example

#include <control.h>

int main() {
array double num[1]={.1},
den[4]={1,2,1,0};
double gm, pm, wcg, wcp;
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CPlot plot;
CControl sys;

sys.model("tf", num, den);
sys.margin(&plot, &gm, &pm, &wcg, &wcp);

printf("The gain margin is %f at frequency %f rad/sec\n”, gm , wcQ);
printf("The phase margin is %f at frequency %f rad/sec\n", p m, wcp);
return O;

}

The Bode diagram displaying gain margin and phase margimoisis as follows

The gain margin is 26.020558 dB at frequency 0.999998 rad/sec
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The output is shown as follows

The gain margin is 26.020558 at frequency 0.999998 rad/sec
The phase margin is 78.690235 at frequency 0.099018 rad/sec

See Also
CControl::bode(), CControl:fregresp ().

CControl ::minreal

Synopsis
int *minreal (array double &, .../* doubletol */);

Purpose
Produce a minimal relization of an LTI model.

Return Value
Upon successful completion, a pointer to the correspondiimgmal relization of a given LTI system is
returned. Otherwise, a NULL pointer is returned.

Parameters
u An orthogonal matrix such that (u*A*u’, u*B, C*u’) is a Kalnmedecomposition of (A, B, C).
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... The following argument is optional.
tol A double value used for the elimination of uncontrollabi@bservable state variables.

Description

The functionminreal () eliminates uncontrollable and unobservable state bksafrom the state-space
representation of an LTI system. The resulting state-spgc@tion is controllable/observable and has the
minimal state varibles. The minimal realization of the systas the same dynamic response characteristics
as the original system. The output matixs an orthogonal matrix and (u*A*u’, u*B, C*u’) is a Kalman
decomposion of (A, B, C). The input value ffl is used in the state elimination process.

Example

#include <control.h>

#define NUMX 3 /I number of states
#define NUMU 1 /I number of inputs
#define NUMY 1 /I number of outputs
int main() {
array double A[NUMX][NUMX] = { O, O, 1,
1, 0, O,
0, 1, O}
array double B[NUMX][NUMU] = { 1, 0, O};

array double C[NUMY][NUMX] = { 1, -1, O}
CControl sys, *sys2;

sys.model("ss", A, B, C, NULL);

sys2 = sys.minreal(NULL);

printf("The minimal relization of the system.\n");
sys2->printss();

return O;

}
The output is shown as follows.

The minimal relization of the system.

State-space arguments:
A =
-0.500000 -0.866025
0.866025 -0.500000
B =
0.408248
-0.707107
C =
0.000000 -1.414214
D =
0.000000

See Also
CControl::pzcancel().

CControl ::model

Synopsis
int model (string.t type, ... /* [array doublenum][&], array doubleden[&], [double ts]],
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[array double &, array double &, array double &, array double &, [doublets]],
[array double complex[&], array double complex[&], double k, [doublets]],
[int nx, int ny, int nu] */);

Syntax

model(tf* , num, dei
model(tf* , num, den, {5
model('ss" ,a, b, c, d
model('ss" ,a, b,c, d, t}
model('zpk" ,z,p, R
model('zpk" ,z, p, k, t$
model('empty" )
model(rss" )
model(rss" , nx)
model(rss" , nx, ny
model(rss" , nx, ny, nQ
model('drss" )
model('drss" , nx)
model(drss" , nx, ny
model('drss" , nx, ny, n)

Purpose
Create a continuous-time or discrete-time model for an kStem.

Return Value
Upon successful completion, zero is returned. Otherwisaluwe of non-zero is returned.

Parameters
type String type value indicating the resulting model type.

... The following arguments are optional.

num Array of double containing the coefficients of the polynolidich represents the numerator of the
transfer function.

den Array of double containing the coefficients of the polynomiaich represents the denominator of the
transfer function.

ts Double type value specifying the sample time of the disetiete system.
a Array of reference containing the value of system matrix.

b Array of reference containing the value of input matrix.

¢ Array of reference containing the value of output matrix.

d Array of reference containing the value of transmissionrmat

z Array of double containing the zeros of the system.

p Array of double containing the poles of the system.
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k Double type value containing the gain of the system.

nx Integer type value containing the number of states of thiesys
ny Integer type value containing the number of outputs of tstesy.
nu Integer type value containing the number of inputs of théesys

Description

The functionmodel () is used to create continuous-time or discrete-time nwftalan LTI system. The
first argument of the function indicates the type of the model create a continuous-time transfer func-
tion model, the value of first argument is stritii’ . The other two argumentsum and den are two
one-dimensional arrays containing the coefficients of tigrmials which represent the numerator and
denominator of the transfer function, respectively. Tateea continuous-time state-space model, a string
"ss" should be passed to the first argument of the function. Theiréng four arguments, b, ¢, and

d are arrays of reference containing the value of system xpatput matrix, output matrix, and transmis-
sion matrix, respectively. To create a continuous-tim@-gmle-gain model, the value of first argument is
string "zpk" . The arguments andp are two one-dimensional arrays containing the zeros ares il
the system. The argumehtrepresents the gain of the system. To create a discreatentiodels of above
three types, an extra argumentwhich specifies the sample time of the discrete-time systeould be
passed to the function. If the value ©fequals td), the model will be treated as a continuous-time model.
To create a random state-space model or a discrete-timemasthte-space model with default number of
states, outputs, and inputs, only the strings” or "drss" is needed to be passed to the first argument
of the function. To specify the number of states, outputd,iaputs, the values ofx, ny, andnu should be
passed to the function.

Example

#include <control.h>

int main() {
array double num[2] = {1, 3}, den[3] = {1, 2, 9};
CControl sys;

sys.model("tf", num, den);
sys.printSystem();

return O;

}

The output is shown as follows

Continuous-time System
State-space arguments:
A =

-2.000000 -9.000000

1.000000  0.000000
B =

1.000000

0.000000
C =

1.000000  3.000000
D =

0.000000
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Transfer function parameters:
Numerator:

0.000000  1.000000  3.000000
Denominator:

1.000000  2.000000  9.000000

Zero-Pole-Gain parameters:

Zero:

complex( -3.000000, 0.000000)

Pole:

complex( -1.000000, 2.828427) complex( -1.000000, -2.828 427)

Gain: 1.000000

input delay is  0.000000
output delay is  0.000000
input/output delay is  0.000000

See Also
CControl::tfdata (), CControl::ssdata(), CControl::zpkdata ().

CControl ::ngrid

Synopsis
int ngrid (int flag);

Purpose
Generate grid lines for Nichols plots.

Return Value
Upon successful completion, zero is returned. Otherwisaluwe of non-zero is returned.

Parameters
flag Integer to turn on/off the ngrid. The valugurns on the ngrid, whered@sturns off the ngrid.

Description

The functionngrid () adds or removes grid lines for Nichols charts producedibgtionCControl ::nichols
(). For SISO systems, whe#(jw) is the complex transfer function, there is a correspondinitytfeedback
closed-loop transfer function

__Gw)

1+ G(jw)

Assume that\/ (w) anda(w) are magnitude and phase of that closed-loop transfer imatre have equa-
tions as shown below,

T(jw)

M(w) = [T(jw)], a(w) = /T(jw)

In Nichols chart plotted by functio@Control ::nichols (), the contours of constant value bf (w) anda(w)
are added as grid lines.

Example
The following example adds grid lines on Nichols plot.
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#include <control.h>

int main() {
array double num[5] = {-4, 48, -18, 250, 600},
den[5] = {1, 30, 282, 525, 60};
CPlot plot;
CControl sys;
array double w[500];

sys.model("tf", num, den);

logspace(w, -1, 1);

sys.ngrid(1);

sys.nichols(&plot, NULL, NULL, NULL, wy);
return O;

}
The Nichols plot with grid lines is shown as follow.

Nichols Chart
40 -

30

-1.00dB

-3.000B

| -6.0008

-00dB

Open-Loop Gain (dB)

-00dB

-60dB
-300 -200 -100

Open-Loop Phase (deg)
See Also
CControl::sgrid (), CControl::grid (), CControl::zgrid (), CControl::nichols ().

CControl ::nichols

Synopsis
int* nichols (classCPlot *plot, array doublenag[&], array doublephase[&], array doublewout[&], .. . /*
array doublew[&] or double wmin, doublewmax */);

Purpose
Compute the Nichols frequency response of the system.

Return Value
Upon successful completion, zero is returned. Otherwisa|uwe of non-zero is returned.

Parameters
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plot Pointer to an existing object of cla€¥lot .

mag Array of reference containing magnitudes of the frequeesponse at the frequencies in arteyut.
The magnitudes are expressed in decibels.

phase Array of reference containing phases of the frequency respat the frequenciesout. The phases
are expressed in degrees.

wout Array of reference containing output frequencies whichexgressed imad/ sec. If the user-defined
frequencies are absent, the automatically generatedenetps will be contained.

... Variable length argument list expecting one argumenipr two argumentsymin andwmaz.
w Array of reference containing user-defined frequencieshatiwfrequency response is calculated.
wmin and wmaxz Two double value specifying bounds of a particular freqyanterval [wmin,wmax].

Description

The functionnichols () computes the magnitude and phase of the frequency respbh$l models and plots
them in Nichols coordinates. If the first argument is not a NlUtlointer, a Nichols plot will be produced.
If the user explicitly specifies the frequency range or feagry points, they will be used in calculations and
plots. Otherwise, the default frequency veciois generated by the following statement automatically.

logspace(w, log10(0.1), log10(1000))

w is a logarithmically spaced frequency vector and expresseddians/sec. This function only applys to
SISO cases in its current implementation. It is recommenaedll functionCControl ::ngrid () to add the
grid lines before this function is called.

Example

#include <control.h>

int main() {
array double num[5] = {-4, 48, -18, 250, 600},
den[5] = {1, 30, 282, 525, 60};
CPlot plot;
CControl sys;

sys.model("tf", num, den);
sys.ngrid(1);
sys.nichols(&plot, NULL, NULL, NULL);

return O;

}

The Nichols chart with grid lines is shown as follows.
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Nichols Chart
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Open-Loop Gain (dB)

1
-300 -200
Open-Loop Phase (deg)

See Also
CControl::ngrid (), CControl::bode(), CControl::nyquist ().

CControl ::nyquist

Synopsis
int nyquist (classCPlot *plot, array double-e[&], array doubleim[&], array doublewout[&], ... /* array
doublew[&] or double wmin, doublewmax */);

Purpose
The functionnyquist calculates the Nyquist frequency response of the system.

Return Value
Upon successful completion, zero is returned. Otherwiseusone is returned.

Parameters
plot Painter to an existing object of cla€¥lot .

re Array of reference containing the real part of the frequemresponse at the frequencies corresponding to
arraywout.

im Array of reference containing the imaginary part of the fregcy response at the frequencies corre-
sponding towout.

wout Array of reference containing output frequencies whichexgressed imad/ sec. If the user-defined
frequencies are absent, the automatically generatedenetgs will be contained.

... Variable length argument list expecting one argumenipr two argumentsymin andwmaz.

w Array of reference containing user-defined frequencie$rémuency response calculation.

151



APPENDIX A. REFERENCE OF MEMBER FUNCTIONS OF CCONTROL CLASS
CControl ::nyquist

wmin and wmax Two double values specifying boundary of a particular feagy interval for frequency
response calculation.

Description

The functionnyquist () calculates the Nyquist frequency response of LTI modéthe first argument is not

a NULL pointer,nyquist function produces a Nyquist plot on the terminal. The arguisi@ or wmin and
wmax explicitly specify the desired frequency points or frequerange to be used for the plot. If the user
does not specify the, the default frequency vectar is generated by the following statement automatically.

logspace(w, logl0(wmin), logl0(wmax))

where wmin =0.1, wmax = 100@v is a logarithmically spaced frequency vector and expressadiians/sec.
This function only applys to SISO cases in the current imgetation.

Example
This example plots the Nyquist plot of the system

1
s(s2+2s+1)

on the frequency interval [-.00001 100000].

#include <control.h>

int main() {
array double num[l] = {1}, den[4] = {1, 2, 1, O};
array double w[100];
CPlot plot;
CControl sys;

sys.model("tf", num, den);
plot.axisRange(PLOT_AXIS_Y, -5, 5, 0.5);
logspace(w, -5, 5);

sys.nyquist(&plot, NULL, NULL, NULL, w);
return O;

}

The Nyquist plot of this example is shown as follows.
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Nyquist plot of LTI models
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See Also
CControl::fregresp (), CControl::nichols (), CControl::bode().

CControl ::obsv

Synopsis
int *obsv (array double &b);

Purpose
Form the observability matrix.

Return Value
Upon successful completion, zero is returned. Otherwisaluwe of non-zero is returned.

Parameters
ob Output observability matrix.
Description
The functionobsv () computes the observability matrix from the system madrig output matrix. Assume
that the system has anx n system matrixA and ap x n output matrixC, obsv (A, C) returns thewp x n
observability matrixO,
C
CA
CA?

Calv-y
The system is observabledf, has full rankn.

Example
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#include <control.h>

#define NUMX 2 /I number of states
#define NUMY 1 /l number of outputs
int main() {
array double A[NUMX][NUMX] = {-0.5572, -0.7814,
0.7814, 0};

array double C[NUMY][NUMX] = {1.9691, 6.4493};
array double ob[NUMX*NUMY][NUMX];

CControl sys;

int num;

sys.model("ss", A, NULL, C, NULL);
sys.obsv(ob);
num = rank(ob);
if(hum == min(NUMX*NUMY, NUMX))
printf("The system is observable.\n");
else
printf("The system is not observable.\n");
printf("ob = %f\n", ob);
return O;

}
The output is shown as follows.

The system is observable.
ob = 1.969100 6.449300
3.942301 -1.538655

See Also
CControl::ctrb (), CControl::ctrbf (), CControl::obsvf().

CControl ::obsvf

Synopsis
int *obsvf (array double &bar, array double &bar, array double &bar, array double &, array int &,
array double &, array double &, array double &, . ../* doubletol */);

Purpose
Compute the observability staircase form.

Return Value
Upon successful completion, zero is returned. Otherwisaluwe of non-zero is returned.

