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b PART 1

Electrical and Electronic
Engineering Basics

UNIT 1

A Electrical Networks

An electrical circuit or network is composed of elements such as resistors, inductors, and
capacitors connected together in some manner. If the network contains no energy sources, such as
batteries or electrical generators, it is known as a passive network. On the other hand, if one or
more energy sources are present, the resultant combination is an active network. In studying the
behavior of an electrical network, we are interested in determining the voltages and currents that
exist within the circuit. Since a network is composed of passive circuit elements, we must first
define the electrical characteristics of these elements.

In the case of a resistor, the voltage-current relationship is given by Ohm’s law, which states
that the voltage across the resistor is equal to the current through the resistor multiplied by the value
of the resistance. ' Mathematically, this is expressed as

u=iR (1-1A-1)
where u = voltage,V ; i = current, A ; R = resistance , ().

The voltage across a pure inductor is defined by Faraday’s law, which states that the voltage
across the inductor is proportional to the rate of change with time of the current through the inductor.

Thus we have
u:L% (1-1A-2)
where di/dt = rate of change of current,A/s; L =inductance H.
The voltage developed across a capacitor is proportional to the electric charge ¢ accumulating on
the plates of the capacitor. Since the accumulation of charge may be expressed as the summation,

or integral, of the charge increments dg, we have the equation
1
u=fjdq (1-1A-3)

where the capacitance C is the proportionality constant relating voltage and charge. By definition,
current equals the rate of change of charge with time and is expressed as i = dg/dt. Thus an
increment of charge dq is equal to the current multiplied by the corresponding time increment, or

dg=idt Eq.(1-1A-3) may then be written as
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w=-r [ ide (1-1A-4)
where C = capacitance, F.
A summary of Egs. (1-1A-1), (1-1A-2) and (1-1A-4)
for the three forms of passive circuit elements is given in i 3 J_*
Fig. I-1A-1. Note that conventional current flow is used; ‘1 a ii F Il o
hence the current in each element is shown in the direction of B B T_

decreasing voltage. g =iR w =Ldi{dr u.=(1/C) Iid‘

Active electrical devices involve the conversion of energy i=/R i=(l/ L)I“Ld’ i=Cdu/dt
to electrical form. For example, the electrical energy in a 8) b) ©)
battery is derived from its stored chemical energy. The Fig 1-1A-1  Passive circuit elements
electrical energy of a generator is a result of the mechanical a) Resistor b)) Inductor ¢) Capacitor
energy of the rotating armature.

Active electrical elements occur in two basic forms : voltage sources and current sources. In their
ideal form, voltage sources generate a constant voltage independent of the current drawn from the
source. The aforementioned battery and generator are regarded as voltage sources since their voltage
is essentially constant with load. On the other hand, current sources produce a current whose
magnitude is independent of the load connected to the source. Although current sources are not as
familiar in practice, the concept does find wide use in representing an amplifying device, such as
the transistor, by means of an equivalent electrical circuit. Symbolic representations of voltage
source and current source are shown in Fig. 1-1A-2.

A common method of analyzing an electrical network is mesh or loop analysis. The fundamental
law that is applied in this method is Kirchhoff’s first law, which states that the algebraic sum of the
voltages around a closed loop is O, or, in any closed loop, the sum of the voltage rises must equal
the sum of the voltage drops. Mesh analysis consists of assuming that currents—termed loop
currents—flow in each loop of a network, algebraically summing the voltage drops around each
loop, and setting each sum equal to 0.

Consider the circuit shown in Fig. 1- 1A- 3a, which consists of an inductor and resistor
connected in series to a voltage source e. Assuming a loop current i, the voltage drops summed

around the loop are

—e+uy +u, =0 (1-1A-5)
+
2Ol (T I
= | |C =
N - | .
Uc
a) b) a) b)
Fig. 1-1A-2  Voliage source and current source Fig. 1-1A-3  Series circuits containing R, L and C

a) Voltage source b) Current source
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The input voltage is summed negatively since, in the direction of assumed current, it
represents an increase in voltage. The drop across each passive element is positive since the current
is in the direction of the developed voltage.

Using the equations for the voltage drops in a resistor and inductor, we have

L$+Ri=e (1-1A-6)

Eq. (1-1A-6) is the differential equation for the current in the circuit.

It may be that the inductor voltage rather than the current is the variable of interest in the circuit. '~

As noted in Fig. 1-1A-1, ¢ -3 u, dt . Substituting this integral for i in Eq. (1-1A-6) gives

uL+%fu,.dt=e (1-1A-7)
After differentiation with respect to time, Eq. (1-1A-7) becomes

deL R de

S A s

which is the differential equation for the inductor voltage.
Fig. 1-1A-3b shows a series circuit containing a resistor, inductor, and capacitor. Following

the mesh-analysis method outlined above, the circuit equation is

&i oo A o
LS+ R+ fldl—e (1-1A-9)

Recalling that current i = dg/d¢, a substitution of this variable may be made to eliminate the

integral from the equation. The result is the second-order differential equation

network n. P45, HLEE aforementioned adj. FIRE, AR
resistor n. HLFH#S represent o, U, Fn, H
inductor n. Hi/EAR amplify v JK

capacitor n. FLZEHE symbolic adj. 5, IE5H
passive network  JGUR M 4% mesh n. L

active network £ I 4% Kirchhoff's first law J&/RERE —EfH
characteristic adj. FFtE (19); n FEPEMZE | loop current  [BIESHLIR

Ohm n. KRR voltage drop  Hi JEF#

Faraday n. ¥EP05 in series EREK

electric charge HLfaf differential adj. 509 n. 5
integral n. F4r variable n. 7%

increment n. & outline n. FEE; v - OE:=t
armature n. FNX, FTEk, JnfE eliminate ». JHBE, XM




BT LRERE W4
$° NOTES

[1] In the case of a resistor, the voltage-current relationship is given by Ohm’s law, which

states that the voliage across the resistor is equal to the current through the resistor multiplied by the
value of the resistance.

BUH PR UL, M — HRLE AR i R R R, B E TR M . R B P A B 55 T
A B 3AE A A e YA 3fe LA R PELEL

in the case of; Hf----- HKeihd, Bheoweo mie

in case (of): &N, —; fE---BIHFHT

in that case: f4, BESREIFHE

in this case: FEZREIXHEE

in any case: JGISW{T, 22

in all case: FL—VIHFORITIE

[2] It may be that the inductor voltage rather than the current is the variable of interest in the
circuit.

BCFLEHL R | AR A 78 e 2 SR PR T AN 2 rL AR L U

M rather than N; & M A& N

of interest; AMMENT; {HNBILGERAY; A E LM

B Three-Phase Circuits

A three-phase circuit is merely a combination of three single-phase circuits. Because of this
fact, current, voltage, and power relations of balanced three-phase circuits may be studied by the
application of single-phae rules to the component parts of the three-phase circuit. Viewed in this
light, it will be found that the analysis of three-phase circuits is little more difficult than that of

single-phase circuits .
Reasons for Use of Three-Phase Circuits

In a single-phase circuit, the power is of a pulsating nature. At unity power factor, the power

. . . . " 2
in a single-phase circuit is zero twice each cyele'™

When the power factor is less than unity, the
power is negative during parts of each cycle. Although the power supplied to each of the three
phases of a three-phase circuit is pulsating, it may be proved that the total three-phase power
supplied a balanced three-phase circuit is constant. Because of this, the characteristics of three-
phase apparatus, in general, are superior to those of similar single-phase apparatus.

