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Preface

Control is defined as adding necessary operations to a target object to
suit a certain purpose (JIS). Manipulating animals and plants, operating
things, etc. are all belong to the category of control. Various methods
have been devised and implemented. Fruitful results that suited purposes
have been achieved. In this book, we use electrical and mechanic systems
as examples to explain the fundamental methods of describing systems
by mathematical formulas and manipulating them according to purposes.
Since control should be evaluated based on whether or not desired results
are obtained, we also provide some explanations of the microcontroller-
based implementation of a control system and explain implementation-
conscious modeling, analysis, and design processes. To train engineers who
play an active role internationally, we wrote the book in plain English
and also added corresponding Japanese translations for important terms.
We hope this book are used as a textbook to learn control engineering
in English. Excise problems at the end of each chapter are divided into
basic and advanced levels. Advanced-level problems were selected from
graduate-school entrance examinations in Japan and from abroad or those
requiring analytical scrutiny. We also tried to prepare excise problems in
such a way that one can review the previously studied knowledge as much
as possible. We hope this will play a role in helping readers deepen their
understanding. In addition, a textbook mainly describes the basic way of
thinking, while new approaches are being developed every day, Thus, we
hope that readers think about how to apply the basic principle to the real
world and how to modify and improve it to achieve your goals, and master

adaptive techniques.
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1

Overview of System Control

Automatic control (EE)HH) plays an essential role! in a wide range of fields
covering engineering, physical, biological, social, and economic systems. It sup-
ports modern industry and our daily life. This chapter explains the basic concepts
of control engineering (HilfHl T5%). We use two examples, driving a car and con-
trolling an arm robot, to understand the necessity and importance of feedback

control.

1.1 Control and Control System

Control is a series of actions applied to a plant to achieve a desired
purpose °12. According to Cambridge Dictionary, a system is a set of
connected things or devices that operate together. “A control system con-
sists of ° subsystems and processes (or plants) assembled for the purpose
of obtaining the desired output with desired performance, given a specified
input” 2).

We use the example of driving a car (Figure 1.1) to explain the basic
ideas. A series of actions of starting a car is first to start the engine,
then to release the brake, and finally to step on the accelerator. Ensuring

the correct sequence is the key to starting a car. It is called sequential

control (¥ —7% » AH#ilffl). During driving, a driver adjusts the amount of

2T oy

1 play a role : HEIZH L 5,
2 E & BFEEROHE T ERT,
3 consists of ~ I ~DBIK Y Lo TV 5,



2 1. Overview of System Control

Drive at 60 km/h :

Step 1) Check the speedometer

Step 2) Ease off the accelerator
if speed > 60 km/h, press
down the accelerator if
speed < 60 km/h, or keep

r the accelerator if speed
g =60 km/h
Step 3) Go to Step 1)

e ,
/@i‘) L -40 L W Accelerator r'

Input [ Speed
ool R R
Sequential control & Feedback control
O

Speedometer

Start a car :

Step 1)  Start the engine

Step 2)  Release the break

Step 3)  Step on the accelerator

Figure 1.1 Control methods in driving a car

the accelerator based on a moving speed to keep the car moving at a target
speed. Since the driver regulates the speed based on a measured speed, it
is called feedback control (7 4 — K/Nv 7 ).

In control engineering, a control objective is called a plant (HlHEHIXT4),
and a device that produces an adjustment for the plant is called a controller
(Hlf#gs, = > Fhu—F). A given command is a reference input (BfEAT]),
an output (H17]) is a controlled variable, and a control input (HIfH#I AJ7) is

a signal produced by a controller.