Parameters
abar Computational array of double containing the system matrdbservability staircase form.

bbar Computational array of double containing the input matnixbservability staircase form.
cbar Computational array of double containing the output matrigbservability staircase form.

t Computational array of double containing the similarignsformation matrix from the original form to
observability staircase form. The dimensiont if n, x n,, wheren, is the number of state variables
of original system.
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k Computational array of int containing the number of obseleatates identified at each iteration of the
algorithm. The array: hasn, elements. The number of observable states equals to thefskim o

a Computational array of double containing the system maifrioriginal system.

b Computational array of double containing the input matfigriginal system.

¢ Computational array of double containing the output matfigriginal system.

... The following argument is optional.

tol A double value used to calculate the observable/unobsiergaibspaces.

Description
The functionobsvf () decomposes the original unobservable state-spacensystgesented byA, B, C)
into the observability staircase form (B, C') which satisfies

A=TATT B=TB,C =CT"
= | Apo Ao 5_ | Bno | A _
A_lo AO]’B_[BJ’C—[O G |

whereT is a transformation matrix. The dimension 4f B, andC are the same as those 4f B, and
C, respectively. If the rank of observability matrix of omgil state-space equation is equahty the n2-
dimensional subequations

and

Xo = AyX,+ Bou
y = Cox_o

is observable and has the same transfer function as thealrgyistem. For the user’s convenience, an object
of empty model can be created to call this member function.

Example

#include <control.h>

#define NUMX 3 /I number of states
#define NUMU 1 /Il number of inputs
#define NUMY 1 /l number of outputs
int main() {

array double A[NUMX][NUMX] = {-2, 1, 2,

0,
1, 0}

1, 0
0, 0
array double B[NUMX][NUMU] = {1, 0, 0};

array double C[NUMY]NUMX] = {0, 1, -1}

array double Abar[NUMX][NUMX], Bbar[NUMX][NUMU], Cbar[N UMY][NUMX], tINUMX]INUMX];
array int K[NUMX];

CControl sys;

sys.model("ss", A, B, C, NULL);

sys.obsvf(Abar, Bbar, Cbar, t, k, A, B, C);

printf("Abar = \n%f\nBbar = \n%f\nCbar = \n%fAnt = \n%fnk = \n%d\n", Abar, Bbar, Cbar, t, k);

return O;
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The output is shown as follows.

Abar =

1.000000 1.414214 0.000000
0.000000 -2.500000 -0.866025
0.000000 0.866025 -0.500000

Bbar =
0.577350
-0.816497
0.000000

Cbar =
0.000000 0.000000 -1.414214

t =

0.577350 0.577350 0.577350
-0.816497 0.408248 0.408248
0.000000 -0.707107 0.707107

k
1

=l

0

See Also
CControl::obsv(), CControl::ctrb (), CControl::ctrbf ().

CControl ::parallel

Synopsis
CControl* parallel (CControl *sys2, .../* array intinput1[:], array intinput2[:], array intoutput1[],
array intoutput2[:] */);

Purpose
Parallel connection of two LTI models.

Return Value
Upon successful completion, a non-NULL pointer to cl@&Sontrol representing the generated system is
returned. Otherwise, a NULL pointer is returned.

Parameters
sys2 Pointer to the clas€Control representing the system to be connected in the parallel form

... The following arguments are optional.

inputl One-dimensional computational array containing indigescgying which inputs okys1 are con-
nected to the inputs ofys2. If sysl has m1l inputs, the default value of the arrayis2, ..., m3.

input2 One-dimensional computational array containing indigescgying which inputs okys2 are con-
nected to the inputs ofys1. If sysl has ml inputs andys2 has m2 inputs, the default value of the
array is{m1+1, m1+2, ..., m1+mR

outputl One-dimensional computational array containing indigescgying which outputs okysl1 are
summed with outputs ofys2. If sysl has nl outputs, the default value of the arraylis2, ..., n}.
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output2 One-dimensional computational array containing indigescgying which outputs okys2 are

summed with outputs ofysl. If sysl has nl outputs anglys2 has n2 outputs, the default value of
the array is{n1+1, n1+2, ..., n1+n2

Description
The functionparallel () builds a system with parallel interconnection shown imfilqure.

sys
ull 11
ul (ui1) (y11) —y1
1
w2 . Y8 y12
L +
u2 > —>Yy2
+
w2l y21
sys2
us u22)" (y22) ~y3

The resulting system has the inputs[@f, us, us] and outputsy, y2, y3]. Note that the count of the inputs
and outputs in Ch Control System Toolkit begins with

Example

In this example, two identical three-input-two-outputteyss are connected in parallel form. The first and
second inputs okysl are connect with the second and third inputssg$2, respectively. On the other
hand, the first and second outputssgf1 are summed with the second and first inputspf2, respectively.
Therefore, the resulting systesys3 has four inputs and two outputs.

#include <control.h>

#define NUMX 4 /I number of states
#define NUMU 3 /I number of inputs
#define NUMY 2 /I number of outputs

int main() {
array double A[INUMX][NUMX] = {{-4.12, -17.4, -30.8, -60},

{1, 0, 0, 0},
{0, 1, 0, 0},
{0, 0, 1, o1,

BINUMX][NUMU] = {1, 0, O,
2, 0, 0,
0, 0, 1,
0, 1, 0},

C[NUMY][INUMX] = {4, 8.4, 30.78, 60,

3, 7.4, 29.78, 50},

{1, 2, 3,

4, 5, 6}

array int inputl[2] = {1, 2}, input2[2] = {2, 3},
outputl[2] = {1, 2}, output2[2] = {2, 1};

CControl sysl, sys2, *sys3;

D[NUMY][NUMU]

sysl.model("ss", A, B, C, D);
sys2.model("ss", A, B, C, D);
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sys3 = sysl.parallel(&sys2, inputl, input2, outputl, outp ut2);
sys3->printSystem();

return O;

}

The output is shown as follows.

Continuous-time System
State-space arguments:

A =
-4.120000 -17.400000 -30.800000 -60.000000 0.000000 0.00 0000 0.000000
0.000000
1.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.0 00000
0.000000
0.000000 1.000000 0.000000 0.000000 0.000000 0.000000 0.0 00000
0.000000
0.000000 0.000000 1.000000 0.000000 0.000000 0.000000 0.0 00000
0.000000
0.000000 0.000000 0.000000 0.000000 -4.120000 -17.400000 -30.800000
-60.000000
0.000000 0.000000 0.000000 0.000000 1.000000 0.000000 0.0 00000
0.000000
0.000000 0.000000 0.000000 0.000000 0.000000 1.000000 0.0 00000
0.000000
0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 1.0 00000
0.000000
B =

0.000000  1.000000  0.000000  0.000000
0.000000  2.000000  0.000000  0.000000
1.000000  0.000000  0.000000  0.000000
0.000000  0.000000  1.000000  0.000000
0.000000  0.000000  0.000000  1.000000
0.000000  0.000000  0.000000  2.000000
0.000000  0.000000  1.000000  0.000000
0.000000  1.000000  0.000000  0.000000

C =

4.000000 8.400000 30.780000 60.000000 3.000000 7.400000 2 9.780000
50.000000

3.000000 7.400000 29.780000 50.000000  4.000000  8.400000 3 0.780000
60.000000
D =

3.000000 6.000000  8.000000  4.000000
6.000000 6.000000  8.000000  1.000000

See Also
CControl::connect(), CControl::feedback(), CControl::series().

CControl ::place

Synopsis
int place (array double complex &, array double complex|:]);

Purpose
Pole placement design.
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Return Value
Upon successful completion, zero is returned. Otherwisauwe of non-zero is returned.

Parameters
k Array of reference containing the output gain vector.

p Computational array containing the desired closed-lodp lozations.

Description

The functionplace () returns the gain vectat which makes closed loop poles match the user-specified
vectorp. In other words, for systert4, B, C, D), the eigenvalues of matri¥(— Bk) will match p. This
function is designed for both SISO and MIMO systems.

Example

In this example, the desired poles ar@, —1, —2, and—1.

#include <control.h>

#define NUMX 4 /I number of states
#define NUMU 2 /I number of inputs
#define NUMY 2 /I number of outputs

int main() {

array double A[NUMX][NUMX] = {{-2, -9, 0, 0},
{1, o, 0, 0},
{0, 0, -2, -9},
{0, 0, 1, O}},
B[NUMX][NUMU] = {1, O,
0, O,
0, 1,
0, 0},
C[NUMY]INUMX] = {1, 3, 0O, O,
0, 0, 1, 3},
D[NUMY][NUMU] = {0, O, O, O}
array double complex k[NUMU][NUMX];
array double complex p[NUMX] = {-1, -2, -1, -2};
CControl sys;

sys.model("ss", A, B, C, D);
sys.place(k, p);
printf("k = %f\n", k);

return O;
}
The output is shown as follows.
k = complex(1.000000,0.000000) complex(-7.000000,0.000 000) complex(0.000000,0.000000)
complex(0.000000,0.000000)
complex(0.000000,0.000000) complex(0.000000,0.000000 ) complex(1.000000,0.000000)

complex(-7.000000,0.000000)

See Also
CControl::acker (), CControl::lgr (), CControl::rlocus ().
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CControl ::pole

Synopsis
int pole (array double complex §);

Purpose
Retrieve poles of LTI system.

Return Value
Upon successful completion, zero is returned. Otherwisaluwe of non-zero is returned.

Parameters
p Computational array containing the system poles.

Description
The functionpole () returns the polep of the system. The poles are the eigenvalues of the systerxmat
of the system.

Example

#include <control.h>

int main() {
array double complex zero[3]={complex(-0.05, 2.738156),
complex(-0.05, -2.738156),
-2.0},
pole[4]={
complex(-1.797086, 2.213723), complex(-1.797086, -2.21 3723),
complex(-0.262914, 2.703862), complex(-0.262914, -2.70 3862)};
double k=4;
int np;
CControl sys;

sys.model("zpk", zero, pole, k);

np = sys.size('p’);

array double complex p[np];

sys.pole(p);

printf("The poles of the system are\n%f\n", p);
return O;

}

The output is shown as follows.

complex(-1.797086,2.213723) complex(-1.797086,-2.213 723) complex(-0.262914,2.703862)
complex(-0.262914,-2.703862)

See Also
CControl::damp (), CControl::getDominantPole(), CControl::pzmap ().

CControl ::printSystem
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Synopsis
void printSystem ();

Purpose
Print information of the system.

Return Value
None.

ParametersNone.

Description

The functionprintSystem () prints informaton of systems, including input, outputdalirect transmission
matrices for state space models, numerator, and denomiieativansfer function model, zeros, poles and
gain for zero-pole-gain models, as well as delays, samplesti Ch Control System Toolkit will automati-
cally try to create all state-space, transfer function ard-pole-gain models for a SISO system as it is cre-
ated. Some systems could only have one or two valid modefae3watrices could be displayed &%/ L L
pointers for special types such as input mafsifor type CHTKT _.CONTROL _SYSTEMTYPE_AC. For
MIMO systems, this function only display the state space @hodcurrent implementation.

Example

#include <control.h>
#define NUMX 2 /I number of states

int main() {
array double complex zero[3]={complex(-0.05, 2.738156),
complex(-0.05, -2.738156),
-2.0},
pole[4]={ complex(-1.797086, 2.213723),
complex(-1.797086, -2.213723),
complex(-0.262914, 2.703862),
complex(-0.262914, -2.703862)};
double k=4;
array double A[NUMX][NUMX] = {1, 2, 3, 4};
CControl sysl, sys2;

sysl.model("zpk", zero, pole, k);
printf("\ninformation about sys1\n");
sysl.printSystem();

sys2.model("ss", A, NULL, NULL, NULL);
printf("\ninformation about sys2\n");
sys2.printSystem();

return O;

}
The output is shown as follows.

Information about sysl
Continuous-time System
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State-space arguments:

A =

-4.120000 -17.399997 -30.799994 -59.999994

1.000000 0.000000 0.000000  0.000000
0.000000  1.000000  0.000000  0.000000
0.000000  0.000000  1.000000  0.000000

B =

1.000000

0.000000

0.000000

0.000000

C =

4.000000  8.400000 30.799993 59.999986

D =

0.000000

Transfer function parameters:

Numerator:

0.000000  4.000000  8.400000 30.799993 59.999986
Denominator:

1.000000 4.120000 17.399997 30.799994 59.999994

Zero-Pole-Gain parameters:
Zero:
complex( -0.050000, 2.738156) complex( -0.050000, -2.738

Pole:

complex( -1.797086, 2.213723) complex( -1.797086, -2.213
complex( -0.262914, -2.703862)

Gain:  4.000000

0.000000
0.000000
0.000000

input delay is
output delay is
input/output delay is

Information about sys2
Continuous-time System
State-space arguments:
A =
1.000000
3.000000
B =
NULL
C =
NULL
D =
NULL

2.000000
4.000000

See Also

CControl::printss (), CControl::printtf (), CControl::printzpk ().

156) complex( -2.000000,

723) complex( -0.262914,

0.000000)

2.703862)

CControl ::printss

Synopsis
void printss ();
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Purpose
Print system, input, output, and direct transmission roesrfor state space models.

Return Value
None.

ParametersNone.

Description

The functionprintss () prints system, input, output, and direct transmissiofrices for state space models.
Ch Control Toolkit will automatically try to create statpace model for each SISO system as it is created.
Some matrices will be displayed asNULL pointers for special types such as
CHTKT .CONTROL _SYSTEMTYPE _AC.

Example

#include <control.h>
#define NUMX 2 /I number of states

int main() {
array double complex zero[3]={complex(-0.05, 2.738156),
complex(-0.05, -2.738156),
-2.0},
pole[4]={ complex(-1.797086, 2.213723),
complex(-1.797086, -2.213723),
complex(-0.262914, 2.703862),
complex(-0.262914, -2.703862)};
double k=4;
array double A[NUMX][NUMX] = {1, 2, 3, 4};
CControl sysl, sys2;

sysl.model("zpk", zero, pole, k);
printf("Matrices of sys1");
sysl.printss();

sys2.model("ss", A, NULL, NULL, NULL);
printf("\nMatrices of sys2");
sys2.printss();

return O;

}
The output is shown as follows.

Matrices of sysl

State-space arguments:

A =

-4.120000 -17.399997 -30.799994 -59.999994
1.000000  0.000000  0.000000  0.000000
0.000000 1.000000 0.000000 0.000000
0.000000  0.000000 1.000000  0.000000

B =
1.000000
0.000000
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0.000000

0.000000
C =

4.000000 8.400000 30.799993 59.999986
D =

0.000000

Matrices of sys2
State-space arguments:
A =
1.000000  2.000000
3.000000  4.000000
B =
NULL
C =
NULL
D =
NULL

See Also
CControl::printSystem (), CControl::printtf (), CControl::printzpk ().