Three-phase machinery and control equipment are smaller, lighter in weight, and more
efficient than single-phase equipment of the same rated capacity. In addition to the above-mentioned
advantages offered by a three-phase system, the distribution of three-phase power requires only three

fourths as much line copper as does the single-phase distribution of the same amount of power.
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Generation of Three-Phase Voltages

A three-phase electric circuit is energized by three alternating emfs of the same frequency and

differing in time phase by 120 electrical degrees. Three such

; ; ; E E B £y
sine-wave emfs are shown in Fig. 1-1B-1. These emfs are
generated in three separate sets of armature coils in an AC
generator. These three sets of coils are mounted 120 electrical
o

degrees apart on the generator armature. The coil ends may all

be brought out of the generator to form three separate single-

phase  circuits. However, the coils are  ordinarily

. . : . Fig. 1-1B-1 Three sine-wave

interconnected either internally or externally to form a three-wire o .- el
emfs differing in phase by 120

or four-wire three-phase system. electrical degrees are used for
There are two ways of connecting the coils of three-phase energizing a three-phase circuit

generators, and in general, there are two ways of connecting devices of any sort to a three-phase

circuit. These are the wye-connection and the delta-connection. Most generators are wye-connected ,

but loads may be either wye-connected or delta-Connected.
Voltage Relations in a Wye-Connected Generator

Fig. 1-1B-2a represents the three coils or phase windings of a generator. These windings are so
spaced on the armature surface that the emfs generated in them are 120° apart in time phase. Each
coil ends lettered S and F (start and finish). In Fig. 1-1B-2a, all the coil ends marked S are
connected to a common point N, called the neutral, and the three coil ends marked F are brought
out to the line terminals A, B, and C to form a three-wire three-phase supply. This type of
connection is called the wye-connection. Often the neutral connection is brought out to the terminal

board, as shown by the dotted line in Fig. 1-1B-2a, to form a four-wire three-phase system.

Ey = EntEg
A bo -/
B L
S1C
N
a) b)
Fig. 1-1B-2  a) Connection of the phase windings in a wye-connection generator

b) Conventional diagram of a wye-connection

¢) Phasor diagram showing the relation between phase and line voltages

The voltages generated in each phase of an AC generator are called the phase voltages ( symbol
E,). If the neutral connection is brought out of the generator, the voltage from any one of the line

terminals A, B, or C to the neutral connection N is a phase voltage. The voltage between any two of
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the three line terminals A, B, or C is called line-to-line voltage or, simply, a line voltage ( symbol
EL) .

The order in which the three voltages of a three-phase system succeed one another is called the

phase sequence or the phase rotation of the voltages. This is determined by the direction of rotation
of the generator but maybe reversed outside the generator by interchanging any two of the three line
wires (not a line wire and a neutral wire).

It is helpful when drawing circuit diagrams of wye connection to arrange the three phases in the
shape of a Y as shown in Fig. 1-1B-2b. Note that the circuit of Fig. 1-1B-2b is exactly the same as
that of Fig. 1-1B-2a, with the S end of each coil connected to the neutral point and the F end
brought out to the terminal in each case. After a circuit diagram has been drawn with all

intersections lettered, a phasor diagram may be drawn as in Fig. 1-1B-2c. The phasor diagram

shows the three phase voltages E,y, Euy, and E., which are 120° apart.
It should be noted in Fig. 1-1B-2 that each phasor is lettered with two subscripts. The two

letters indicate the two points between which the voltage exists, and the order of the letters indicates

the relative polarity of the voltage during its positive half-cycle. For example, the symbol E
indicates a voltage between the points A and N with the point A being positive with respect to point
N during its positive half-cycle. In the phasor diagram shown, it has been assumed that the
generator terminals were positive with respect to the neutral during the positive half-cycle. Since the
voltage reverses every half-cycle, either polarity may be assumed if this polarity is assumed

consistently for all three phases. It should be noted that if the polarity of point A with respect to
N ( £,y) is assumed for the positive half-cycle, then K, when used in the same phasor diagram
should be drawn opposite to, or 180° out of phase with, £’

The voltage between any two line terminals of wye-connected generator is the difference between
the potentials of these two terminals with respect to the neutral. For example, the line voltage E ,,
is equal to the voltage A with respect to neutral ( £ ,,) minus the voltage B with respect to neutral
(Eg). To subtract EBN from EAN , it is necessary to reverse EBN and add this phase to E,y. The
two phasors E, and E,, are equal in length and are 60°apart, as shown in Fig. 1-1B-2¢. It may be

shown graphically or proved by geometry that E ,, is equal to 1. 73, multiplied by the value of either

E An OF E xg- The graphical construction is shown in the phasor diagram. Therefore, in a balanced

wye connection

E, =1.73E,

Current Relations in a Wye-Connected Generator

The current flowing out to the line wires from the generator terminals A, B, and C

(Fig. 1-1B-2) must flow from the neutral point N, out through the generator coils. Thus, the current
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each line wire (I, ) must equal the current in the phase (7,) to which it is connected. In a wye

connection
I =1,

WORDS AND TERMS
pulsate o Fkah, Bkzh, xash geometry n. JU%, JUATEAR
apparatus n. —EAURY, BHE winding adj. SRR, n. ZRIE, L34
rated adj. WER, BITHY, &EH polarity n. Btk
coil n. Z841, 2, v #%%% neutral adj. FHERY; n. PPEZ
distribution n. 4L, A, BCHE subseript n. Fhr, MIE, RS
generator n. KRR, KHA succeed 0. Hfeeeeeo Za, R
emf (electromotive force ) H1, zh 3 intersection n. AHAZ, ZHHIEL
interconnect v. H.AH%E#E phase sequence /¥
wye n. YJEEKSS, BIBEY, =i reverse 0., n. JCFE; adj. AERRARAPERY
delta n. FHEFEEA (3), =AIE (¥)

4 NOTES

[1] Viewed in this light, it will be found that the analysis of three-phase circuits is little more
difficult than that of single-phase circuits.

XFER R, = AH BRI 20T LE AR F S 1 A AT HEAR T 270

viewed in this light; WX PE X FREF

that. #51C analysis

[2] At unity power factor, the power in a single-phase circuit is zero twice each cycle.
TEDRFECT 1 B, BRI R A A RO %,

twice each cycle: BN EHBAPIK (HE) ., twice Ml each cycle ABMCIRIE

[37 It should be noted that if the polarity of point A with respect to N ( E ) is assumed for
the positive half-cycle, then E vs When used in the same phasor diagram should be drawn opposite
to, or 180° out of phase with, £ ,,.

WEZTERE, UnSRRAE R A TE R A A AR T N B (B L), B4 EERT

) — AR P e R A £ (AU, BVAGEEy 180°,
with respect to: X ¥, KT

C LT AEIE (Specified English) #EiA

KEAEELSEMIGEN Y 5, AR FE %R 7 Iahkny® i, JFHEA 4000 L E
MRNC R, B TEHLEMSGERER, A TERE, AR —L%], FENE
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W FRE BRI R Z A NGk, B T LA WA, SF RN T R SRR ISR, EDRIE
30 i LA B A i FERE b, XEAE PSS SCRE R R A B AR, MEZ, EiEE
W R R R R PRIt AT I M EREANZ —, B—FER RS, BECERIFAR
SREAFNEE L 5 B9 TAERE ST .

Tolp Sk B B AR 2 i . RBVH &) Z 8 EbsRHEBORSCH, ANBIR ™ i
W1 B, R TR AR A AR TN E R EAE B R, 1EhFEMKIEF I
ST I RGO R AR

RERZ ANTERZETE 23017 1T 20 8 FRYEAlgE ], [HE i T 52 R
B, |, Bl SiEAEE X EEA AR TR IGTEARE S E L, .

Connect the black pigtail with the dog-house.

FRRE. ERANEEERENE L,

Ll ik KRR RS 2 A o A e s L DR R

it EE e, FRATAMEARE] Ll iRy —2eke i, BRfR]—ANR7E B A s, 78
AR ] e A B AR E . BN bus XA, 7 H W AR R AR E"
MER, HEHFEIPRE “BX7, ERARGEPREE L7, B AW AEETEX
A SCRIHI WAL 22 535 , A AT RE H 3

H, ACRHE SCEAESHH FL AAREZ A B, KmE | sightdsE . KW
ARAGEEF A, AP 2 X T SC A B R R T RS b T LA ey PRI

B, TlIGERUT, U, %, 5, ENME SRR, HEEERQOZERET %" M
CRET, thomk Rl O K &Y R R A S R E AT OE B0 A9 BE A% A0 BH ¥ (interpretation &
translation ) ; FEEEFIPRAYEEAL L, XfWr | ¥, BT LEM I, WA, TS CBirh T
W B 2R BN A T AR B R B A e LA, N2 X 2B R AR IR HE R, IFLLR A
B E M IMENISZR, A GESE RN EERMBGER L b SE G, AP REE S BT R
HE,

Eolp B R IR CREH R AEIE S (source language) FHIF CIE T (target language )
BT WER . L B, SERMEELLORE —RE S TS, BEEORBIREERA —E L
R RRRIBE R RER AT T, B T &G MR B 7 SOk SE U B 2. Rl B
HHEMATRSM TR, Wi #BiEe iR B A REmhER, BEEcZZE, TR
AREZEZ TH, ElRE KKK, I, XF— T hraEh

Control Center. Smoking Free.