Consider a system with the input and output u(t) y(t)
System

being u(t) and y(t), respectively (Figure 1.2). Input Output

Figure 1.2 System with
input and output

The relationship between w(t) and y(t) is de-

scribed as

y(t) = T{u®)}, (1.1)

where 7T is an operator. A system is called a static system (#9227 4) if
the present output only depends on' the present input. For example, y(t) =
10u(t) +u3(t). And a system is called a dynamic system (Bj)> A7 L) if

t depend on ~ @ ~ RIS B, EAEN D,



1.2 Positioning Control of Arm Robot 3

the output of the system does not reach the steady state instantaneously

for an input. For example,

y(t) = /0 w(r)dr and y(t) = dzsf)

The input-output relationship is complicated for a dynamic system. Classic
control theory uses a mathematical tool to simply describe the relationship
for a linear system in a domain other than the time (we call it the s domain).

Let it be
Y(s) = G(s)U(s), (1.2)

where U(s) and Y(s) are the input and output signals in the s domain,
respectively; and G(s) is a function in s that describes the characteristic
of the system. Note that, as an unwritten rule, we use a lower-case letter
(for example, u and y) to indicate a variable in the time domain; and an
uppercase letter (for example, U and Y'), in the s domain. (1.2) shows that
the output of a system is the product of the system model and the input.
This greatly simplifies the description of a system and makes it possible to

apply algebraic tools to! the analysis and design of a control system.

1.2 Positioning Control of Arm Robot

Consider the problem of positioning control (fLiE#OHIH) of an arm
robot on a horizontal plane. The robot has a motor, a gearbox, an arm, a
motor drive, and an encoder [Figure 1.3(a)]. The purpose of arm-robot
control is to ensure that the angle of the arm tracks a reference input r(t)
and finally stops at an angle ro [Figure 1.3(b)]. To make the description of

the system simple, we use a block to describe each item in a general way

P apply Ato B:A % BIZIBHT 2 GBHT A, 4TIH5),



4 1. Overview of System Control
Robot arm
Gearbox
Input
volta& Motor Motor

Drive

Encoder

(a)

Arm robot

7(t)

y(t)

(b)

Time response

Figure 1.3 Positioning control of arm robot

(Figure 1.4). It is called a block diagram (712 v 7 #i[4). As shown in

the right part in Figure 1.4, the name of an element or the input-output

relationship is shown in a block, and an arrow indicates the relationship

between the connected elements. The name of a variable in the time domain

or the s domain is usually shown along with an arrow.

Input Rotational w(t) (1)
1t anel
pgcid | Motor | | Notor |w|Gearboxf— Arm N P(s)
Drive I_' Ul(s) Y(s)
Plant Plant
Figure 1.4 Block diagram of arm robot
We insert a controller C(s) between
] . r u(t) y(t)
the reference input and the control in- C(s) P(s) —
put to adjust the signal applied to the Controller Plant

plant (Figure 1.5). Since

Figure 1.5 Feedforward control

(1.3)



1.2 Positioning Control of Arm Robot 5

Y(s) = R(s). (1.5)

It ensures that the output, y(t), tracks the reference input, r(t). Note that
signals are passed from the source to the controlled variable. The control
input is generated without waiting for the effect of the source on the output.
This control strategy is called feedforward control (7 4 — K7 4 7 — Fifillf#h).
It is simple and effective. However, it has some drawbacks. For example,
the characteristics of a plant usually change with time. If P(s) changes to

P(s), then the output becomes
- A1
Y:PC’R:PFR7éR. (1.6)

For simplicity, we omit the variable s in equations in the rest of this chapter
unless necessary. (1.6) means that the output cannot track the reference
input anymore. Moreover, there are disturbances (#4il) in a system. When

a disturbance d(t) is added to the plant (Figure 1.6), the output is
Y = PCR+ PD = R + PD. (1.7)

Clearly, the disturbance cannot be suppressed by the controller.

To solve these and other

++ ld(t)

problems in feedforward (t) u(t)
— ) —=O— Pl

control, we need to derive

a new mechanism to carry Controller L

outt system control. Con- Figure 1.6 Feedforward control with disturbance
sidering that the purpose of control is to track a reference input, we first
use a sensor (an encoder in this example) to measure the output (the ro-

tational angle). Next, we use a comparator to compute the error (Fiz=):

e(t) =r(t) — y(t). (1.8)

T carry out ~ 1 ~ % LEITS, EFT 5,
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