CControl ::printtf

Synopsis
void printtf ();

Purpose
Print numerator and denominator of a transfer function rhode

Return Value
None.

Parameters
None.

Description

The functionprinttf () print numerator and denominator of a transfer functiordedlo Ch Control Toolkit
will automatically try to create transfer function modet &ach SISO system as it is created. In the current
implementation, this function is applicable to SISO sysemly.

Example

In this example, the systerys2 cannot be converted to transfer function model from stptesa model,
since it is not a SISO system.

#include <control.h>
#define NUMX 2 /I number of states

int main() {
array double complex zero[3]={complex(-0.05, 2.738156),
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complex(-0.05, -2.738156),
-2.0},
pole[4]={ complex(-1.797086, 2.213723),
complex(-1.797086, -2.213723),
complex(-0.262914, 2.703862),
complex(-0.262914, -2.703862)};
double k=4;
array double A[NUMX][NUMX] = {1, 2, 3, 4};
CControl sysl, sys2;

sysl.model("zpk", zero, pole, k);
printf("Matrices of sys1\n");
sysl.printtf();

sys2.model("ss", A, NULL, NULL, NULL);
printf("\nMatrices of sys2\n");
sys2.printtf();

return O;

}

The output is shown as follows.

Error: CControl::printtf() system is not a SISO
Matrices of sysl

Transfer function parameters:

Numerator: 4.000000*s*s*s+8.400000*s*s+30.799993*s+5 9.999986
Denominator: 1.000000*s*s*s*s+4.120000*s*s*s+17.3999 97*s*s+30.799994*s+59.999994

Matrices of sys2

See Also
CControl::printss (), CControl::printSystem (), CControl::printzpk ().

CControl ::printzpk

Synopsis
void printzpk ();

Purpose
Print zeros, poles and gain of a zero-pole-gain model.

Return Value
None.

Parameters
None.

Description

The functionprintzpk () print zeros, poles and gain of a zero-pole-gain model. Ght®@I Toolkit will
automatically try to create zero-pole-gain model for eak®Bsystem as it is created. In the current imple-
mentation, this function is applicable to SISO systems.only

Example
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In this example, the systerys2 cannot be converted to zero-pole-gain model from stateespedel,
since it is not a SISO system.

#include <control.h>
#define NUMX 2 /I number of states

int main() {
array double complex zero[3]={complex(-0.05, 2.738156),
complex(-0.05, -2.738156),
-2.0},
pole[4]={ complex(-1.797086, 2.213723),
complex(-1.797086, -2.213723),
complex(-0.262914, 2.703862),
complex(-0.262914, -2.703862)};
double k=4;
array double A[NUMX][NUMX] = {1, 2, 3, 4};
CControl sysl, sys2;

sysl.model("zpk", zero, pole, k);
printf("Matrices of sys1\n");
sysl.printzpk();

sys2.model("ss", A, NULL, NULL, NULL);
printf("\nMatrices of sys2\n");
sys2.printzpk();

return O;

}
The output is shown as follows.

Error: CControl::printzpk() system is not a SISO
Matrices of sysl

Zero-Pole-Gain parameters:

Zero: complex(-0.050000,2.738156) complex(-0.050000,- 2.738156) complex(-2.000000,0.000000)
Pole: complex(-1.797086,2.213723) complex(-1.797086,- 2.213723) complex(-0.262914,2.703862)
complex(-0.262914,-2.703862)

Gain: 4.000000

Matrices of sys2

See Also
CControl::printss (), CControl::printSystem (), CControl::printtf ().

CControl ::pzcancel

Synopsis
CControl* pzcancel(.../* doubletol */);

Purpose
Cancel the pole-zero pairs with the same value of a system.
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Return Value
Upon successful completion, a pointer to the new model atiacelling the pole-zero pairs of a given LTI
system is returned. Otherwise, a NULL pointer is returned.

Parameters
... The following argument is optional.

tol A value of double type specifies the tolerance in pole-zernzeiation.

Description

The functionpzcancel() cancels the pole-zero pairs with the same value in thesfearfiunction or zero-
pole-gain model of a system. The new model has the same dgmasgonse characteristics as the original
system. The input value @bl specifies the tolerence in the pole-zero cancellation gsce

Example

#include <control.h>

int main() {
array double complex zero[2] = {5, -2},
pole[4] = {complex(-1, 1), complex(-1, -1), -1, 5}
double k = 3;
CControl sys, *sys2;

sys.model("zpk", zero, pole, k);

sys2 = sys.pzcancel();

printf("The system after pole-zero cancellation.\n");
sys2->printSystem();

return O;

}

The output is shown as follows.

The system after pole-zero cancellation.
Continuous-time System
State-space arguments:
A =
-3.000000 -4.000000 -2.000000
1.000000 0.000000  0.000000
0.000000  1.000000  0.000000
B =
1.000000
0.000000
0.000000
C =
0.000000  3.000000  6.000000
D =
0.000000

Transfer function parameters:

Numerator:

0.000000  0.000000  3.000000  6.000000
Denominator:

1.000000  3.000000  4.000000  2.000000

Zero-Pole-Gain parameters:
Zero:
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complex( -2.000000, 0.000000)
Pole:
complex( -1.000000, 1.000000) complex( -1.000000, -1.000 000) complex( -1.000000, 0.000000)

Gain:  3.000000
input delay is  0.000000

output delay is  0.000000
input/output delay is  0.000000

See Also
CControl::minreal ().

CControl ::pzmap

Synopsis
int pzmap (classCPlot *plot, array double complex g, array double complex &);

Purpose
Produce the pole-zero map of an LTI model.

Return Value
Upon successful completion, zero is returned. Otherwisaluwe of non-zero is returned.

Parameters
plot Pointer to an existing object of cla€¥lot .

p Array of reference containing output system poles.
z Array of reference containing output transmission zeros.

Description

The functionpzmap () computes and plots the pole-zero map. The poles are masgked and the zeros o’s.
Itis recommended to use functi@Control ::sgrid () to plot lines of constant damping ratio and natural fre-
qguency in the s-plane. This function supports continuaug-S1SO systems only in current implementation.

Example

#include <control.h>

int main() {
array double num[3] = {2, 5, 1}, den[3] = {1, 2, 3}
CPlot plot;
CControl sys;
int np, nz;

sys.model("tf", num, den);

np = sys.size('p’);

nz = sys.size('z);

array double complex p[np], z[nz];

sys.sgrid(1);
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sys.pzmap(&plot, p, z);
printf("p = %fz = %f", p, 2);

return O;
}
The poles and zeros are shown as follows.
p = complex(-1.000000,1.414214) complex(-1.000000,-1.4 14214)
z = complex(-0.219224,0.000000) complex(-2.280776,0.00 0000)

The pole-zero map plot with grid lines is shown in the follagifigure.

Pole-Zero Map
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05 -
R
2
S 02280 2,05 182160237 k2 0.9L - 0.68 0,460, 23 -
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E
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0.8 0.7 0.6 05 04 03 02 01
-1.5 L L 1 1 )
2.5 -2 -1.5 -1 -0.5 0
Real Axis

See Also
CControl::sgrid (), CControl::pole (), CControl::damp ().

CControl ::rlocfind

Synopsis
int rlocfind (array double &, array double &oles, ... /* array double complex[:] */);

Purpose
Find feedback gains for a given set of roots.

Return Value
Upon successful completion, zero is returned. Otherwisaluwe of non-zero is returned.

Parameters
k Array of reference containing the output feedback gain.

poles Array of reference containing system poles correspondirthe feedback gaih.

... The following argument is optional.
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p Array of reference containing user-specified poles. Ifénggiment is absent, interactive gain computation
will perform.

Description
The functionrlocfind () computes root locus gainto make the system poles move to the user-desired poles
p as close as possible.

Example

In this example, the user-desired poles-afe0 + 1.4142¢; —1 + 4.

#include <control.h>

int main() {
array double num[3] = {2, 5, 1}, den[3] = {1, 2, 3}
array double complex p[2] = {complex(-1.0000, 1.4142), com plex(-1, 1)};
CPlot plot;
int np;

CControl sys;

sys.model("tf", num, den);

np = sys.size('p’);

array double Kk[2];

array double complex poles[2][np];

sys.rlocfind(k, poles, p);
printf("'user specified p = %f\n", p);
printf("k = %f\npoles = %fn", k, poles);

return O;

}
The poles and zeros are shown as follows.

user specified p = complex(-1.000000,1.414200) complex(- 1.000000,1.000000)

k = 0.000006 0.242536

poles = complex(-1.000003,1.414200) complex(-1.000003, -1.414200)
complex(-1.081658,1.006696) complex(-1.081658,-1.006 696)
See Also

CControl::pole (), CControl::pzmap ().

CcControl ::rlocus

Synopsis
int rlocus (class CPlot plot, array double complex & array double &out, .../* array double & */);

Purpose
Compute and plot root locus of SISO.
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Return Value
Upon successful completion, zero is returned. Otherwisauwe of non-zero is returned.

Parameters
plot Pointer to an existing object of cla€¥lot .

r Array of reference containing the complex root locationsegponding to gains in argumeinut.
kout Array of reference containing selected gains by users oreffsudt.

... The following argument is optional.

k Array of reference containing user-specified gains.

Description

The functionrlocus () computes and plots rlocus of SISO. Normally, roots of theracteristic equation will
change as one of the system’s parameters varies over awamimange of value. Assume that the control
system shown in the figure,

r p(s) >y

consists of the plant(s) and the scalar gaih. The root locus is the trajectories of the roots of following
equation
q(s) =1+ kp(s)

when the feedback gainvaries from 0 to positive infinity. If the user does not spggiains for which the
roots are calculated, the function will select gains adapti and return these gains kout. The number
of branches of the root locus equal the number of the polesh Beanche begins at one of the roots (poles
of the system) and moves off to infinity or zeros of the systéhe poles are marked as x’s and the zeros o’s.

Example

In this example, the systersys has two poles and one zero.

#include <control.h>

int main() {
array double num[2] = {1, 3}, den[3] = {1, 2, 9};
CPlot plot;
CControl sys;
int nx;

sys.model("tf", num, den);

nx = sys.size('x’);

array double complex r[nx][100];
array double kout[100];
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sys.rlocus(&plot, r, kout);

return O;

}
The plot of rlocus of systersys is shown in the following figure.

Root Locus
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See Also
CControl::pole (), CControl::pzmap ().

CControl ::series

Synopsis
CControl* series(CControl *sys2, ... /* array intoutputl[:], array intinput2[:] */);

Purpose
Series connection of two models.

Return Value
Upon successful completion, a non-NULL pointer to cl@&Sontrol representing the generated system is
returned. Otherwise, a NULL pointer is returned.

Parameters
sys2 Pointer to the clas€Control representing the system to be connected in the series form.

... The following arguments are optional.

outputl One-dimensional computational array containing indigescdying which outputs okysl are
connected to the inputs 6f;s2. If sys1 has n outputs, the default value of the arraylis2, ..., 1}.

input2 One-dimensional computational array containing indigesciying which inputs okys2 are con-
nected to the outputs afys1. If sys2 has m inputs, the default value of the array1s 2, ..., n}.
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Description
The functionseries() builds a system with series interconnection shown in tperé,

sys
u2l
] .yl
ul . yll u22> sys2
u2 » Sysl ﬂ > Y2
u3 > le»

Note that the count of the inputs and outputs in Ch Controte3ysToolkit begins withl. The resulting
system has the same inputssgs1 and outputs asys2.

Example

In this example, two identical three-input-two-outputteyss,sysl andsys2, are connected in series form.
The first output of systemysl are connect to the second inputssgf2. Therefore, the resulting system
sys has three inputs and two outputs.

#include <control.h>

#define NUMX 4 /Il number of states
#define NUMU 3 /I number of inputs
#define NUMY 2 /I number of outputs

int main() {
array double A[NUMX][NUMX] = {{-4.12, -17.4, -30.8, -60},

{1, 0, 0, 0},
{0, 1, 0, 0},
{0, 0, 1, 01,

B[NUMX][NUMU] = {1, O, O,
2, 0, 0,
0, 0, 1,
o, 1, 0},

C[NUMY][NUMX] = {4, 8.4, 30.78, 60,
3, 7.4, 29.78, 50},
{1, 2, 3,

4, 5, 6}

array int outputl[l] = {1}, input2[1l] = {2}

CControl sys, sys2, *sys3;

D[NUMY][NUMU]

sys.model("ss", A, B, C, D);
sys2.model("ss", A, B, C, D);

sys3 = sys.series(&sys2, outputl, input2);
sys3->printSystem();

return O;

}
The output is shown as follows.
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Continuous-time System
State-space arguments:

A =
-4.120000 -17.400000 -30.800000 -60.000000 0.000000 0.00 0000 0.000000
0.000000
1.000000 0.000000  0.000000 0.000000 0.000000  0.000000 0.0 00000
0.000000
0.000000 1.000000 0.000000 0.000000 0.000000 0.000000 0.0 00000
0.000000
0.000000 0.000000 1.000000 0.000000 4.000000 8.400000 30. 780000
60.000000
0.000000  0.000000  0.000000  0.000000 -4.120000 -17.400000 -30.800000
-60.000000
0.000000 0.000000 0.000000 0.000000 1.000000 0.000000 0.0 00000
0.000000
0.000000 0.000000 0.000000 0.000000 0.000000 1.000000 0.0 00000
0.000000
0.000000  0.000000  0.000000  0.000000 0.000000  0.000000 1.0 00000
0.000000
B =

0.000000  0.000000  0.000000
0.000000  0.000000  0.000000
0.000000  0.000000  0.000000
1.000000  2.000000  3.000000
1.000000  0.000000  0.000000
2.000000  0.000000  0.000000
0.000000  0.000000  1.000000
0.000000  1.000000  0.000000

C =

4.000000 8.400000 30.780000 60.000000 8.000000 16.800000 61.560000
120.000000

3.000000 7.400000 29.780000 50.000000 20.000000 42.00000 0 153.900000
300.000000
D =

2.000000  4.000000  6.000000
5.000000 10.000000 15.000000

See Also
CControl::connect(), CControl::feedback(), CControl::parallel ().

CControl ::setDelay

Synopsis
int setDelay(int type, double delay);

Purpose
Set system delays.

Return Value
Upon successful completion, zero is returned. Otherwisaluwe of non-zero is returned.