ERERRE SR, TR, free TERX AR < HBR----- 89" Ph; AN IR K
“BEEER, BHET, M4SN E L.




UNIT 2

A The Operational Amplifier

One problem with electronic devices corresponding to the generalized amplifiers is that the

gains, A, or A;, depend upon internal properties of the two-port system (u, B, R,, R,, etc. ). "'

This makes design difficult since these parameters usually vary from device to device, as well as
with temperature. The operational amplifier, or Op-Amp, is designed to minimize this dependence
and to maximize the ease of design. An Op-Amp is an integrated circuit that has many component
parts such as resistors and transistors built into the device. At this point we will make no attempt to
describe these inner workings.

A totally general analysis of the Op-Amp is beyond the scope of some texts. We will instead
study one example in detail, then present the two Op-Amp laws and show how they can be used for
analysis in many practical circuit applications. These two principles allow one to design many
circuits without a detailed understanding of the device physics. Hence, Op-Amps are quite useful
for researchers in a variety of technical fields who need to build simple amplifiers but do not want to
design at the transistor level. In the texts of electrical circuits and electronics they will also show
how to build simple filter circuits using Op-Amps. The transistor amplifiers, which are the building
blocks from which Op-Amp integrated circuits are constructed, will be discussed.

The symbol used for an ideal Op-Amp is shown in

(—)Input e———

Fig. -2A-1. Only three connections are shown: the ®© Output
(+)Input *=——+

positive and negative inputs, and the output. Not shown
are other connections necessary to run the Op-Amp such as Fig. 1-2A-1  Operational amplifier
its attachments to power supplies and to ground potential. The latter connections are necessary to
use the Op-Amp in a practical circuit but are not necessary when considering the ideal Op-Amp
applications we study in this unit. The voltages at the two inputs and the output will be represented
by the symbols U™, U™, and U,. Each is measured with respect to ground potential. Operational
amplifiers are differential devices. By this we mean that the output voltage with respect to ground is
given by the expression
U =AU -U") (1-2A-1)

where A is the gain of the Op-Amp and U" and U ~ the voltages at inputs. In other words, the
output voltage is A times the difference in potential between the two inputs.

Integrated circuit technology allows construction of many amplifier circuits on a single composite
“chip” of semiconductor material. One key to the success of an operational amplifier is the
“cascading” of a number of transistor amplifiers to create a very large total gain. That is, the
number A in Eq. (1-2A-1) can be on the order of 100,000 or more. ( For example, cascading of
five transistor amplifiers, each with a gain of 10, would yield this value for A. ) A second important

factor is that these circuits can be built in such a way that the current flow into each of the inputs is
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very small. A third important design feature is that the output resistance of the operational amplifier

(R,) is very small. This in turn means that the output of the device acts like an ideal voltage
source.

We now can analyze the particular amplifier circuit given in Fig. 1-2A-2 using these
characteristics. First, we note that the voltage at the positive input, U", is equal to the source
voltage, U" =U.,. Various currents are defined in part b of the figure. Applying KVL around the
outer loop in Fig. 1-2A-2b and remembering that the output voltage, U, , is measured with respect

to ground, we have

-I,R, -LR,+U, =0 (1-2A-2) R, ~ R ~loop

Since the Op-Amp is constructed in such M g T
a way that no current flows into either U
the positive or negative input, I" =0. gl + OR.
Applying KCL at the negative input U,
terminal then yields = T =

I, =1, %)
Using Eq, (]_2A-2) and setting [I =l =1, Fig. 1-2A-2  Operational amplifier circuits

U= (R, +R,)) I (1-2A-3)

We may use Ohm’s law to find the voltage at the negative input, U~ , noting the assumed current

direction and the fact that ground potential is zero volts:
U- -0
R,

=]

So,
U~ =IR,

R
U = L_ U
[R, +R2) -

Since we now have expressions for U" and U™, Eq. (1-2A-1) may be used to calculate the output

and from Eq. (1-2A-3),

voltage ,

R,U

=A(U* -U") = -d 8

Gathering terms,

AR
U L_l=AU 1-2A-4

and finally,

Ay = ARR:) (1-2A-54)
YU, R, +R, +4R, B

8

This is the gain factor for the circuit. If A is a very large number, large enough that AR, >> (R, +

R, ), the denominator of this fraction is dominated by the AR, term. The factor A, which is in both
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the numerator and denominator, then cancels out and the gain is given by the expression
= R, +R,

u
R,
This shows that if A is very large, then the gain of the circuit is independent of the exact value of A

(1-2A-5b)

and can be controlled by the choice of R, and R,. This is one of the key features of Op-Amp
design—the action of the circuit on signals depends only upon the external elements which can be
easily varied by the designer and which do not depend upon the detailed character of the Op-Amp
itsell. * Note that if A =100, 000 and (R, + R,)/R, =10, the price we have paid for this
advantage is that we have used a device with a voltage gain of 100, 000 to produce an amplifier with
a gain of 10. In some sense, by using an Op-Amp we trade off “power” for “control”.

A similar mathematical analysis can be made on any Op-Amp circuit, but this is cumbersome
and there are some very useful shortcuts that involve application of the two laws of Op-Amps which
we now present.

1) The first law states that in normal Op-Amp circuits we may assume that the voltage
difference between the input terminals is zero, that is

Uur=0"

2) The second law states that in normal Op-Amp circuits both of the input currents may be

assumed to be zero;

I"=1"=0
The first law is due to the large value of the intrinsic gain A. For example, if the output of an Op-
Amp is 1V and A =100, 000, then (U" -U") = 10 °V. This is such a small number that it
can often be ignored, and we set /" =U~. The second law comes from the construction of the

circuitry inside the Op-Amp which is such that almost no current flows into either of the two inputs.

Q@ WORDS AND TERMS

amplifier n. FCKE : on the order of JHT[F2EM, %
integrated circuit 4 BCHE % trade off I

building block FIA cumbersome adj. JFRIIEY

potential n. (HL) # intrinsic  adj. WNAER)

cascade n., v. PEK; adj. FHHY circuitry n. HiJH

4- NOTES

[1] One problem with electronic devices corresponding to the generalized amplifiers is that the

gains, A, or A;, depend upon internal properties of the two-port system.

R R TART SO AR X R B T8 A AE 89— LR ENTR 45 A, 8035 A, BUR T
A 1 ZR G N AR .

[2] This is one of the key features of Op-Amp design—the action of the circuit on signals

depends only upon the external elements which can be easily varied by the designer and which do
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not depend upon the detailed character of the Op-Amp itself.
BOES HMRAF BT ZRHEZ ——— eGSR T, i shE(UBOR TR A 5)
Bt H SRS, AT s O ER AR B 1 ORI

B Transistors

Put very simply a semiconductor material is one which can be “ doped” to produce a
predominance of electrons or mobile negative charges ( N-type); or “holes” or positive charges
(P-type). "' A single crystal of germanium or silicon treated with both N-type dope and P-type dope
forms a semiconductor diode, with the working characteristics deseribed. Transistors are formed in
a similar way but like two diodes back-to-back with a common middle layer doped in the opposite
way to the two end layers, thus the middle layer is much thinner than the two end layers or zones.

Two configurations are obviously possible, PNP or NPN (Fig. 1-2B-1). These descriptions are
used to describe the two basic types of transistors. Because a transistor contains elements with two
different polarities (i.e., “P” and “N” zones), it is referred to as a bipolar device, or bipolar
tranststor.

A transistor thus has three elements with three leads connecting to these elements. To operate
in a working circuit it is connected with two external voltage or polarities. One external voltage is
working effectively as a diode. A transistor will, in fact, work as a diode by using just this
connection and forgetting about the top half. An example is the substitution of a transistor for a
diode as the detector in a simple radio. It will work just as well as a diode as it is working as a
diode in this case.

The diode circuit can be given forward or reverse bias. Connected with forward bias, as shown
in Fig. 1-2B-2, drawn for a PNP transistor, current will flow from the bottom P to the middle N. If
a second voltage is applied to the top and bottom sections of the transistor, with the same polarity
applied to the bottom, the electrons already flowing through the middle N section will promote a flow

of current through the transistor bottom-to-top.