Parameters
type Integer indicating which delay to be set. Valuendicates input delay? indicates output delay, arl

indicates intput/output delay.

delay Double value specifying the delay value.
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Description
The functionsetDelay() sets system delays, including input delay, output defayiaput/output delay. If
any delay has been set, the return value of fundi@ontrol ::hasdelayis 1, otherwise0.

Example
Refer to functionCControl ::hasdelay().

See Also
CControl::hasdelay(), CControl::delay2z().

CControl ::setTs

Synopsis
int setTs(double ts);

Purpose
Set the sample time for the discrete-time system.

Return Value
Upon successful completion, zero is returned. Otherwisa|uwe of non-zero is returned.

Parameters
ts Double value specifying sample time.

Description

The functionsetTs() sets or changes sample times for discrete-time systdifge $ystem is a continuous-
time system, it will be changed to discrete-time model aftetting a nonzeres. On the other hand, the
system will be treated as a continuous-time system if theevafts equals td. This function does not make
any model conversion, except for the sample time, all othstiesn parameters are unchanged. Funciizih
() can be used to convert models between continuous-timemgsand discrete-time systems, wherd2d
() convert models between discrete-time systems withrgiffesample times.

Example

#include <control.h>

int main() {
array double num[2] = {1, 3}, den[3] = {1, 2, 9};
CControl sys;

sys.model("tf", num, den, -1); // no sample time specified
sys.printSystem();

printf("Set a new sample time.\n");
sys.setTs(.5);
sys.printSystem();

return O;

}
The output is shown as follows.
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Discrete-time System with unspecified sample time
State-space arguments:
A =
-2.000000 -9.000000
1.000000  0.000000
B =
1.000000
0.000000
C =
1.000000  3.000000
D =
0.000000

Transfer function parameters:
Numerator:

0.000000  1.000000  3.000000
Denominator:

1.000000  2.000000  9.000000

Zero-Pole-Gain parameters:

Zero:

complex( -3.000000, 0.000000)

Pole:

complex( -1.000000, 2.828427) complex( -1.000000, -2.828 427)

Gain: 1.000000

input delay is  0.000000
output delay is  0.000000
input/output delay is  0.000000

Set a new sample time.
Discrete-time System with sample time of 0.500000s.
State-space arguments:
A =

-2.000000 -9.000000

1.000000  0.000000
B =

1.000000

0.000000
C =

1.000000  3.000000
D =

0.000000

Transfer function parameters:
Numerator:

0.000000  1.000000  3.000000
Denominator:

1.000000 2.000000  9.000000

Zero-Pole-Gain parameters:

Zero:

complex( -3.000000, 0.000000)

Pole:

complex( -1.000000, 2.828427) complex( -1.000000, -2.828 427)

Gain: 1.000000

input delay is  0.000000
output delay is  0.000000

176



APPENDIX A. REFERENCE OF MEMBER FUNCTIONS OF CCONTROL CLASS
CcControl ::size

input/output delay is  0.000000

See Also
CControl::c2d (), CControl::d2d ().

CControl ::sgrid

Synopsis
int sgrid (int flag, .../* array doublez[:], array doublew[:] */);

Purpose
Generate an s-plane grid of constant damping factors andahfitequencies.

Return Value
Upon successful completion, zero is returned. Otherwisa|uwe of non-zero is returned.

Parameters

flag Integer to turn on/off the sgrid. The valugurns on the sgrid, wheredgurns off the sgrid.
... The following two argument are optional.

z Computational array containing damping factors at whiehghd lines are plotted.

w Computational array containing natural frequencies attvttie grid lines are plotted.

Description

The functionsgrid () generates an s-plane grid of constant damping factorsatunlal frequencies over the
plots produced by functio@Control ::rlocus () andCControl ::pzmap (). If the optional arguments and
w are absent, a grid of constant damping factors ftotm 1 in steps of0.1 and natural frequencies frofn
to 10 rad/sec in steps df rad/sec will be plotted.

Example
Refer to functionCControl ::pzmap ().

See Also
CControl::pzmap (), CControl::rlocus (), CControl::zgrid (), CControl::ngrid ().

CControl ::size

Synopsis
int size(char property);

Purpose
Get the size of a specified property of a system.

Return Value
Upon successful completion, zero is returned. Otherwisa|uwe of non-zero is returned.

Parameters
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property Character indicating which property whose size will be me¢al. Tabld“AR lists all possible
values of the argument.

Table A.3: Meanings of different values of the argument ofimher functionCControl ::size().

Value Description

get the order of the system

get the number of the output of the system

get the number of the input of the system

get the order of the numerator of the transfer function
get the order of the denominator of the transfer function
get the number of the zeros of the system

get the number of the poles of the system

"W A3 2w 8

Description

The functionsize() returns the size of a system property specified in the aggiproperty. This function

is useful to determine how large a computational array, wiiaised to contain an output system property,
should be declared at runtime.

Example
In this program, the length of arrayis determined by the return value of functisize().

#include <control.h>

int main() {
array double complex zero[3]={complex(-0.05, 2.738156),
complex(-0.05, -2.738156),

-2.0},
pole[4]={
complex(-1.797086, 2.213723), complex(-1.797086, -2.21 3723),
complex(-0.262914, 2.703862), complex(-0.262914, -2.70 3862)};
double k=4;
int np;

CControl sys;

sys.model("zpk", zero, pole, k);
np = sys.size(’p’); // obtain the number of the poles

array double complex p[np]; / declare an array with proper | ength
sys.pole(p);

printf("%f\n", p);

return O;

}
The output is shown as follows.

complex(-1.797086,2.213723) complex(-1.797086,-2.213 723) complex(-0.262914,2.703862)
complex(-0.262914,-2.703862)

See Also
None.
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CControl ::ss2ss

Synopsis
CControl* ss2sqarray double &);

Purpose
State coordinate transformation for state-space models.

Return Value
Upon successful completion, a non-NULL pointer to cl@§ontrol representing the object of the transfor-
matted system is return. Otherwise, a NULL pointer is regdrn

Parameters
T Computational array containing the state coordinate toamstion.

Description
The functionss2sg) performs a state coordinate transformatin= T°X for state-space models. Assume
the systensys has the following state equations,

X = AX +BU

Y =CX + DU

This function with argument’ will make a similarity transformation on the state vectyand returns the
following model with equations,

X =TAT'X + TBU
Y =CT'X + DU

Example

#include <control.h>

#define NUMX 4 /I number of states
#define NUMU 1 /I number of inputs
#define NUMY 1 /I number of outputs

int main() {
array double A[NUMX][NUMX] = {{-4.12, -17.4, -30.8, -60},
{1, 0, 0, 0},
{0, 1, 0, 0},
{0, 0, 1, 0}},

BINUMX][NUMU] = {1, 0, 0, 0},
C[NUMY][NUMX] = {4, 8.4, 30.78, 60};
array double T[NUMX][NUMX] = {{-4.12, -17.4, -30.8, -60},

{2, 0, 0, 10},
{0, 3, 9, 0},
{0, 0, 4, o}

double D = 0;
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CControl sys, *sysT;

sys.model("ss", A, B, C, NULL);
sysT = sys.ss2ss(T);
sysT->printss();

return O;

}

The output is shown as follows.

State-space arguments:
A =
-6.328122 -13.248731 -23.073773 19.913452
2.000000 0.000000  0.000000  2.500000
0.380711 2.284264 5.208122 -8.786802
0.000000 0.000000 1.333333 -3.000000
B =
-4.120000
2.000000
0.000000
0.000000
C =
-1.015228 -0.091371 -3.088325  6.826472
D =
0.000000

See Also
CControl::c2d (), CControl::d2c (), CControl::d2d ().

CControl ::ssdata

Synopsis
int ssdata(array double &, array double &, array double &, array double &);

Purpose
Retrieve matrices of the state-space model.

Return Value
Upon successful completion, zero is returned. Otherwisaluwe of non-zero is returned.

Parameters
A Array of reference containing the output of the system matri

B Array of reference containing the output of the input mafsix
C Array of reference containing the output of the output nxafti
D Array of reference containing the output of the direct traission matrixD.

Description
The functionssdata() retrieves system, input, output, direct transmissiotrices from a state-space model.
If the matrix is not available in some special system typetsaklements will bed. TheCControl ::size()
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can be used to determine sizes of these matrices.
Example

In this program, the system is created in transfer functioaehfirst.

#include <control.h>
int main() {
array double num[4] = {4, 8.4, 30.8, 60}, den[5] = {1, 4.12, 17 .4, 30.8, 60}
CPlot plot;
int nx, ny, nu;
CControl sys;

sys.model("tf", num, den); // get a tf model

nx = sys.size('x’); /I get the order of system

ny = sys.size(y’); // get the number of output of the system
nu = sys.size('u’); // get the number of input of the system
array double A[nx][nx], B[nx][nu], C[ny][nx], D[ny][nu];

sys.ssdata(A, B, C, D);
printf("A = %f\nB = %A\nC = %AnD = %f\n", A, B, C, D);
return O;

}

The output is shown as follows.

A = -4.120000 -17.400000 -30.800000 -60.000000
1.000000 0.000000 0.000000 0.000000
0.000000 1.000000 0.000000 0.000000
0.000000 0.000000 1.000000 0.000000

B = 1.000000
0.000000
0.000000
0.000000

C

4.000000 8.400000 30.800000 60.000000

D = 0.000000

See Also
CControl::tfdata (), CControl::zpkdata ().

CControl ::step

Synopsis

int step (classCPlot *plot, array double &out, array double &out, array double &out, ... /* doublet f
*/);

Purpose
Calculate and plot step response of the system.
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Return Value
Upon successful completion, zero is returned. Otherwisauwe of non-zero is returned.

Parameters
plot Pointer to an existing object of cla€¥lot .

yout Array of reference containing the output of the step resp@esjuence.
tout Array of reference containing the time vector used for satiah.

zout Array of reference containing the state trajectories.

... The following argument is optional.

tf Double value specifying the final time of the simulation.

Description

The functionstep () computes and plots the step response of LTI system. Theetponse is defined as the
response of system to a unit step input with the zero inité&ks If system output arrayout is not specified,

the default value 100 of macro CHTKCONTROL SAMPLE POINTS, which is defined in file control.h,

is used as the number of time samples. Whemnt is specified, the number of time samples is the same as
the extent of its most right dimension. If the system is a mnfiut system, the output is the collection of
step responses for each input channel, and data of everyyanpuut channel will be displayed in a seperate
subplot. If the optional argumeny is absent, the function will determine the duration of siatigin auto-
matically on the transient behavior of the response.

Example
The example outputs the step responses of a two-input-twmid system.

#include <control.h>

#define N 300 /I number of time samples
#define TF 20 /I final time
#define NUMX 2 /I number of states
#define NUMU 2 /I number of inputs
#define NUMY 2 /l number of outputs
int main() {
array double A[NUMX][NUMX] = { -0.5572, -0.7814,
0.7814, 0};
array double B[NUMX][NUMU] = { 1, -1, /I 2 inputs
0, 2}
array double C[NUMY][NUMX] = { 1.9691, 6.4493, // 2 outputs
12.0, 24.0 }
CPlot plot;

array double y[NUMU]JINUMY][NT;
CControl sys;

sys.model("ss", A, B, C, NULL);

/I plot and get the response in y with plotting
sys.step(&plot, y, NULL, NULL, TF);

/* print the response y */
int i, j, k;
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for (i = 0; i < NUMU; i ++) { // for each input

printf("\nResponse from U%d \n",
for ( = 0; j < NUMY; j++) {
printf("to Y%d \n",

for (k = 0; k < N; k += 30)
printf("y[%d][%d][%d] = %f\n",

}

return O;

}

The output is shown as follows.

Response from UO

to YO

y[0][0][0] = 0.000000
y[0][0][30] = 7.497842
y[0][0][60] = 10.860255
y[0][0][90] = 8.815381

y[0][0][120] = 7.469260
y[0][0][150] = 7.975130
y[O][0][180] = 8.476264
y[0][0][210] = 8.371425
y[0][0][240] = 8.194947
y[0][0][270] = 8.207903
to Y1

y[0][1][0] = 0.000000

y[O][1][30] = 31.540688
y[0][1][60] = 40.854114
y[0][1][90] = 31.668591

y[O[1][120] = 27.514701
y[O][1][150] = 30.015671
y[O][1][180] = 31.675605
y[O][1][210] = 31.058543
y[O][1][240] = 30.441397
y[O][1][270] = 30.568572

Response from Ul

to YO

y[1][0][0] = 0.000000
y[1][0][30] = 7.411369
y[1][0][60] = -0.941325
y[1][0][90] = -4.372861
y[1][0][120 -2.056892

] =
yI1][0][150] = -0.655433
y1][0][180] = -1.243238
yIL][0][210] = -1.772357
y1][0][240] = -1.644115
yI1][0][270] = -1.455661
to Y1

y[1][1][0] = 0.000000

y[1][1][30] = 15.299495
y[1][1][60] = -19.409946
y[1][1][90] = -28.603363

y[1][1][120] = -18.367507
y[1][1][150] = -14.125990
y[1][1][180] = -16.959721
y[1][1][210] = -18.688490
y[1][1][240] = -17.970965

)5

i);

/I for each output

183

/I for every 30 time samples

ok, yOOIKD):

CcControl

::.step



APPENDIX A. REFERENCE OF MEMBER FUNCTIONS OF CCONTROL CLASS

y[1][1][270] = -17.319184

The plot with four seperate subplots is shown below.

See Also
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CControl::step(), CControl::impulse (), CControl::initial (), CControl::Isim ().
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CControl ::stepinfo

Synopsis

int stepinfo(double *isetime, double *settlingtime, double %vershoot, double *peakvalue, double
*peaktime, double %undershoot, double *settlingmin, double *settlingmazx, . . ./* double *#s_percentage,
double *%r_lowerlimit, double *%r_upperlimit */);

Purpose
Compute the step response characteristics of an LTI system.

Return Value
Upon successful completion, zero is returned. Otherwises returned.

Parameters
risetime Pointer to double value containing the rise time of the raspo

settlingtime Pointer to double value containing the settling time of #xgponse.

overshoot Pointer to double value containing the percent overshotiiefesponse.

peakvalue Pointer to double value containing the peak absolute vdltigearesponse.

peaktime Pointer to double value containing the time when the peaklatesvalue is reached.
undershoot Pointer to double value containing the percent undershidthiearesponse.

settlingmin Pointer to double value containing the minimum responseevahce the response has risen.
settlingmax Pointer to double value containing the maximum responsgewvahce the response has risen.
... The following arguments are optional.

ts_percentage Pointer to double value containing the settling time peiaga

tr_lowerlimit Pointer to double value containing the rise time lower limit

tr_upperlimit Pointer to double value containing the rise time upper limit

Description

The functionstepinfo() computes and returns the step response characteristias foFl system. The re-
turned performance indicators include (1) rise time, (#)ing time, (3) percent overshoot, (4) peak absolute
value of the response, (5) time at which peak absolute valtgaiched, (6) percent undershoot, (7) minimum
response value once the response has risen, and (8) maxmaspanse value once the response has risen.
If any of the eight required arguments is specified as NULE,dbrresponding performance indicator will
not be returned. Note that the three optional argumentgercentage, tr _lowerlimit, andtr _upperlimit,
have to be ALL ABSENT or ALL SPECIFIED. If the optional argunte are all absent, the function will
use their default values. The default values are 0.02, @d 00 forts_percentage, tr_lowerlimit, and
tr_upperlimit, respectively. If the optional arguments are all specified,function will use the specified
values correspondingly. However, if only some the optiarguments need to be assigned values, the re-
maining optional arguments can be specified as NULL.
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Example 1

This example outputs all the step response character@stesystem without specifying the three optional
arguments — settling time percentage, rise time lower Jiamt rise time upper limit. The default values of
these three parameters are used for calculations.

#include "control.h"

int main() {
array double num[] = {1, 5},
den] = {1, 2, 5, 7, 2};
double tr, ts, os, pv, tp, us, smin, smax;
CControl sys;

sys.model("tf", num, den);
sys.stepinfo(&tr, &ts, &os, &pv, &tp, &us, &smin, &smax);

printf("Rise time: %f\n", tr);
printf("Settling time: %f\n", ts);
printf("Percent overshoot: %f\n", o0s);
printf("Peak value: %f\n", pv);
printf("Peak time: %f\n", tp);
printf("Percent undershoot: %f\n", us);
printf("Settling Min.: %f\n", smin);
printf("Settling Max.: %f\n", smax);

return O;

}

The output of Example 1 is shown as follows.

Rise time: 4.686024

Settling time: 13.945610
Percent overshoot: 0.798522
Peak value: 2.520273

Peak time: 15.267267
Percent undershoot: 0.000000
Settling Min.: 2.189444
Settling Max.: 2.520273

Example 2
This example outputs all the step response characteraft@system with specifying all the three optional
arguments in such a way that only the lower and uppper linfitseorise time are specified.

#include "control.h"

int main() {
array double num[] = {1, 5},
den] = {1, 2, 5, 7, 2};
double tr, ts, os, pv, tp, us, smin, smax, trll = 0.05, trul = 0. 95;
CControl sys;

sys.model("tf", num, den);
sys.stepinfo(&tr, &ts, &os, &pv, &tp, &us, &smin, &smax, NU LL, &trll, &trul);

printf("Rise time: %f\n", tr);
printf("Settling time: %f\n", ts);
printf("Percent overshoot: %f\n", 0s);
printf("Peak value: %fn", pv);
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printf("Peak time: %f\n", tp);
printf("Percent undershoot: %f\n", us);
printf("Settling Min.: %f\n", smin);
printf("Settling Max.: %f\n", smax);

return O;

}
The output of Example 2 is shown as follows.

Rise time: 7.446058

Settling time: 13.945610
Percent overshoot: 0.798522
Peak value: 2.520273

Peak time: 15.267267
Percent undershoot: 0.000000
Settling Min.: 2.373753
Settling Max.: 2.520273

Example 3

This example is the same as Example 1 except that it only taigmme the step response characteristics of
a system.

#include "control.h"

int main() {
array double num[] = {1, 5},
den] = {1, 2, 5, 7, 2};
double tr, ts, os, pv, tp;
CControl sys;

sys.model("tf", num, den);
sys.stepinfo(&tr, &ts, &os, &pv, &tp, NULL, NULL, NULL);

printf("Rise time: %f\n", tr);
printf("Settling time: %f\n", ts);
printf("Percent overshoot: %f\n", o0s);
printf("Peak value: %fn", pv);
printf("Peak time: %f\n", tp);

return 0;

}
The output of Example 3 is shown as follows.

Rise time: 4.686024
Settling time: 13.945610
Percent overshoot: 0.798522
Peak value: 2.520273

Peak time: 15.267267

See Also
CControl::step().

CControl ::tfdata

Synopsis
int tfdata (array double &um, array double &en);
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Purpose
Retrieve coefficients of the numerator and denominator efridinsfer function model.

Return Value
Upon successful completion, zero is returned. Otherwisa|uwe of non-zero is returned.

Parameters
num Array of reference containing the coefficients of the nurtwera

den Array of reference containing the coefficients of the denwtur.

Description

The functiontfdata () retrieves coefficients of the numerator and denomindttieoSISO transfer function
model.

TheCControl ::size() can be used to determine the number of these coefficients.

Example
In this program, the system is created in state-space mastel fi

#include <control.h>

#define NUMX 4 /I number of states
#define NUMU 1 /I number of inputs
#define NUMY 1 /I number of outputs

int main() {
array double A[NUMX][NUMX] = {{-4.12, -17.4, -30.8, -60},
{1, 0, 0, 0},
{0, 1, 0, 0},
{0, 0, 1, 03},

B[NUMX][NUMU] = {1, 0, 0, 0},
C[NUMY]INUMX] = {4, 8.4, 30.8, 60};
int nnum, nden;
CControl sys;

sys.model("ss", A, B, C, NULL);
nnum = sys.size('n’);

nden = sys.size('d");
array double num[nnum], den[nden];

sys.tfdata(num, den);
printf(‘num = %f\nden = %f\n", num, den);
return O;

}
The output is shown as follows.

num = 0.000000 4.000000 8.400000 30.800000 60.000000

den = 1.000000 4.120000 17.400000 30.800000 60.000000
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See Also
CControl::ssdata(), CControl::zpkdata ().

CControl ::tzero

Synopsis
int tzero (array double complex &eros, .. . [* double *gain */);

Purpose
Return the transmission zeros of the LTI system.

Return Value
Upon successful completion, zero is returned. Otherwisalue of non-zero is returned.

Parameters

zeros Array of reference containing the output transmission gefdhe system.
dots The following argument is optional.

gain Pointer to double value indicating the gain of the system.

Description
The functiontzero () returns the transmission zeros and gain of the LTI systEnmis function is applicable
to SISO system in the current implementation.

Example

#include <control.h>

#define NUMX 4 /I number of states
#define NUMU 1 /I number of inputs
#define NUMY 1 /I number of outputs
#define TF 15 /I final time

int main() {
array double A[INUMX][NUMX] = {{-4.12, -17.4, -30.8, -60},
{1, 0, 0, 0},
{0, 1, 0, 0},
{0, 0, 1, 03},

B[NUMX][NUMU] = {1, 0, 0, 0},
CI[NUMY]INUMX] = {4, 8.4, 30.78, 60};
CControl sys;
double gain;
int nz;

sys.model("ss", A, B, C, NULL);
nz = sys.size('z");
array double complex zeros[nz];

sys.tzero(zeros, &gain);

printf("zeros = %f\ngain = %f\n", zeros, gain);
return O;
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The output is shown as follows.

zeros = complex(-0.049557,2.737558) complex(-0.049557, -2.737558) complex(-2.000885,0.000000)

gain = 4.000000

See Also
CControl::pole (), CControl::pzmap ().

CControl ::zgrid

Synopsis
int zgrid (int flag, .../* array doublez[:], array doublew[:] */);

Purpose
Generate a z-plane grid of the constant damping factors amualat frequencies.

Return Value
Upon successful completion, zero is returned. Otherwisaluwe of non-zero is returned.

Parameters

flag Integer to turn on/off the zgrid. The valdgurns on the zgrid, wherea&sturns off the zgrid.
... The following two arguments are optional.

z Computational array containing the damping factors at tvtie grid lines are plotted.

w Computational array containing the natural frequencieghath the grid lines are plotted.

Description

The functionzgrid () generates grid lines of constant damping factors andaladhequencies over the dis-
crete z-plane plots produced by functi@Control ::rlocus () and CControl ::;pzmap (). If the optional
arguments: andw are absent, a grid of constant damping factors ftbta 1 in steps of0.1 and natural
frequencies fronf to 7 in steps of% will be plotted.

Example
The following example adds grid lines on both rlocus plot pachap plot of systemys.

#include <control.h>

int main() {
int nx;
CPlot plotl, plot2;
array double num[3] = {2, -3.4, 1.5}, den[3] = {1, -1.6, 0.8}
CControl sys;

sys.model("tf", num, den, -1);

nx = sys.size('x’);

array double z[4] = {.2, .4, .6, .8}, w[2] = {M_PI*3/10, M_PI* 4/5};
sys.zgrid(1, z, w); // turn on zgrid

array double complex r[nx][30];
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array double kout[30];
sys.rlocus(&plotl, r, kout);

int np = sys.size('p);
int nz = sys.size('z');

array double complex poles[np];
array double complex zeros[nz];
sys.pzmap(&plot2, poles, zeros);

return O;

}

The rlocus plot with grid lines is shown in the following figur

CControl ::zgrid
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The pzmap plot with grid lines is shown in the following figure
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See Also
CControl::pzmap (), CControl::rlocus (), CControl::sgrid (), CControl::ngrid ().

CControl ::zpkdata

Synopsis
int zpkdata (array double complex &, array double complex & double *);

Purpose
Retrieve zeros, poles and gain of a SISO zero-pole-gain inode

Return Value
Upon successful completion, zero is returned. Otherwisaluwe of non-zero is returned.

Parameters
z Array of reference containing zeros of the system.

p Array of reference containing poles of the system.
k Pointer to double value indicating the gain of the system.

Description

The functionzpkdata () retrieves zeros, poles and gain of SISO zero-pole-gaideio
TheCControl ::size() can be used to determine the number of zeros and poles.
Example

In this program, the system is created in state-space masiel fi
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#include <control.h>

#define NUMX 4 /I number of states
#define NUMU 1 /I number of inputs
#define NUMY 1 /I number of outputs

int main() {
array double A[NUMX][NUMX] = {{-4.12, -17.4, -30.8, -60},
{1, 0, 0, 0},
{0, 1, 0, 0},
{0, 0, 1, 01,
B[NUMX][NUMU] = {1, 0, 0, 0},
C[NUMY]INUMX] = {4, 8.4, 30.78, 60};
CControl sys;
int nz, np;
double k;

sys.model("ss", A, B, C, NULL);
nz = sys.size('z’);

np = sys.size('p);

array double complex z[nz], p[np];

sys.zpkdata(z, p, &k);
printf("z = %f\n p = %f\n k = %An", z, p, K);
return O;

}
The output is shown as follows.

z = complex(-0.049557,2.737558) complex(-0.049557,-2.7 37558) complex(-2.000885,0.000000)

p = complex(-1.797086,2.213723) complex(-1.797086,-2.2 13723) complex(-0.262914,2.703862)
complex(-0.262914,-2.703862)
k = 4.000000

See Also
CControl::ssdata(), CControl::tfdata ().
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Syntax Comparison of Ch Control System
Toolkit with MATLAB Control System
Toolbox

Almost all features in MATLAB Control System Toolbox are dable in Ch and Ch Control System Toolkit.
To ease the porting of code written in MATLAB to Ch and compani study, the syntax comparison of Ch
Control System Toolkit with MATLAB Control System Toolbog presented in this appendix.

Table B.1: Syntax Comparison of Ch Control Toolkit with MARB Control Toolbox.

MATLAB Control Toolbox Ch Control Toolkit
k = acker(A,b,p); sys.model(’ss”, A, b, NULL, NULL);

k = sys.acker(A, b, p);
sys = append(sysl,sys2,...,sysN); sys = sysl.append(sys2sN);
asys = augstate(sys); asys = sys.augstate();
fb = bandwidth(sys); fb = sys.bandwidth();
bodemag(sys); sys.bodemag(plot, NULL, NULL);
bodemag(sy$wmin, wmax); sys.bodemag(plot, NULL, NULL, wmin, wmax);
w={wmin, wmax; bodemag(sys, w); sys.bodemag(plot, NULL, NULL, wmin, wepa
bode(sys); sys.bode(plot, NULL, NULL, NULL);
bode(syg,wmin, wmax}); sys.bode(plot, NULL, NULL, NULL, wmin, wmax);
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Table B.1: Syntax comparison of Ch Control Toolkit with MARB Control Toolbox (continued).

MATLAB Control Toolbox

Ch Control Toolkit

w={wmin, wmax}; bode(sys, W);
w=[w0,w1l,w2, ..., wn]; bode(sys, w);

w=logspace(wmin, wmax); bode(sys, w);
w=logspace(wmin, wmax, n); bode(sys, w);

[ mag,phase,wolitbode(sys);

[ mag,phase,woltbode(sys{wmin, wmax);
[ mag,phase=bode(sys, w);

sysd = c2d(sys, Ts, method);

csys = canon(sys);

[ csys, T ; = canon(sys)

csys = canon(sys, 'type’);

[ csys, T = canon(sys, 'type");

sysc = connect(sys,[]);

sysc = connect(sys,Q);

Sysc = connect(sys,Q,inputs,outputs);
co = ctrb(sys);

co = ctrb(A, B);

[ Abar,Bbar,Cbar, Tk = ctrbf(A,B,C);
[ Abar,Bbar,Cbar, Tk = ctrbf(A,B,C,tol);

sysc = d2c(sysd);

sysc = d2c(sysd,method);
sysl = d2d(sys,ts);
damp(sys);

[ wn,Z =damp(sys);

[ wn,z,d =damp(sys);

K = dcgain(sys);

[ k,s,d =dlgr(a,b,q,r);

[ k,s,4 =dlgr(a,b,q,r,n);

sys.bode(plot, NULL, NULL, NULL, wmin, wmax);
double w[]=w0,w1,w2, wn;
sys.bode(plot, NULL, NULL, NULL, w);
logspace(w,wminax);
sys.bode(plot, NULL, NULL, NULL, w);
array double wpgspace(w, wmin, wmax);
sys.bode(plot, NULL, NULL, NULL, w);
sys.bode(NULL, mag, phase, wout);
sys.bode(NULL, mag, phase, wout, wmin, wmax);
sys.bode(NULL, mag, phase, NULL, w);
sysd = sys.c2d(Ts, method);
csys = sys.canon(NULL);
csys = sys.canon(T);
csys = sys.canon(NULL, 'type";
csys = sys.canon(T, 'type");
sysc = sys.connect(NULL, NULL, NUL
sysc = sys.connect(Q, NULL, NULL);
Sysc = sys.cof@eiciputs, outputs);
sys.ctrb(co);
sys.model("ss”, A, B, NULL, NULL);
sys.ctrb(co);
sys.model("ss”, A, B, C, NULL);
sys.ctrbf(Abar, Bbar, Cbar, T, k, A, B, C);
sys.model(’ss”, A, B, C, NULL);
sys.ctrbf(Abar, Bbar, Cbar, T, k, A, B, C, tal);
sysc = sysd.d2c();
sysc = sysd.d2c(method);
sysl = sys.d2d(ts);
sys.damp();
sys.damp(wn, z);
sys.damp(wn, z, p);
K = sys.dcgain();
sys.model(’ss”, a, b, NULL, NULL);
sys.digr(k, s, e, g, 1);
sys.model("ss”, a, b, NULL, NULL);
sys.dlgr(k, s, e, g, 1, n);

The argument w in MATLAB could be eithdwmin, wmax to focus on the particular frequency interval [wmin, wmaoda
vector of desired frequencies to use particular frequenaytg. In Ch, they have different prototypes.
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Table B.1: Syntax comparison of Ch Control Toolkit with MARB Control Toolbox (continued).