Collector Collector

N-type — P-type —
Base Base

P-type —>= N-type —
N-type — P-type —

Emitter Emitter

N-P-N transistor P-N-P transistor .
Fig. 1-2B-1  Two basic types of transistor Fig. 1-2B-2  PNP transistor circuit

By controlling the degree of doping in the different layers of the transistor during manufacture ,

this ability to conduct current through the second circuit through a resistor can be very marked.
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Effectively, when the bottom half is forward biased, the bottom section acts as a generous source of

free electrons (and because it emits electrons it is called the emitter). These are collected readily
by the top half, which is consequently called the collector, but the actual amount of current which
flows through this particular circuit is controlled by the bias applied at the center layer, which is

called the base.

Effectively, therefore, there are two separate

‘

‘working” circuits when a transistor is working with
correctly connected polarities (Fig. 1-2B-3). One is the I._K rK C_-:_
loop formed by the bias voltage supply encompassing the

emitter and base. This is called the base circuit or input T —I_

It
|I

circuit. The second is the circuit formed by the collector Fig 1-2B-3 Base circuit and collector circuit
voltage supply and all three elements of the transistor.

This is called the collector circuit or output circuit. ( Note: this description applies only when the
emitter connection is common to both circuits—known as common emitter configuration. ) This is the
most widely used way of connecting transistors, but there are, of course, two other alternative
configurations—common base and common collector. But, the same principles apply in the working
of the transistor in each case.

The particular advantage offered by this circuit is that a relatively small base current can control
and instigate a very much larger collector current (or, more correctly, a small input power is
capable of producing a much larger output power). In other words, the transistor works as an
amplifier.

With this mode of working the base-emitter circuit is the input side; and the emitter through
base to collector circuit the output side. Although these have a common path through base and
emitter, the two circuits are effectively separated by the fact that as far as polarity of the base circuit
is concerned, the base and upper half of the transistor are connected as a reverse biased diode.
Hence there is no current flow from the base circuit into the collector circuit.

For the circuit to work, of course, polarities of both the base and collector circuits have to be
correct (forward bias applied to the base circuit, and the collector supply connected so that the
polarity of the common element (the emitter) is the same from both voltage sources). This also
means that the polarity of the voltages must be correct for the type of transistor. In the case of a PNP
transistor as described, the emitter voltage must be positive. It follows that both the base and

collector are negatively connected with respect to the emitter. The symbol for a PNP transistor has

an arrow on the emitter indicating the direction of current

flow, always towards the base. ( “P” for positive, with a

PNP transistor) Nf |
transistor ) . P = —
W TR

In the case of an NPN transistor, exactly the same -l— -I-

working principles apply but the polarities of both supplies

are reversed (Fig. 1-2B-4). That is to say, the emitter is Fig. 1-2B-4 NPN transistor circuit
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always made negative relative to base and collector ( “N” for negative in the case of an NPN
transistor) . This is also inferred by the reverse direction of the arrow on the emitter in the symbol
for an NPN transistor, i.e. ,current flow eaway from the base.

While transistors are made in thousands of different types, the number of shapes in which they
are produced is more limited and more or less standardized in a simple code—TO ( Transistor
Outline ) followed by a number.

TO1 is the original transistor shape—a ecylindrical “can” with the three leads emerging in
triangular pattern from the bottom. Looking at the base, the upper lead in the “triangle” is the base,
the one to the right (marked by a color spot) the collector and the one to the left the emitter. >’ The
collector lead may also be more widely spaced from the base lead than the emitter lead.

In other TO shapes the three leads may emerge in similar triangular pattern (but not necessarily
with the same positions for base, collector and emitter) , or in-line. Just to confuse the issue there
are also sub-types of the same TO number shape with different lead designations. The T092, for
example, has three leads emerging in line parallel to a flat side on an otherwise circular “can”
reading 1, 2, 3 from top to bottom with the flat side to the right looking at the base.

With TO92 sub-type a (TO92a) : | = emitter

2 = collector

3 =base
With TO92 sub-type b (T0O92b): 1 =emitter
2 =bhase

3 = collector

To complicate things further, some transistors may have only two emerging leads (the third
being connected to the case internally) ; and some transistor outline shapes are found with more than
three leads emerging from the base. These, in fact, are integrated circuits (ICs), packaged in
the same outline shape as a transistor. More complex ICs are packaged in quite different form,
e. g. ,flat packages.

Power transistors are easily identified by shape. They are metal cased with an elongated bottom
with two mounting holes. There will only be two leads (the emitter and base) and these will
normally be marked. The collector is connected internally to the can, and so connection to the

collector is via one of the mounting bolts or bottom of the can.

transistor n. oA silicon n. fif
semiconductor n. R bipolar adj. XX[a] [
dope v. BA lead n. 5|4k
predominance n. i3 substitution n. {U#
crystal  n. ARk detector n. FRMIAF
germanium n. B bias n. W&
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polarity n. Hetk ' can n. FHEIT
encompass v. fL7 triangular adj. =
more or less B & /b elongate v FERK, Fif

cylindrical adj. RHIER

§° NOTES

[1] Put very simply a semiconductor material is one which can be “doped” to produce a

predominance of electrons or mobile negative charges ( N-type); or “holes™ or positive charges
( P-type).

TR, PRI —FY R, EREEN BT RTAEZRNET, XFRA
MET (NB); s /mg “2=0, XFRIERf (P A,

[2] TO1 is the original transistor shape—a cylindrical “can” with the three leads emerging in
triangular pattern from the bottom. Looking at the base, the upper lead in the “triangle” is the
base, the one to the right ( marked by a color spot) the collector and the one to the left the emitter.

TO1 2 R i —F b A E IR —E— A =D E R EE “AhE”, X=14
HRERIIE R =/AR, WEIRFE “=/AE" LmpEmRaEw, RAmmEmN (h—
R GRS AR, H e A R AR

C & g 4r

Hahb Ll R—T5a M, A XE2ER, FEIFRE RIS 5 E8R O TR
o T4k, BEEHEEAR , AR, Bl FEaAERGFEEMFRN AR, A
BARWBEA T H A KRB, FEARIAEMNE, kAN Bk, mEm-EmidH
AHrE, B —gER AR ERIRES TR (FR4S 0811), HF G S > R
Bl i, RS SEH TR (081101) , BMEAR S AEhfkiE (081102) . &4 T
f (081103) , HAPHI SHAEERS (081104) FIFAL, Kl 5EH (081105) , mitREH
KARPHEREREZE RS AMEFRI R, WSS RN, RERF5R% T
e, EAR R A ahibe s FHSH SRS XN, BGRBEE S gk BN A
THEEMIS SEE MRS, Sl EBIe R | AR AR BACH | AEYE R, L
W NEHILA 3, EbRASEGBG S (IFAC) BIAZR WK A shibBlE SHEA D N 9 4
FARGUK, AR BlESKEN, itk RETERSER, A XREE. F45G
5. DR SR, HEVER , 2RAKSZERTHE, A BERMBELE,

Aok & W ARB BER B (compulsory/required subjects) FIZEEIRFE (elective
subjects) PR R . WIE | BUARSE KFRERIRBRIN, BAFE LT EEL AR E
A7

HEFS (Theory of Circuit)

Bl 742K ( Analog Electronics Technology)

7 FEOK (Digital Electronics Technology )
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LS F 4K (Power Electronics Technology )

Y (Electromagnetic Field)

HEHL5H#izh (Electric Motor and Electric Drive)

B i sh A #h#E6l RS (Electric Drive Automatic Control System )
H #4268 ( Automatic Control Theory)

BACTE HI B8 (Modern Control Theory)

B he g i (Intelligent Control)

AL (Principle of Microcomputer )

HHEHLIZE O HAR (Computer Interface Technology )
TFEALERELAR (Computer Control Technology )

TP G RS0 (Process Control System )

L FRRG I SR  ( Process Measurement and Instrument )

MR PLFEFE SR A (Principle and Application of Single-Chip Computer )
YR Tl 3% R4 ( Programmable Logical Controller System)
W BEATAR (Fieldbus Technology )

i ARG (Embedded System)

AR (Power Supplying Technology)

HHEPLDTE ( Computer Simulation )

{55 M 540 (Signal Analyzing and Processing)

5 H 3L (Building Automation )

s A% (Robotics)



UNIT 3

A Logical Variables and Flip-Flop

Logical Variables

The two-valued variables which we have been discussing are often called logical variables,
while the operations such as the OR operation and the AND operation are referred to as logical
operations. We shall now briefly discuss the relevance of such terminology, and in so doing we
shall bring out the special aptness of the designations “true” and “false” to identify the possible
values of a variable, '

By way of example, suppose that you and two pilots are aloft in an airplane. You remain in
the cabin, while the pilots, A and B, are in the cockpit. At some time, A joins you. This
development causes you no concern. Suppose, however, that while you and A are in the cabin,
you look up to find that B has also joined you. On the basis of your ability to reason logically you
deduce that the plane is pilotless; and, presumably you sound an alarm so that one of the pilots will
respond promptly to the urgency of the situation.

Alternatively, suppose that there had been attached to each pilot’s seat an electronic device
that provided an output voltage which is V, when the seat is occupied and V, when the seat is not
occupied. Let us attach the designation “true” to the voltage level V, so that the level V, is “false”.
Let us further construct an electric circuit with two sets of input terminals and one set of output
terminals. The circuit is to have the property that the output voltage will be V, if and only if both
inputs, i.e., one input AND simultaneously the other, are at the level V,. Otherwise the output
is V,. Finally let us connect the inputs to the devices on the chairs of pilots A and B and arrange
that an alarm bell, connected to the output Z, respond when the output is V, ( “true”) and not
otherwise. We have then constructed a circuit which performs the AND operation and is capable of
making the logical deduction that the plane is unpiloted when, indeed, both pilots leave the
cockpit.

To recapitulate, the situation is as follows: let the symbols A, B, and Z stand for the
propositions

A= It is true (T) that pilot A has left his seat.

B = Itis true (T) that pilot B has left his seat.

Z = It is true (T) that the plane is pilotless and in danger.

Of course, A, B, and Z then represent the contrary propositions, respectively. For example, A
represents the proposition that it is false (F) that pilot A has left the cockpit, ete. The relationship
among the propositions can now be written as

Z =AB (1-3A-1)

We have chosen to represent the logical variables A, B, and Z by electric voltages. But it must be
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noted that actually Eq. (1-3A-1) is a relationship among propositions and quite independent of the

exact manner in which we choose to represent them or even whether we have any physical
representation at all. Eq. (1-3A-1) says that proposition Z is true if propositions A and B are both
true and that otherwise proposition Z is false.

This algebra of propositions of which Eq. (1-3A-1) is an example, is known as Boolean
algebra. Just as other algebras deal with variables which have a numerical significance, Boolean
algebra deals with propositions and is an effective tool for analyzing the relationships between

propositions which allow only two mutually exclusive alternatives.
SR Flip-Flop

The circuit of Fig. 1-3A-1, showing a pair of cross-coupled NOR gates, is called a flip-flop.

It has a pair of input terminals S and R, —
t ] f - t = d " ¢ - R o— 21 Q S R anl Q ntl
standing  for se an s . L ) =
' :g e 0 0 Q. | 9.
respectively. We shall use these symbols S 0 1 0 .
and R not only to designate the terminals g 171 ’J“’@ 1 0 | 0
but also to specify the logical level at the .
a) )

terminals. Thus, S = 1 indicates that a
voltage corresponding to logic level 1 is P21, B Mapeliog

normally present at terminal S. Similarly, the output terminals and the corresponding output logic

levels are () and 6 In this notation we have explicitly taken account of the fact that in normal
operation, as we shall see, the logic levels at the outputs are complementary.

The fundamental, most important characteristic of a flip-flop is that it has a “memory”. That
is, given that the present logic levels at S and R, are 0 and 0, it is possible, from an examination
of the output, to determine what the logic levels were at S and R immediately before they attained

these present levels.

Terminology

In connection with the discussion to follow it is convenient to introduce some useful
terminology , and it will be helpful to be aware of an attitude generally prevalent among logic-system
designers.

In NAND and NOR gates (as well as an AND and OR gates ), when it serves our purpose to
do so, we can arbitrarily select one input terminal and view it as an enable-disable input. Thus,
consider a NOR or an OR gate. If the one selected input is at logic 1, the output of the gate is
independent of all other inputs. This one selected input takes control of the gate and the gate is
disabled with respect to any other input. ( The term “inhibit” is used synonymously with
“disable” ). Alternatively, if the selected input is at logic 0, it does not take control, and ‘the
gate is enabled to respond to the other inputs. In a NAND or AND gate, a selected input takes over
control and disables the gate when this input goes to logic 0. For with one input at logic 0, the gate

output cannot respond to other inputs. The difference between the NOR and OR gate, on the one



PART 1 Electrical and Electronic Engineering Basics 19

hand, and the NAND or AND gate, on the other, is to be noted. In the first case, the control
input achieves its control when it goes to logic 1; in the second case, it achieves its control when it
goes to logic 0.

There is a generally prevailing attitude in digital systems to view logic 0 as a basic,
undisturbed , unperturbed , quiescent state and to view the logic 1 state as the excited, active,
effective state, i. e., the state arrived at “ after something has happened”. '’ Thus, when an
effect has been produced, the inclination is to define the resultant state as one corresponding to which
some logical variable has gone to logic 1. The logical variable is at logic O when *nothing has
happened”. Similarly, if an effect is to be produced by a change in a logical variable, it is preferred
that the logical variable so involved be defined in such manner that the effect is achieved when the

logic variable goes to logic 1. We shall see examples of this attitude in our discussion of flip-flops.

WORDS AND TERMSE

flip-flop n. AR deduce v. JHZE

relevance n. Xk simultaneously —adv. [F]fHE
terminology n. Rif Boolean algebra A /RAX%L
aptness n. 1Y gate n. ], [JHH

pilot n. ®fTH prevalent adj. HATHY
aloft adv. Eih inhibit ». 1

cockpit n. AfE

4 NOTES

[1] We shall now briefly discuss the relevance of such terminology, and in so doing we shall

bring out the special aptness of the designations “true” and “false” to identify the possible values of
a variable.

PAETA TR R E e — T XS ARE Z A Y KB, FF7E 2 W fdss 5"
BT SRR — AR B Y AT RE (R AR &

[2] Just as other algebras deal with variables which have a numerical significance, Boolean
algebra deals with propositions and is an effective tool for analyzing the relationships between
propositions which allow only two mutually exclusive alternatives.

FIHC A Ak PR AT B 3 SR B (OB, AR AR R B A R il i ELA 2R AR T
ST BT A WAL S A R i [ Y 56 R R — A RO TR

[3] There is a generally prevailing attitude in digital systems to view logic 0 as a basic,
undisturbed, unperturbed, quiescent state and to view the logic 1 state as the excited, active,
effective state, i.e., the state arrived at “after something has happened”.

FEBF ARG, s i) WA 22 0 BN — AR, BT, Er, #ILaR
&, 8281 BB, B, ARACIRE, W, XMREERERE R
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B Binary Number System

General Induction

In an algebra proposed by George Boole about 1850, the variables are permitted to have only
two values true or false, usually written as 1 and 0, and the algebraic operations on the variables
are limited to those defined as AND, OR, NOT.

Shannon, in 1938, recognized the parallels between this form of algebra and the functioning of
electrical switching systems, in that switches are two-state, on-and-off devices. The reasoning
processes called for by Boolean algebra are implemented through switches, acting as electronic logic
cireuits.

A great variety of integrated-circuit forms are available for logic operations on pulsed signals.
These pulsed signals employ the binary number system, using cutoff and conduction of electronic

devices as the two states for the number system.
The Binary Number System and Other Codes

To count directly in decimal numbers with transistors would require that they recognize the 10
states O, 1,..., 9, and this action would necessitate an accuracy not inherent in electronic
devices. Such devices operate well in a two-state or binary system, using conduction and cutoff as
the operating states, and-as a result the binary number system is generally employed in internal

s o I [i
operations in digital computers.