MATLAB Control Toolbox

Ch Control Toolkit

x =dlyap(a, q);

sys = drss(n);

sys = drss(n,p);

sys = drss(n,p,m);

s = dsort(p);

s = esort(p);

est = estim(sys,l);

est = estim(sys,l,sensors,known);
sys = feedback(sysl,sys?2);

sys = feedback(sys1,sys2,sign);

sys = feedback(sys1,sys2, feedin, feedout, sign);

grid on

grid off

grid

impulse(sys);

impulse(sys, tf);

yout = impulse(sys);

[y, tou] =impulse(sys);

[ v, tout, xout = impulse(sys);
yout = impulse(sys, tf);

yout = impulse(sys, 0:dt:tf);

initial(sys, x0);

initial(sys, x0, 0:dt:tf);

yout = initial(sys, x0);

yout = initial(sys, x0, 0:dt:tf);

[ yout, tout =initial(sys, x0);

[ yout, toul = initial(sys, x0, O:dt:tf);

[ yout, tout, xouk = initial(sys, x0);

[ yout, tout, xouk = initial(sys, x0, 0:dt:tf);
r = input(message to user’;

r = input('message to user’, 's’);

[ Lp,g =lge(a,g,c,q,r);

[ ,p,g =lge(a,g,c,q,r,n);

sys.dlyap(x, a, q);
sys.model("drss”, n);
sys.model("drss”, n, p);
sys.model("drss”, n, p, m);
sys.model("zpk”, z, p, k, -1); s = sys.dsort();
sys.model("zpk”, z, p, k); s = sys.esort();
est = sys.estim(l);
est = sys.estim(l,ossnknown);
sys = sysl.feedback(sys2);
sys = sysl.feedback(sigsD;
sys Efegslback(sys2, feedin, feedout, sign);
sys.grid(1);
sys.grid(0);
sys.grid(0); or sys.grid(1);
sys.impulse(plot, NULL, NULL, NULL);
sys.impulse(plot, NULL, NULL, NULL, tf)
sys.impulse(NULL, yout, NULL, NULL);
sys.impulse(NULL, yout, tout, NULL);
sys.impulse(NULL, yout, tout, xout);
sys.impulse(NULL, yout, NULL, NUWLtf);
double y[tf/dt+1];
sys.impulse(NULL, yout, NULL, NULL, tf);
sys.initial(plot, NULL, NULL, NULL, x0)
sys.initial(plot, NULL, NULLNULL, x0, tf);
sys.initial(NULL, yout, NULL, NUL, x0);
sys.initial(NULL, youfNULL, NULL, x0, tf);
sys.initia(NULL, yout, tout, NULL, X
sys.initia(NULL, yout, toutNULL, X0, tf);
sys.initial(NULL, yout, tout, xout, 30
sys.initial(NULL, yout, toutkout, x0, tf);
char s[30]; double r;
printf("message to user”);
scanf(¥s”, s); or getline(stdio, s, 30);
r = streval(s);
char r[30];
printf("message to user”);
scanf('%s”, r) or getline(stdio, r, 30);
sys.model(’ss”, a, NULL, ¢, NULL);
sys.lge(l, p. e,9,q,1);
sys.model(’ss”, a, NULL, ¢, NULL);
sys.lge(l, p, e, g,q, 1, n);
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Table B.1: Syntax comparison of Ch Control Toolkit with MARB Control Toolbox (continued).

MATLAB Control Toolbox Ch Control Toolkit
[ k,s,4 =lgr(a,b,q,n); sys.model("ss”, a, b, NULL, NULL);

sys.gr(k, s, e, g, 1);
[ k,;s,d =lgr(a,b,q,r,n); sys.model(’ss”, a, b, NULL, NULL);

sys.gr(k, s, e, q, 1, n);
Isim(sys, u, 0:dt:tf); array double u[tf/dt+1];

sys.Isim(plot, NULL, NULL, NULL, u, tf);
Isim(sys, u, t); sys.Isim(plot, NULL, NULL, NULL, u, tf);
Isim(sys, u, t, x0); sys.Isim(plot, NULL, NULL, NULL, u, t&0);
y =Isim(sys, u, t, x0); sys.Isim(plot, y, NULL, NULL, u, tf,3);
[y, touf =Isim(sys, u,t); sys.Isim(plot, y, tout, NULL, u, tf);
[y, touf] =Isim(sys, u,t, x0); sys.Isim(plot, y, tout, NULL, u, tf, XO
[ v, tout, xout = Isim(sys, u, t); sys.Isim(plot, y, tout, xout, u, tf);
[ v, tout, xoul = Isim(sys, u, t, x0); sys.Isim(plot, y, tout, xout, u, tf,)x0
margin(sys); sys.margin(plot, NULL, NULL, NULL, NULL);
[ gm,pm,wcg,wcp = margin(sys); sys.margin(NULL, gm, pm, wcg, wcp);
[ Gm,Pm,Wcg,Wcp = margin(mag,phase,w); sys.margin(NULL, gm, pm, wcg, wopg, phase, w);
[ Am,Bm,Cm,Dnj = minreal(A,B,C,D); sys.model("ss”, A, B, C, D);

sys2 = sys.minreal();
sys2> ssdata(Am, Bm, Cm, Dm);
sysr = minreal(sys); sys.model(’ss”, A, B, C, NULL);
sys2 = sys.minreal(NULL);
sys2 = sys.pzcancel();
sysr = minreal(sys, tol); sys.model("ss”, A, B, C, NULL);
sys2 = sys.minreal(NULL, tol);
sys2 = sys.pzcancel(tol);

[ sysr, § = minreal(sys, tol); sys.model("ss”, A, B, C, NULL);

sys2 = sys.minreal(u, tol);
wc = gram(sys,’c’); sys.model("ss”, A, B, NULL, NULL);

sys.gram(wc, 'c’);
wo = gram(sys,'0"); sys.model("ss”, A, NULL, C, NULL);

sys.gram(wo, '0’);
ngrid sys.ngrid(1);
ngrid(’'new’) sys.ngrid(1);
nichols(H); ngrid sys.ngrid(1); sys.nichols();
ngrid('new"); nichols(H); sys.ngrid(1); sys.nichols();
nichols(sys); sys.nichols(plot, NULL, NULL, NULL);
nichols(sysfwmin, wmax); sys.nichols(plot, NULL, NULL, NULL, wmin, wmax);
w={wmin, wmax; nichols(sys, w); sys.nichols(plot, NULL, NULL, NULL, wmj wmax);
w=[w0,w1l,w2, ..., wn]; nichols(sys, w); double w[]=wO,wi2, ..., wn;

sys.nichols(plot, NULL, NULL, NULL, w);
w=logspace(wmin, wmax); nichols(sys, w); logspace(w,wmmax);

sys.nichols(plot, NULL, NULL, NULL, w);
w=logspace(wmin, wmax, n); nichols(sys, w) array doublejMpgspace(w, wmin, wmax);
sys.nichols(plot, NULL, NULL, NULL, w);
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Table B.1: Syntax comparison of Ch Control Toolkit with MARB Control Toolbox (continued).

MATLAB Control Toolbox

Ch Control Toolkit

[ mag,phase,wolitnichols(sys);

[ mag,phase,wobitnichols(sys,{wmin, wmax);

[ mag,phase=nichols(sys, w);
nyquist(sys);

nyquist(sys,w);

[ re,im,wout = nyquist(sys);

[ re,iml = nyquist(sys,w);

ob = obsv(sys);

ob = obsv(A, C);

[ Abar,Bbar,Cbar,Tk = obsvf(A,B,C);

[ Abar,Bbar,Cbar, Tk = obsvf(A,B,C,tol);

sys = parallel(sys1, sys2);

sys = parallel(sys1, sys2, inpl, inp2, outl, out2);

k = place(A,B,p);

p = pole(sys);

N/A

N/A

N/A

N/A

pzmap(sys);

[ p,2 =pzmap(sys);

N/A

rlocus(sys);
rlocus(sys,k);

[ r.kouf =rlocus(sys);

[ r] =rlocus(sys, k);

N/A

N/A

rlocfind(sys, p);

[ k, pole§ = rlocfind(sys, p);
sys = rss(n);

sys = rss(n,p);

sys = rss(n,p,m);

sys = series(sysl, sys2);
sys = series(sysl1, sys2, outl, inp2);

sys.nichols(NULL, mag, phase, wout)
sys.nichols(NULL, mag, phase, wout, wmin, wmax);
sys.nichols(NULL, mag, phase, NULL, w);
sys.nyquist(plot, NULL, NULL, NULL);
sys.nyquist(plot, NULL, NULL, NULL, w);
sys.nyquist(NULL, re, im, wout)
sys.nyquist(NULL, w, re, NULL, w);
sys.obsv(ob);
sys.model("ss”, A, NULL, C, NULL);
sys.obsv(ob);
sys.model(’ss”, A, B, C, NULL);
sys.obsvf(Abar, Bbar, Char, T, k, A, B, C);
sys.model("ss”, A, B, C, NULL);
sys.obsvf(Abar, Bbar, Char, T, k, A, B, C, tol);
sys = sysl.parallel(sys2);

sys.model("ss”, A, B, NULL, NULL);
sys.place(k, p);
sys.pole(p);
sys.printss();
sys.printSystem();
sys.printtf();
sys.printzpk();
sys.pzmap(plot, NULL, NULL);
sys.pzmap(NULL, p, 2);
sys.pzmap(plot, p, 2);
sys.rlocus(plot, NULL, NULL);
sys.rlocus(plot, NULL, NULL, k);
sys.rlocus(NULL, r, kout);
sys.rlocus(NULL, r, NULL, K);
sys.rlocus(plot, r, kout);
sys.rlocus(plot, r, NULL, k);
sys.rlocfind(NULL, NULL, p);
sys.rlocfind(k, poles, p);
sys.model("rss”, n);
sys.model("rss”, n, p);
sys.model(’rss”, n, p, m);
sys = sysl.series(sys2);
sys = sysl.seri@s(syiputl, input?);
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Table B.1: Syntax comparison of Ch Control Toolkit with MARB Control Toolbox (continued).
MATLAB Control Toolbox Ch Control Toolkit

sgrid sys.sgrid(B)

sgrid('new’) sys.sgrid(1);

sgrid(z, wn) sys.sgrid(1, z, wn);

sgrid(z, wn, 'new’); sys.sgrid(1, z, wn);
pzmap(H); sgrid sys.sgrid(1); sys.pzmap();
sgrid('new’); pzmap(H); sys.sgrid(1); sys.pzmaip()
pzmap(H); sgrid(z, wn) sys.sgrid(1, z, wn); sys.pzmap();
sgrid(z, wn, 'new’); pzmap(H) sys.sgrid(1, z, wn); sys.@0);
nx = size(sys, 'order’); nx = sys.size('X’);

ny = size(sys, 1); ny = sys.size('y");

nu = size(sys, 2); nu = sys.size('u’);

N/A nn = sys.size('n’;

N/A nd = sys.size('d");

N/A nz = sys.size('z’);

N/A np = sys.size('p’);

N/A nk = sys.size(’k’);

[ A,B,C,D] =ssdata(sys); int nx, ny, nu;

nx = sys.size('X’);

ny = sys.size('y");

nu = sys.size('u’);

array double A[nx][nx], B[nx][nu],
Clny][nx], DIny][nu];
sys.ssdata(A, B, C, D);

step(sys); sys.step(plot, NULL, NULL, NULL);
step(sys, tf); sys.step(plot, NULL, NULL, NULL, tf);
[ yout, toul = step(sys); sys.step(NULL, yout, tout, NULL);
[ yout, tout, xouk = step(sys); sys.step(NULL, yout, tout, xout);
yout = step(sys, tf); sys.step(NULL, yout, NULL, NULL, tf);
yout = step(sys, 0:dt:tf); double y[tf/dt+1];

sys.step(NULL, yout, NULL, NULL, tf);
N/A sys.step(plot, yout, NULL, NULL);
N/A sys.step(plot, yout, NULL, NULL, tf);
step(sys); sys.step(plot, NULL);
step(sys, tf); sys.step(plot, NULL, tf);
y = step(sys); sys.step(NULL, y);
y = step(sys, tf); sys.step(NULL, vy, tf);
y = step(sys, 0:dt:tf); double y[tf/dt+1]; sys.step(NULL tf);

20nly apply to functions pzmap() and rlocus().
3z andwn can be intelligently generated.
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Table B.1: Syntax comparison of Ch Control Toolkit with MARB Control Toolbox (continued).