In the decimal system the base or radix is 10, and each mlE T B
position to the left or right of the decimal point represents an
increased or decreased weight as a power of 10. In the py-eif | Cloek.
binary system the radix is 2, and the positions to the left or a)
right of the binary point carry weights increasing or 1 [] [] [ ] _/MSD
decreasing in powers of 2. Numbers are coded into chains of o
two-level pulses, with the levels usually designated as 1 and o _| [ | flow
0, as shown in Fig. 1-3B-1. i L) &

The pulse chain of Fig. 1-3B-1b can be translated as:

Fig. 1-3B-1  Chains of two-level pulses
Binary : 1x2°+ 0x2*+ 1x2°+ 0x2*+ 1 x2' + 1 x2°=101011
Decimal: 32+0+8+0 + 2+1 =43

In the inverse process of conversion of decimal 43 to binary form, we perform successive divisions
by 2. The remainder of 1 or 0 after each division becomes a digit of the binary number. For

conversion of decimal 43,
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43/2 =21 1 Least significant digit
21/2 =10 1
10/2 =5 0
5/2=2 1
272 =1 0
172 =0 1 Most significant digit

The binary equivalent for decimal 43 is 101011.
While binary numbers require only two signal levels, this simplicity is achieved at the cost of

additional digits. To represent n decimal digits in a system of radix r requires m digits, where
n
m=—
lgr

The right side is an integer, or the next larger integer is chosen. For a number having 10
decimal digits, we have m =33. 2 and so must use 34 binary digits. Binary digits are referred to as
bits.

A binary fraction written as 0. 1101 means

0.1101 =1 x27"+1x27%+ 0x27"+ 1 x27*
=172 + 1/4 + 0 + 1/16
In decimal numbers the binary number 0. 1101 is
0.500 + 0.250 + 0.062 =0.812

The conversion of a decimal number less than unity is performed by successive multiplications
by 2. For each step that results in a 1 to the left of the decimal point, record a binary 1, and carry
on with the fractional portion of the decimal number. With the result having a 0 to the left of the
decimal point, record a binary 0 and carry on. To convert decimal 0.9375 to binary form, we

operate as follows .

R ~ Binany
0.9375 x2 =1.8750 1 | Most significant digit
0. 8750 x2 =1.7500 |
0.7500 x2 =1.5000 1
0. 5000 x2 =1.0000 |
0.0000 x2 =0. 0000 0 Lt sigmiionnt digit

The binary equivalent of decimal 0. 9375 is written as 0. 11110. The largest digit is the first
binary bit obtained, and it is placed to the right of the binary point.

A table of binary equivalents from decimal O to decimal 15 is:
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Decimal Binary Decimal Binary
0 0 8 1000
| 1 9 1001
2 10 10 1010
3 11 11 1011
4 100 12 1100
S 101 13 1101
6 110 14 1110

7 111 15 1111

Given the basic idea of a chain of positive and negative, or positive and zero, or zero and
negative pulses as representing binary s and Os, there are many possible codes in which the pulses
might be transmitted. *° One of the most common for computer input is the binary-coded-decimal
(BCD) code, requiring four pulses or bits per decimal digit. For this code each decimal digit is
translated into its binary equivalent as given in the preceding table. That is, decimal 827 will
appear in BCD form as

1000 0010 0111
The computer can readily translate such input to pure binary form by arithmetic operations.
Decoders are also available to convert BCD to decimal form.

The BCD code can be extended to decimal 15 without requiring additional bits for transmittal ; it
then becomes a hexadecimal code, usually employing the letters a, b,..., f for the decimal
numbers 10 through 15.

Another code that is employed in some computer operations is the octal or radix-8 system. The
permitted symbols are 0, 1, 2,..., 7, and the decimal number 24 is written as octal 30 (3 x 8'
+0 x8"). Binary coding of octal numbers requires only the three least-significant bits of the BCD
table, and binary coding of octal 30 is 011000.

Since decimal 24 is written 11000 in pure binary form, and 011000 in octal coded form, an
easy means of conversion from binary numbers to octal numbers is indicated. By setting off the
binary number in groups of three bits, each group appears as an equivalent octal-coded number.
For instance, decimal 1206 in binary is 10010110110. In groups of three bits we have

Binary: 010 010 110 110
Octal ; 2 2 6 6
and the octal number is 2266.

The Gray code is often employed in translation of rotary or linear position to binary numbers by
use of brushes on conductive segments, or by optical readers or code wheels. Because of alignment
errors, two bits cannot change simultaneously and uncertainty is introduced. A Gray code is
designed to eliminate this problem by requiring only one bit to change at each binary number step.

One form of code is
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Decimal Gray code
0 0000
1 0001
2 0011
3 0010
4 0110
5 0111
6 0101
7 0100
8 1100
9 1101

Other codes are designed to reduce transmission errors, in which a 1 becomes changed to a 0
or vice versa. In general, a code that will detect single errors can be obtained by addition of a
checking bit to the original code form. The resultant code will have a number of 1s either even or
odd, and these codes are known as even-parity or odd-parity codes. For instance, 0000 will become
10000 in odd parity; an error in any digit will make the result have an even number of 1s, and the
receiving equipment then calls for a correction.

Multiple errors can be found by more complex code forms.

Y WORDS AND TERIVI

binary adj. — il digit n. {7%(

parallel n. Z&{El fractional adj. /NELHY)
decimal adj. +#EHIH hexadecimal adj. +7<EH]
radix n. 4 octal adj. N\

chain n. # alignment n. 45
remainder n. R

+° NOTES

[ 1] Such devices operate well in a two-state or binary system, using conduction and cutoff as

the operating states, and as a result the binary number system is generally employed in internal
operations in digital computers.
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BERLAR Y A AR A — AR R R 4L

[2] Given the basic idea of a chain of positive and negative, or positive and zero, or zero and
negative pulses as representing binary 1s and Os, there are many possible codes in which the pulses
might be transmitted.
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The importance of computer in the use of automatic control can not be overestimated.
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This possibility was supported to a limited extend in the tests.
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The differences between single-board microcomputer and single-chip microcomputer do not stop
there.
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Amplification means the transformation of little currents into big ones, without distortion of the

shape of current fluctuation.
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This technique provides a solution with the longest range and the maximum data rate for user.
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UNIT 4

A Power Semiconductor Devices

Power semiconductor devices constitute the heart of modern power electronic apparatus. They

are used in power electronic converters in the form of a matrix of on-off switches. And the switching

mode power conversion gives high efficiency.

Totay’s power semiconductor devices are almost exclusively based on silicon material and can be

classified as follows :

Diode

Thyristor or silicon-controlled rectifier (SCR)

Triac

Gate turn-off thyristor ( GTO)

Bipolar junction transistor ( BJT or BPT)

Power MOSFET

Static induction transistor ( SIT)

Insulated gate bipolar transistor ( IGBT)

MOS-controlled thyristor (MCT)

Integrated gate-commutated thyristor (1GCT)

Diodes

Power diodes provide uncontrolled rectification of power and are used in applications such as

electroplating, anodizing, battery charging, welding, power supplies ( DC and AC), and

s . |
variable-frequency drives.

They are also used in feedback and the freewheeling functions of

converters and snubbers. A typical power diode has P-I-N structure, that is, it is a P-N junction

with a near intrinsic semiconductor layer (I-layer) in the middle to sustain reverse voltage.

Fig. 1-4A-1 shows the diode symbol
and its volt-ampere characteristics. In the
forward-biased condition, the diode can
be represented by a junction offset drop
and a series-equivalent resistance that
the V-1

forward

positive  slope in
The  typical
conduction drop is 1.0V. This drop will

cause conduction loss, and the device

gives a

characteristics.

must be cooled by the appropriate heat

sink to limit the junction temperature. In

Anode

Cathode

i,
7 |
+
Forward
conduction drop
=Va > +Va
Reverse
leakage
current
Avalanche
breakdown
—Iy

Fig. 1-4A-1

Diode symbol and its volt-ampere characteristies

the reverse-biased condition, a small leakage current flows due to minority carriers, which
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gradually increase with voltage. If the reverse voltage exceeds a threshold value, called the
breakdown voltage, the device goes through avalanche breakdown, which is when reverse current
becomes large and the diode is destroyed by heating due to large power dissipation in the junction.
Power diodes can be classified as follows:
Standard or slow-recovery diode

Fast-recovery diode

Schottky diode

Thyristors

Thyristors, or silicon-controlled rectifiers ( SCRs) have been the traditional workhorses for bulk
power conversion and control in industry. The modern era of solid-state power electronics started
due to the introduction of this device in the late 1950s. The term “thyristor” came from its gas tube
equivalent, thyratron. Often, it is a family name that includes SCR, triac, GTO, MCT, and
IGCT. Thyristors can be classified as standard, or slow phase-control-type and fast-switching,
voltage-fed inverter-type. The inverter-type has recently become obsolete.