MATLAB Control Toolbox Ch Control Toolkit

N/A sys.step(plot, y);

N/A sys.step(plot, v, tf);

S = stepinfo(sys); sys.stepinfo(risetime, settlingtimegrshoot, peakvalue,

peaktime, undershoot, settlingmin, settlingmax);

S = stepinfo(sys, 'SettlingTimeThreadshold’, sys.stegnsetime, settlingtime, overshoot, peakvalue,

ts_percentage); peaktime, undershoot, settlingmin, sgttax,

ts_percentage, NULL, NULL);

rt[1] = tr_lowerlimit

rt[2] = tr_upperlimit

S = stepinfo(sys, 'RiseTimeLimits’, rt); sys.stepinfaeg@time, settlingtime, overshoot, peakvalue,
peaktime, undershoot, settlingmin, settlingmax,
NULL, tr_lowerlimit, tr_upperlimit);

sys =ss(A, B, C, D); sys.model("ss”, A, B, C, D);

sysT = ss2ss(sys,T); sysT = sys.ss2ss(T);

[ num,def = ss2tf(A,B,C,D); sys.model("ss”, A, B, C, D);
sys.tfdata(num, den);

[z, p, K =ss2zp(A,B,C,D); sys.model("ss”, A, B, C, D);
sys.zpkdata(z, p, k);

sys = tf(num, den); sys.model("tf”, num, den);

sys = tf(num, den, Ts); sys.model("tf”, num, den, Ts);

[ num, deh = tfdata(sys); int nnum, nden;

nnum = sys.size('n’);

nden = sys.size('d");

array double num[nnum], den[nden];
sys.tfdata(num, den);

[ AB,C,D] =tf2ss(hum,den); sys.model("tf”, num, den);
sys.ssdata(A,B,C,D);
[z, p,H =tf2zp(num,den); sys.model("tf”, num, den);

sys.zpkdata(z, p, k);

30nly apply to functions pzmap() and rlocus().
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Table B.1: Syntax comparison of Ch Control Toolkit with MARB Control Toolbox (continued).
MATLAB Control Toolbox Ch Control Toolkit
Z = tzero(sys); nz = sys.size('z’);
array double complex z[nz];
sys.tzero(z);

[ z,gai] =tzero(sys); nz = sys.size('z’);
array double complex z[nz];
double gain;
sys.tzero(z, &gain);

z =tzero(A,B,C,D); sys.model("ss”, A, B, C, D);

nz = sys.size('z’);
array double complex z[nz];

double gain;
sys.tzero(z, &gain);
zgrid; sys.zgrid(1;
zgrid('new’); sys.zgrid(1);
zgrid(z, wn); zgrid(1, z, wn);
zgrid(z, wn, 'new’); zgrid(1, z, wn);
pzmap(H); zgrid zgrid(1); sys.pzmap();
zgrid('new’); pzmap(H); sys.zgrid(1); sys.pzmap();
pzmap(H); zgrid(z, wn) zgrid(1, z, wn); sys.pzmap();

zgrid(z, wn, 'new’); pzmap(H) zgrid(1, z, wn); sys.pzmap()

[ AB,C,D] =zp2ss(z, p, k); sys.model("zpk”, z, p, k);
sys.ssdata(A,B,C,D);

[ num, deh = zp2tf(z, p, K); sys.model("zpk”, z, p, K);
sys.tfdata(num, den);

sys = zpk(z, p, k) sys.model("zpk”, z, p, K);

[ z,p,Hd = zpkdata(sys); int nz, np; double k;
nz = sys.size('z’); np = sys.size('p);
array double complex z[nz], p[np];
sys.zpkdata(z, p, &K);

N/A sys.compensatorZeroPoleGain(compsips compzero,
comp.pole, compgain);
N/A sys.getDominantPole(perceavershoot, dampingatio,
dominantpole, extragain,
naturalfrequency);
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Appendix C

Application Examples Using Ch Control
System Toolkit

In this Appendix, applications of Ch Control System Toolie illustrated by pratical examples. For com-
parison, all problems in these examples are solved by botr@rams and MATLAB m files using MAT-
LAB Control System Toolbox.

C.1 Calculating Transfer Function

The system shown in Fig—Q.1 consists of three subsystemstnaitisfer functions7; = (ST11) Gy =
G35 = 2. Find the transfer function of this system.

@0 =

G3

+ +

+

Figure C.1: Block diagram of the system.

Answer
The transfer function of this system is

~2.00s” + 2.00s + 3.00

G(s) = ;
1.00s* + 1.00s + 1.00

Program in Ch

#include <control.h>
int main() {
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[* given G1=1/(s+1), G2=1/s, G3=2 */
double numi[1] = {1}, denl[2] = {1, 1};
class CControl sysG1;

sysGl.model("tf", numl, denl);

double num2[1] = {1}, den2[2] = {1, O};
class CControl sysG2;
sysG2.model("tf", num2, den2);

double num3[1] = {2}, den3[1] = {1};
class CControl sysG3;
sysG3.model("tf", num3, den3);

[* series connection for G1 and G2 */
class CControl *sysG1G2;
sysG1G2 = sysGl.series(&sysG2);

[* unit feedback */

double numf[1l] = {1}, denf[1] = {1};
class CControl sysF;
sysF.model("tf", numf, denf);

class CControl *sysG1G2F;
[* or sysG1G2F = sysG1G2->feedback(&sysF, -1);*/
sysG1G2F = sysG1G2->feedback(&sysF);

[* parallel connection */

class CControl *sysT;

sysT = sysG1lG2F->parallel(&sysG3);
sysT->printtf();

return 0;

}
Outputin Ch

Transfer function parameters:
Numerator: 2.000000*s*s+2.000000*s+3.000000
Denominator: 1.000000*s*s+1.000000*s+1.000000

Program in MATLAB

% given G1=1/(s+1), G2=1/s, G3=2

numl = 1;

denl = [1 1];

sysG1 = tf(numl,denl);
num2 = 1;

den2 = [1 0];

sysG2 = tf(num2,den2);

num3 2;
den3 1;
sysG3 = tf(num3,den3);

% series connection
sysG1G2 = sysG1l*sysG2;
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% unit feedback

numf = 1;

denf = 1;

syskF = tf(numf, denf);

% or sysG1G2F = feedback(sysG1G2,sysF,-1);
sysG1G2F = feedback(sysG1G2,sysF);

% parallel connection

[sysT] = parallel(sysG1G2F,sysG3)

C.2 Model Conversion from State Space to Transfer Function ad Zero-
Pole-Gain

Give the system

X = AX+BU
Y = CX+ DU

where
—4.12 —-174 -30.8 —60 1
1 0 0 0 0
A= 0 1 0 0 ,B = 0 ,C=14 84 3078 60 |,D=0
0 0 1 0 0

find the transfer function, zeros and poles of the system.

Answer
The transfer function of the system is

453 + 8.45% + 30.85 + 60
st + 41283 +17.45% + 30.85 + 60

The zeros, poles and gain of the system are

zeros = —0.05+ 2.738156¢, —0.05 — 2.7381561, —2.0
poles = —1.797086 + 2.213723¢, —1.797086 — 2.213723¢, —0.262914 + 2.7038627, —0.262914 — 2.703862:
k = 4

Program in Ch

#include <control.h>

#define NUMX 4 /I number of states
#define NUMU 1 /I number of inputs
#define NUMY 1 /I number of outputs

int main() {
double AINUMX]J[NUMX] = {{-4.12, -17.4, -30.8, -60},
{1, 0, 0, 0},
{0, 1, 0, 0},
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{0, 0, 1, (03
B[NUMX][NUMU] = {1, 0, 0, 0},
CINUMY][NUMX] = {4, 8.4, 30.78, 60},
DINUMY][NUMU] = {0};
class CControl sys;
int nnum, nden;

sys.model("ss", A, B, C, D);
nnum = sys.size('n’);
nden = sys.size('d’);
array double num[nnum], den[nden];
printf("\nThe system is created with SS model\n");
printf("Transfer function parameters obtained by printtf () member function.\n");
sys.printtf();
printf("\n\n");
/* get the coefficients of numerator and denominator */
sys.tfdata(num, den);
printf("Transfer function parameters obtained by tfdata( ) member function.\n");
printf(‘num = %f\nden = %f\n", num, den);

int nz, np;

nz = sys.size('z’);

np = sys.size('p);

array double complex z[nz], p[np];
double k;

printf("ZPK information obtained by printzpk() member fun ction.\n");
sys.printzpk();
printf("\n\n");

/* get the zeros and poles of the system */
sys.zpkdata(z, p, &k);
printf("ZPK information obtained by zpkdata() member func tion.\n");
printf("z = %f\n p = %f\n k = %A\n", z, p, K);

return O;
}
Outputin Ch
The system is created with SS model
Transfer function parameters obtained by printtf() member function.
Transfer function parameters:
Numerator: 4.000000*s*s*s+8.400000*s*s+30.780000*s+6 0.000000
Denominator: 1.000000*s*s*s*s+4.120000*s*s*s+17.4000 00*s*s+30.800000*s+60.000000
Transfer function parameters obtained by tfdata() member f unction.

num = 0.000000 4.000000 8.400000 30.780000 60.000000
den = 1.000000 4.120000 17.400000 30.800000 60.000000
ZPK information obtained by printzpk() member function.
Zero-Pole-Gain parameters:

Zero: complex(-0.049557,2.737558) complex(-0.049557,- 2.737558) complex(-2.000885,0.000000)

Pole: complex(-1.797086,2.213723) complex(-1.797086,- 2.213723) complex(-0.262914,2.703862)
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complex(-0.262914,-2.703862)
Gain: 4.000000

ZPK information obtained by zpkdata() member function.
z = complex(-0.049557,2.737558) complex(-0.049557,-2.7 37558) complex(-2.000885,0.000000)

p = complex(-1.797086,2.213723) complex(-1.797086,-2.2 13723) complex(-0.262914,2.703862)
complex(-0.262914,-2.703862)

k = 4.000000
Program in MATLAB

A = [412 -17.4 -30.8 -60; 1 0 0 0; 01 0 0; 0 0 1 0];
B =[1, 0; 0; Of;

C = [4 8.4 30.78 60];

D = 0;

sys = ss(A, B, C, D);
[num,den] = tfdata(sys, 'V')
[z,p.K] = zpkdata(sys,'V’)

C.3 Model Conversion from Zero-Pole-Gain to State Space andransfer
Function

Create the system with given zeros, poles and gain,

zeros = —0.05+ 2.738156¢, —0.05 — 2.7381561, —2.0
poles = —1.797086 + 2.213723¢, —1.797086 — 2.213723¢, —0.262914 + 2.7038627, —0.262914 — 2.703862:
k = 4

find system matrices and the transfer function of the system.

Answer
The system matrices are

-4.12 -174 -30.8 —60 1
1 0 0 0 0

A= 0 1 0 0 ,B = 0 ,C=14 84 3078 60 |,D=0
0 0 1 0 0

The transfer function of the system is

453 + 8.45% + 30.8s + 60
st +4.125% +17.45% + 30.85 + 60

Program in Ch

206



APPENDIX C. APPLICATION EXAMPLES USING CH CONTROL SYSTEM TOLKIT

#include <control.h>

int main() {

array double complex zero[3]={complex(-0.05, 2.738156),

complex(-0.05, -2.738156),
-2.0},

pole[4]={ complex(-1.797086, 2.213723),

complex(-1.797086, -2.213723),
complex(-0.262914, 2.703862),
complex(-0.262914, -2.703862)};

double k1=4;
class CControl sysi;

sysl.model("zpk", zero, pole, k1);

printf("\nThe system is created with ZPK model\n");
printf("System matrices obtained by printss() member func
sysl.printss();

printf("\n\n");

int nx, ny, nu;

» 535S
S <X
R ENTRRTINT

sysl.size(’x’); // obtain the number of states of the sys
sysl.size(’y’); // obtain the number of outputs of the sy
sysl.size('u’); /I obtain the number of inputs of the sys
double Al[nx][nx], Bi[nx][nu], C1[ny][nx], Di[ny][

sysl.ssdata(Al, B1, C1, D1);
printf("System matrices obtained by ssdata() member funct

printf("A = \n%AnB = \n%AnC = \n%AnD = \n%f\n", Al, B1, C1,

printf("Transfer function parameters obtained by printtf
sysl.printtf();

printf("\n\n");

int nnuml, ndenl;

nnuml = sysl.size('n’);

ndenl = sysl.size('d’);

array double numl[nnuml], denl[ndeni];

sysl.tfdata(numl, denl);
printf("Transfer function parameters obtained by tfdata(
printf("numl = %f\ndenl = %f\n", numl, denl);

return O;

}

Outputin Ch

The system is created with ZPK model
System matrices obtained by printss() member function.

State-space arguments:

A =

-4.120000 -17.399997 -30.799994 -59.999994

1.000000
0.000000
0.000000
B =
1.000000
0.000000
0.000000

0.000000  0.000000  0.000000
1.000000  0.000000  0.000000
0.000000  1.000000  0.000000
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0.000000
C =
4.000000 8.400000 30.799993 59.999986
D =
0.000000

System matrices obtained by ssdata() member function.
A =

-4.120000 -17.399997 -30.799994 -59.999994

1.000000 0.000000 0.000000 0.000000

0.000000 1.000000 0.000000 0.000000

0.000000 0.000000 1.000000 0.000000

B =

1.000000
0.000000
0.000000
0.000000

C =
4.000000 8.400000 30.799993 59.999986

D =
0.000000

Transfer function parameters obtained by printtf() member
Transfer function parameters:

Numerator: 4.000000*s*s*s+8.400000*s*s+30.799993*s+5
Denominator: 1.000000*s*s*s*s+4,120000*s*s*s+17.3999

Transfer function parameters obtained by tfdata() member f
numl = 0.000000 4.000000 8.400000 30.799993 59.999986

denl = 1.000000 4.120000 17.399997 30.799994 59.999994

Program in MATLAB

z1 = [-0.05+2.738156i -0.05-2.738156i -2.0];
pl = [-1.797086+2.213723i -1.797086-2.213723i -0.262914
kil = 4

sysl = zpk(zl, pl, ki);
[al,bl,c1,d1l] = ssdata(sysl)
[numl,denl] = tfdata(sysl, 'V')

function.
9.999986
97*s*s+30.799994*s+59.999994

unction.