Fig. 1-4A-2 shows the thyristor symbol

and its  volt-ampere  characteristics. L Forward
Latcing Conduction drop
Basically, it is a three-junction P-N-P-N . current
ode .
device, where P-N-P and N-P-N component Holding Ie>lalan
. . . e Iy a1 16=0
transistors are connected in regenerative s
feedback mode. The device blocks voltage “Va | |> tVa
. X . Gat Reverse .
in both the forward and reverse direction leakage | Forward  Forward
. i . leakage  breakover
( symmetric blocking). When the anode is Cathode current | current voltage
. . i . . Avalanche
positive, the device can be triggered into it
conduction by a short positive gate current _
A

pulse; but once the device is conducting, Fig. 1-4A-2  Thyristor symbol and its

the gate loses its control to turn off the volt-ampere characteristics

device. A thyristor can also turn on by

excessive anode voltage, its rate of rise (dv/d¢), by a rise in junction temperature, or by light
shining on the junctions.

At gate current I, = 0, if forward voltage is applied on the device, there will be a leakage
current due to blocking of the middle junction. If the voltage exceeds a critical limit ( breakover
voltage) , the device switches into conduction. With increasing magnitude of 7., the forward
breakover voltage is reduced, and eventually at /., the device behaves like a diode with the entire
forward blocking region removed. The device will turn on successfully if a minimum current, called
a latching current, is maintained. During conduction, if the gate current is zero and the anode
current falls below a critical limit, called the holding current, the device reverts to the forward
blocking state. With reverse voltage, the end P-N junctions of the device become reverse-biased.

Modern thyristors are available with very large voltage (several kV) and current (several kA) ratings.
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Triacs

A triac has a complex multiple-junction structure, but functionally, it is an integration of a
pair of phase-controlled thyristors connected in inverse-parallel on the
same chip. Fig. 1-4A-3 shows the triac symbol. The three-terminal T,
device can be trigged into conduction in both positive and negative
half-cycles of supply voltage by applying gate trigger pulses. In [ + Gate :
mode, the terminal T, is positive and the device is switched on by B
positive gate current pulse. In Il[- mode, the terminal T, is positive
and it is switched on by negative gate current pulse. A triac is more Fig 1-4A-3 Triac symbol
economical than a pair of thyristors in anti-parallel and its control is simpler, but its integrated
construction has some disadvantages. The gate current sensitivity of a triac is poorer and the turn-off
time is longer due to the minority carrier storage effect. For the same reason, the reapplied dv/dt
rating is lower, thus making it difficult to use with inductive load. A well-designed RC snubber is
essential for a triac circuit. Triacs are used in light dimming, heating control, alliance-type motor

drives, and solid-state relays with typically 50/60 Hz supply frequency.
GTOs

A gate tum-off thyristor (GTO), as the name indicates, is basically a thyristor-type device
that can be turned on by a small positive gate current pulse, but in addition, has the capability of
being turned off by a negative gate current pulse. ">’ The turn-off capability of a GTO is due to the
diversion of P-N-P collector current by the gate, thus breaking the P-N-P/N-P-N regenerative
feedback effect. GTOs are available with asymmetric and symmetric voltage-blocking capabilities,
which are used in voltage-fed and current-fed converters, respectively. The turn-off current gain of

a GTO, defined as the ratio of anode current prior to turn-off to the negative gate current required

for turn-off, is very low, typically 4 or 5. This means that a 6 ,000A &
GTO requires as high as 1,500A gate current pulse. However, the Anode
duration of the pulsed gate current and the corresponding energy

associated with it is small and can easily be supplied by low-voltage Gate

power MOSFETs. GTOs are used in motor drives, static VAR I iﬁthOdc

compensators (SVCs), and AC/DC power supplies with high power
ratings. When large-power GTOs became available, they ousted the Fig, 13408 | O il

force-commutated, voltage-fed thyristor inverters. Fig. 1-4A-4 shows the GTO symbol.
Power MOSFETSs

Unlike the devices discussed so far, a power MOSFET ( metal-oxide semiconductor field-effect
transistor) is a unipolar, majority carrier, “zero junction” , voltage-controlled device. Fig. 1-4A-5
shows an N-type MOSFET symbol. If the gate voltage is positive and beyond a threshold value, an

N-type conducting channel will be induced that permit current flow by majority carrier ( electrons)
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between the drain and the source. Although the gate impedance is extremely high at steady state,

the effective gate-source capacitance will demand a

Drain
pulse current during turn-on and turn-off. The device Yo
has asymmetric voltage-blocking capability, and has an
integral body diode, as shown, which can carry full )

. ; . X . Gate e iy
current in the reverse direction. The diode is = — VDS
characterized by slow recovery and is often bypassed by
an external fast-recovery diode in high-frequency {as Integral

L S Inverse
applications. diode

Source

While the conduction loss of a MOSFET is large for
higher voltage devices, its turn-on and turn-off  Fig 1-4A-5  An N-type MOSFET symbol
switching times are extremely small, causing low switching loss. The device does not have the
minority carrier storage delay problem associated with a bipolar device. Although a MOSFET can be
controlled statically by a voltage source, it is normal practice to drive it by a current source
dynamically followed by a voltage source to minimize switching delays. MOSFETs are extremely
popular in low-voltage, low-power, and high-frequency ( hundreds of kHz) switching applications.
Application examples include switching mode power supplies ( SMPS ), brushless DC motors
(BLDMs) , stepper motor drives, and solid-state DC relays.

IGBTs

The introduction of insulated gate bipolar transistors ( IGBTs) in the mid-1980s was an
important milestone in the history of power semiconductor devices. They c
are extremely popular devices in power electronics up to medium power (a
few kW to a few MW ) range and are applied extensively in DC/AC drives G o_l
and power supply systems. They ousted BJTs in the upper range, and
are currently ousting GTOs in the lower power range. An IGBT is E
basically a hybrid MOS-gated turn-on/off bipolar transistor that combines Fig 1-4A-6 IGBT symbol
the advantages of both a MOSFET and BJT. Fig. 1-4A-6 shows the IGBT
symbol. Its architecture is essentially similar to that of a MOSFET, except an additional P layer
has been added at the collector over the N drain layer of the MOSFET. The device has the high-
input impedance of a MOSFET, but BJT-like conduction characteristics. If the gate is positive with
respect to the emitter, an N-channel is induced in the P region. This forward-biases the base-emitter
junction of the P-N-P transistor, turning it on and causing conductivity modulation of the N~ region,
which gives a significant reduction of conduction drop over that of a MOSFET. At the on-condition,
the driver MOSFET in the equivalent circuit of the IGBT carries most of the total terminal current.
The thyristor-like latching action caused by the parasitic N-P-N transistor is prevented by sufficiently
reducing the resistivity of the P" layer and diverting most of the current through the MOSFET. The
device is turned off by reducing the gate voltage to zero or negative, which shuts off the conducting

channel in the P region. The device has higher current density than that of a BJT or MOSFET. Its
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input capacitance (C,_) is significantly less than that of a MOSFET. Also, the ratio of gate-collector
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capacitance to gate-emitter capacitance is lower, giving an improved Miller feedback effect.

MCTs

An MOS-controlled thyristor (MCT) , as the name indicates, is a thyristor-like, trigger-into-
conduction hybrid device that can be turned on or off by a short voltage oA
pulse on the MOS gate. The device has a microcell construction, where
thousands of microdevices are connected in parallel on the same chip. The
, , co—iF~
cell structure is somewhat complex. Fig. 1-4A-7 shows the MCT symbol. ‘\\

It 1s turned on by a negative voltage pulse at the gate with respect to the

anode and is turned off by a positive voltage pulse. The MCT has a
thyristor-like P-N-P-N structure, where the P-N-P and N-P-N transistor

oC

: . . Fig. 1-4A-7  MCT symbol
components are connected in regenerative feedback. However, unlike a '

thyristor, it has unipolar ( or asymmetric ) voltage-blocking capability. If the gate of an MCT is
negative with respect to the anode, a P-channel is induced in the P-FET, which causes forward-
biasing of the N-P-N transistor. This also forward-biases the P-N-P transistor and the device goes
into saturation by positive feedback effect. At conduction, the drop is around one volt (like a
thyristor). If the gate is positive with respect to the anode, the N-FET will saturate and short-
circuit the emitter-base junction of the P-N-P transistor. This will break the positive feedback loop
for thyristor operation and the device will turn off. The turn-off occurs purely by recombination
effect and therefore the tail time of the MCT is somewhat large. The device has a limited SOA, and
therefore a snubber circuit is mandatory in an MCT converter. Recently, the device has been
promoted for “soft-switched” converter applications, where the SOA is not utilized. In spite of
complex geometry, the current density of an MCT is high compared to a power MOSFET, BJT and
IGBT, and therefore it needs a smaller die area.