+2.703862i -0.262914-2.703862i];

C.4 Model Conversion from Transfer Function to State Space ad Zero-

Pole-Gain

Create the system with a given transfer function

453 + 8.45% + 30.85 + 60

st 44125 +17.45% + 30.85 + 60

find the system matrices, zeros, poles and gain of the system.
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Answer
The system matrices are

—4.12 —-174 -30.8 —60 1
1 0 0 0 0
A= 0 1 0 0 ,B = 0 ,C=14 84 3078 60 |,D=0
0 0 1 0 0
The zeros, poles and gain of the system are
zeros = —0.05+ 2.738156¢, —0.05 — 2.738156i, —2.0
poles = —1.797086 + 2.213723i, —1.797086 — 2.213723i, —0.262914 + 2.703862i, —0.262914 — 2.703862:

k= 4
Program in Ch

#include <control.h>

int main() {
array double num2[4] = {4, 8.4, 30.8, 60},
den2[5] = {1, 4.12, 17.4, 30.8, 60};
class CControl sys2;

sys2.model("tf", num2, den2); // create a tf model

printf("\nThe system is created with TF model\n");

printf("System matrices obtained by printss() member func tion.\n");
sys2.printss();

printf("\n\n");

int nx2, ny2, nu2;

nx2 = sys2.size('x’); /I obtain the number of states of the sy stem
ny2 = sys2.size(’y’); // obtain the number of outputs of the s ystem
nu2 = sys2.size('u’); // obtain the number of inputs of the sy stem
array double A2[nx2][nx2], B2[nx2][nu2], C2[ny2][nx2], D 2[ny2][nu2];
sys2.ssdata(A2, B2, C2, D2);

printf("System matrices obtained by ssdata() member funct ion.\n");
printf("A = \n%AnB = \n%AnC = \n%AnD = \n%fn", A2, B2, C2, D2);
printf("ZPK information obtained by printzpk() member fun ction.\n");

sys2.printzpk();
printf("\n\n");

int nz2, np2;

double k2;

nz2 = sys2.size('z");

np2 = sys2.size(’p’);

array double complex z2[nz2], p2[np2];

sys2.zpkdata(z2, p2, &k2);

printf("ZPK information obtained by zpkdata() member func tion.\n");
printf("z2 = %f\n p2 = %f\n k2 = %f\n", z2, p2, k2);

return O;

209



APPENDIX C. APPLICATION EXAMPLES USING CH CONTROL SYSTEM TOLKIT

Outputin Ch

The system is created with TF model
System matrices obtained by printss() member function.

State-space arguments:

A =

-4.120000 -17.400000 -30.800000 -60.000000
1.000000 0.000000 0.000000 0.000000
0.000000 1.000000  0.000000  0.000000
0.000000 0.000000 1.000000 0.000000

1.000000
0.000000
0.000000
0.000000

4.000000  8.400000 30.800000 60.000000

0.000000

System matrices obtained by ssdata() member function.
A =

-4.120000 -17.400000 -30.800000 -60.000000

1.000000 0.000000 0.000000 0.000000

0.000000 1.000000 0.000000 0.000000

0.000000 0.000000 1.000000 0.000000

B =

1.000000
0.000000
0.000000
0.000000

C =
4.000000 8.400000 30.800000 60.000000

D =
0.000000

ZPK information obtained by printzpk() member function.

Zero-Pole-Gain parameters:

Zero: complex(-0.050000,2.738156) complex(-0.050000,- 2.738156) complex(-2.000000,0.000000)
Pole: complex(-1.797086,2.213723) complex(-1.797086,- 2.213723) complex(-0.262914,2.703862)
complex(-0.262914,-2.703862)

Gain: 4.000000

ZPK information obtained by zpkdata() member function.
z2 = complex(-0.050000,2.738156) complex(-0.050000,-2. 738156) complex(-2.000000,0.000000)
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p2 = complex(-1.797086,2.213723) complex(-1.797086,-2. 213723) complex(-0.262914,2.703862)
complex(-0.262914,-2.703862)

k2 = 4.000000
Program in MATLAB

num2 = [4 8.4 30.8 60];
den2 = [1 4.12 17.4 30.8 60];
sys2 = tf(hum2, den2);
[a2,b2,c2,d2] = ssdata(sys2)
[z2,p2,k2] = zpkdata(sys2,'v’)

C.5 Time Domain Response Using Transfer Function Model

25+ 4
$34+552+6s+4"

For the system with the following closed-loop transfer fiimt7'(s) =

1. Plot the step response of system.

2. Plot the impulse response of system.
Program in Ch

#include <control.h>

int main() {
class CPlot plotstep, plotimpulse;
double num[2] = {2, 4}
double den[4] = {1, 5, 6, 4};
class CControl sys;

sys.model("tf", num, den);
sys.step(&plotstep, NULL, NULL, NULL);

sys.impulse(&plotimpulse, NULL, NULL, NULL);
return O;

Outputin Ch
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12

0.6 |

Amplitude Y
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Step Response

0.6
05 ||
04 | |

0.3 -‘ ‘\

Amplitude Y

0.2 —‘

0.1 —‘

5 10 15 20 25 30 35 40 45
Time (sec)

Figure C.2: Step response of the system in Ch.

Impulse Response

50

-0.1

Program in MATLAB

5 10 15 20 25 30 35 40 45
Time (sec)

Figure C.3: Impulse response of the system in Ch.
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sys = tf(num,den);

step(sys);
impulse(sys);

C.6 Root Locus of System

Sketch the root locus shown in HIgC.4 with respect to k.

k(s +3)

GHG) = 2 5,710

u G(s) >y

H(s) l«—

Figure C.4: Block diagram of the system.

Program in Ch

#include <control.h>

int main() {
double num[2] = {1, 3};
double den[3] = {1, 3, 10};
class CPlot plot;
class CControl sys;

sys.model("tf", num, den);
sys.sgrid(1);

sys.rlocus(&plot, NULL, NULL);
return O;

}
Outputin Ch
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Root Locus
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Real Axis
Figure C.5: Root locus of the system in Ch.

Program in MATLAB

num = [1 3];
den = [1 3 10];

sys = tf(num,den);

rlocus(sys)
sgrid

C.7 Frequency Domain Analysis

: . : 2)?
For the system with following open-loop transfer functiep (s +
4 gop P 5%(s +20)(s® + 65 + 25)

1. Sketch the Bode plot magnitude and phase,

2. Sketch the Nyquist plot.

Program in Ch

#include <control.h>

#define M1 2
#define M2 2
#define M 3 // M = M1+M2-1
#define N1 4
#define N2 3
#define N 6 // N = N1+N2-1

214



APPENDIX C. APPLICATION EXAMPLES USING CH CONTROL SYSTEM TOLKIT

int main() {

double numl1[M1]
double num2[M2]
double den1[N1] = {1, 20, 0, 0}; //s"2(s+20) = s"3+20s"2
double den2[N2] = {1, 6, 25}

double num[M];
double den[N];
class CPlot plotbode, plotnyquist;
class CControl sys;

{1, 2}
{1, 2},

conv(hum, numl, num?2);
conv(den, denl, den2);
sys.model("tf", num, den);
sys.bode(&plotbode, NULL,
sys.nyquist(&plotnyquist, NULL, NULL, NULL);

return O;

Outputin Ch

Magnitude(dB)

Phase(degree)

-120
-140 -
4160 -
80 F

-200 -
-220 -
-240 -

-280

T T T 1T 17T 17T 17T ’JI

NULL, NULL);

Bode Diagram

0.1

Frequency(rad/sec)

Figure C.6: Bode plot of the system in Ch.
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Nyquist plot of LTI models

0.06
0.04
002 | - .
£
002 | _— g
-0.04 |- B
-006 I—' 1 1 1 1 1 1 1 J
-0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 0.1 0
Real axis
Figure C.7: Nyquist plot of the system in Ch.
Program in MATLAB
numl = [1 2];
num2 = [1 2];
denl = [1 20 0 Q]
den2 = [1 6 25];
num = conv(numl,num2);
den = conv(denl,den2);
sys = tf(num, den);
bode(sys);
nyquist(sys);
C.8 Controllability and Observability
The linearized equations of motion for a satellite are
X = AX+BU
Y = CX+DU
where
0 1 0 0 00
0 0 0 0.0024 10 10 00
A= 0 0 0 1 B = 0 0 ’C_[00101’D_0
0 0.0024 0 O 01

determine the controllability and observability of thetsys.

Answer
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The controllability matrix is

0 01 0 0 0.002400  —0.000006 O

co— 1 00 0.002400 —0.000006 0O 0 0
000 1 —0.002400 0 0 —0.000006
0 1 -0.002400 O 0 —0.000006 0O 0

The observability matrix is

10 0 0
0 0 10
0 1 0 0
0 0 0 1
ob =
0 0 0 0.002400
0 —0.002400 0 O
0 —0.000006 0 O
i 0 0 0 —0.000006 |
Program in Ch
#include <control.h>
#define NUMX 4 /I number of states
#define NUMU 2 /I number of inputs
#define NUMY 2 /I number of outputs
int main() {
array double A[NUMX][NUMX] = {{0, 1, 0, 0},
{0, 0, 0, 0.0024},
{0, 0, 0O, 1},
{0, -0.0024, 0, O}};
array double B[NUMX][NUMU] = {0, O, 1, 0, O, O, O, 1};
array double C[NUMY][NUMX] = {1, 0, 0, O, O, O, 1, O};

array double co[NUMX][NUMX*NUMUJ;
array double ob[NUMX*NUMY][NUMX];
int num;

class CControl sys;

sys.model("ss", A, B, C, NULL);
sys.ctrb(co);
num = rank(co);
if(num == NUMX)

printf("The system is controllable.\n");
else

printf("The system is not controllable.\n");
printf("co = \n%f\n", co);

sys.obsv(ob);
num = rank(ob);
if(num == NUMX)

printf("The system is observable.\n");
else

printf("The system is not observable.\n");
printf("ob = \n%f\n", ob);

return 0;
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Outputin Ch

The system is controllable.
co =

0.000000 0.000000 1.000000 0.000000 0.000000 0.002400 -O. 000006 0.000000
1.000000 0.000000 0.000000 0.002400 -0.000006 0.000000 O. 000000 -0.000000
0.000000 0.000000 0.000000 1.000000 -0.002400 0.000000 O. 000000 -0.000006
0.000000 1.000000 -0.002400 0.000000 0.000000 -0.000006 O .000000 0.000000

The system is observable.

ob =

1.000000 0.000000 0.000000 0.000000
0.000000 0.000000 1.000000 0.000000
0.000000 1.000000 0.000000 0.000000
0.000000 0.000000 0.000000 1.000000
0.000000 0.000000 0.000000 0.002400
0.000000 -0.002400 0.000000 0.000000
0.000000 -0.000006 0.000000 0.000000
0.000000 0.000000 0.000000 -0.000006

Program in MATLAB

A=[0100; 000 0.0024;, 000 1; 0 -0.0024 0 0];
B=[00;10;, 00; 01}
C=[1000;001Q0j
co = ctrb(A, B)
num = rank(co);
if num ==

'The system is controllable.’
else

'The system is not controllable.’
end
ob = obsv(A, C)
num = rank(ob);
if num ==

'The system is observable.’
else

'The system is not observable.’
end

C.9 Pole Placement
Consider the system

X = AX 4+ BU
Y = CX+ DU

where

o = O
o O O+
o O O O
o = O O
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using acker() and place() functions to find the feedback Kaimat place the closed-loop poles at s = -1.5,
0, -1+4j, -14j.

Answer

K = 69.506}

Program in Ch

#include <control.h>

#define NUMX 4 /I number of states
#define NUMU 1 /l number of inputs
#define NUMY 1 /l number of outputs
int main() {
double A[NUMX][NUMX] = { 0, 1, 0, O,
1, 0, 0, O,
0, 0, 0, 1,
-0.5, 0, 0, O}
double B[NUMX][NUMU] = { 0, 1, O, -1};

array double K[NUMX];
double complex p[NUMX] = {-1.5, 0, complex(-1,1), complex( -1,-1)}
class CControl sys0;

sysO0.model("ss", A, B, NULL, NULL);
sys0.acker(K, p);
printf("K obtained by acker function = %f\n", K);

sys0.place(K, p);
printf("K obtained by place function = %f\n", K);

return O;
}
Outputin Ch
K obtained by acker function = 6.000000 9.500000 0.000000 6. 000000
K obtained by place function = 6.000000 9.500000 0.000000 6. 000000

Program in MATLAB

[0100,1000;,0001; -0500 0]
[0; 1; O; -1];

[-1.5; 0; -1+j; -1-];

acker(A, B, p)

place(A, B, p)

A
B

p
K1
K2

C.10 Time Domain Response Using State Space Model

For the system in sectidn ¢.9
1. Find the feedback gain K that places the closed-loop m@iles -1, -1, -1+j, -1-j.

2. Plot the response of the closed-loop system to an iniiadlition of x1 = 0.175.
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3. Plot the response of the closed-loop system to a unitrefepence input.

4. Plot the impulse response of the closed-loop system.
Program in Ch

#include <control.h>

#define NUMX 4 /I number of states
#define NUMU 1 /I number of inputs
#define NUMY 1 /I number of outputs
int main() {
array double A[INUMX][NUMX] = { 0, 1, O, O,
1, 0, 0, O,
0, 0, 0, 1,
-0.5, 0, 0, 0}
array double B[NUMX][NUMU] = { 0, 1, 0, -1}
array double C[NUMY][NUMX] = { 0, 0O, 1, 0};

array double D[1][1] = {0};

array double K[1][NUMX];

array double complex p[NUMX] = {-1, -1, complex(-1,1), comp lex(-1,-1)};
array double A1[NUMX][NUMX];

array double xO[NUMX] = {0.175, 0, 0, O};

class CPlot plotinitial, plotstep, plotimpulse;

class CControl sys0;

class CControl sys;

sysO.model("ss", A, B, C, D);
sys0.acker(K, p);

printf("K = %f\n", K);

Al = A - B*K
sys.model("ss", Al, B, C, D);

sys.initial(&plotinitial, NULL, NULL, NULL, x0);
sys.step(&plotstep, NULL, NULL, NULL);
sys.impulse(&plotimpulse, NULL, NULL, NULL);

return O;

}
Outputin Ch

K = 12.000000 16.000000 4.000000 12.000000
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Figure C.8: Initial response of the system in Ch.
Step Response
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Figure C.9: Step response of the system in Ch.
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Impulse Response
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01

005 | |
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Figure C.10: Impulse response of the system in Ch.

Program in MATLAB

A=[01001000,0001;-0500 0]
B =[0; 1, 0; -1];

C=1[0010];

D = 0;

p = [1; -1; -1+ -14];

X0 = [0.175 0 0 O];

K = acker(A, B, p)
Al = A-B*K;

sys = ss(Al1,B,C,D);
initial(sys, x0);
step(sys);
impulse(sys);
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