The MCT was commercially introduced in 1992, and currently, medium-power devices are

available commercially. The future acceptance of the device remains uncertain at this point.

IGCTs

The integrated gate-commutated thyristor ( IGCT) is the newest member of the power
semiconductor family at this time, and was introduced by ABB in 1997. Fig. 1-4A-8 shows the

IGCT symbol. Basically, it is a high-voltage, high-power, hard- |<l
driven, asymmetric-blocking GTO with unity turn-off current gain. ., oC
This means that a 4,500 V IGCT with a controllable anode current of \/’Xﬁ

3,000 A requires turn-off negative gate current of 3,000 A. Such a N

gate current pulse of very short duration and very large di/dt has small ~ Fig 1-4A-8 IGCT symbol
energy content and can be supplied by multiple MOSFETs in parallel with ultra-low leakage
inductance in the drive circuit. "' The gate drive circuit is built-in on the device module. The

device is fabricated with a monolithically integrated anti-parallel diode. The conduction drop, turmn-
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on di/dt, gate driver loss, minority carrier storage time, and turn-off dv/dt of the device are
claimed to be superior to GTO. Faster switching of the device permits snubberless operation and
higher-than-GTO switching frequency. Multiple IGCTs can be connected in series or in parallel for
higher power applications. The device has been applied in power system intertie installations ( 100

MVA) and medium-power (up to 5 MW) industrial drives.

WORDS AND TERMS!

converter n. Ay, Winey, iy leakage current i FEL I

matrix  n. FAE HERE threshold n. [TFR, EBR, HRIE
diode n. %, FSAEWE breakdown n. %

thyristor n. ¢ W recovery n. K&

triac  n. g B[] 5 T Schottky diode — Ff FE4F R
GTO  ["TAB AT S il ) A7 workhorse n. HE#, M
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forward biased 1F [#] fli & hybrid n. {B&

conduction n. SH,, &% emitter n. K%
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4 NOTES

[ 1] Power diodes provide uncontrolled rectification of power and are used in applications such

as electroplating, anodizing, battery charging, welding, power supplies (DC and AC), and
variable-frequency drives.

B AR SRR TS R L IR, XSO AR RN, N R M BREAE .
e . f% . SR IR A AR S .

[2] A gate turn-off thyristor ( GTO), as the name indicates, is basically a thyristor-ty\pe
device that can be turned on by a small positive gate current pulse, but in addition, has the

capability of being turned off by a negative gate current pulse.

FIRAT G IR, B S, R AR R SR AR (AL IR — A, BT
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I —A~/ N IE (TR s Bk sk, (BRI A, B REA O TR H Ak i G B,

-[3] Such a gate current pulse of very short duration and very large di/d¢ has small energy
content and can be supplied by multiple MOSFETs in parallel with ulira-low leakage inductance in
the drive circuit. :

DORE—AREEERS AR B, dizde JEH K BEEE SUBUIN BT B K b ] Ll 250 - Bk
) MOSFET 4243k, I HL3KZh e % v i T RS AR IR

B Power Electronic Converters

Power electronic converters can convert power from AC-to-DC ( rectifier ), DC-to-DC
(chopper) , DC-to-AC (inverter), AC-to-AC at the same ( AC controller) or different frequencies
( cycloconverter). They are four types of power electronic converters. Converters are widely used in
applications such as heating and lighting controls, AC and DC power supplies, electrochemical

processes, DC and AC motor drives, static VAR generation, active harmonic filtering, etc.
Rectifiers

The rectifiers can convert AC power to DC power. They can be made up of diodes, thyristors,
GTOs, IGBTs, IGCTs, ect. Diodes and phase-controlled rectifiers constitute the largest segment of
power electronics that interface to the electric utility system today. The efficiency of the rectifiers is
very high, typically in the vicinity of 98% , because device conduction loss is low and switching loss

is practically negligible. "' However, I

VDs JS

b B = [] R

—

the disadvantage is that they generate
harmonics in the utility system creating

a power quality problem for other

consumers, Besides, thyristor converters
constitute a low lagging power factor

load on the utility system. vD, AVD. A v, AN
Diode rectifiers are the simplest

and possibly the most important power
electronics circuils. They are Fig, 1-4B-1  Three-phase diode bridge rectifier with RC load

rectifiers because power can flow only from the AC side to the DC side. The most important circuit
configurations include the single-phase diode bridge and three-phase diode bridge. And, the
commonly used loads include resistance, resistance-inductance, and capacitance-resistance.
Fig. 1-4B-1 shows three-phase diode bridge rectifier with RC load. Other device rectifiers circuits

are also as diode ones.
Inverters

Inverter is a device which receives DC voltage at one side and converts it to AC voltage on the

other side. The AC voltage and frequency may be variable or constant depending on the application.
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Inverter can be classified voltage-fed inverter and current-fed inverter. A voltage-fed inverter should

have a stiff voltage source at the input, that is, its Thevenin impedance should ideally be zero. A
large capacitor can be connected at the input if the source is not stiff. The DC voltage may be fixed or
variable, and may be obtained from a utility line or rotation AC machine through a rectifier and filter.
A current-fed or current-source inverter (CFI or CSI) , as the name indicates, likes to see a stiff DC

current source at the input, which is in contrast to a stiff voltage source, which is desirable in a

voltage-fed inverter. A variable voltage source can be converted to a variable current source by
connecting a large inductance in series Iy
and controlling the voltage within a _N;T =
feedback current control loop. '*' They QJ QJfyp; Q’J@
are both used extensively. The AC_| Zk vl i b $< n
semiconductor devices in them may —] T — 12 Loa
be IGBTs, power MOSFETs and ol Q«J QJ[Vpea& Q:][V.
IGCTs etc.
Fig. 1-4B-2 gives one common
circuit of three-phase bridge voltage- Fig. 1-4B-2  Three-phase bridge voltage-fed inverter with L load

fed inverter.
Choppers

The choppers convert a DC power source to another DC source with different terminal
specifications. They are widely used in the switch-mode power supplies and DC motor drive
applications. Some of them, especially in power supplies, have an isolation transformer. The
choppers are also used as interfaces between the DC systems of different voltage levels.

The step-down and step-up voltage choppers are the two basic chopper topologies. These are
referred as the Buck and Boost choppers respectively. It must, however, be kept in mind that a
step-down voltage chopper is also a step-up current chopper and vice versa because the input power
must equal the output power. The Buck-boost chopper does both stepping up and down action. All
these choppers have single, two and four quadrant variations in topologies.

Fig. 1-4B-3 shows Buck chopper topology, which is a voltage step-down and current step-up
chopper. The two-position switch is synthesized from a switch and a diode. The switch is turned on
for a time 7 periodically at a rate 1/7.. The voltage waveform of Buck chopper is shown in
I

8

, and the average current is [ =D

5

Fig. 1-4B-4. So the average output voltage is C—/U =U, % =DU

[5
— 8 uy

4 + U, U,
v, RJwvw b m ’“

o T /i t

Fig. 1-4B-3  Buck chopper Fig. 1-4B-4  The voltage waveform of Buck chopper
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D is called the duty ratio, which has a range of 0-1. I_is the average current from the DC source.
Cycloconverters

A cycloconverter is a frequency changer that converts AC power at one input frequency to output
power at a different frequency with a one-stage conversion process. The phase-controlled thyristor
converters can be easily extended for cycloconverter operation. Self-controlled AC switches, usually
based on IGBT, can also be used in high-frequency link cycloconverters. In large power industrial
applications, thyristor phase-controlled cycloconverters are widely used.

Fig. 1-4B-5 shows the block diagram

fi , DC f
of a cycloconverter. In an industrial —|  Rectifier Inverter  ——
cycloconverter driving an AC motor, the N
input 50/60 Hz power is converted to
variable-frequency, variable-voltage AC at £ Cycloconverter freﬁlﬂ%ﬁ}cy Cycloconverter | /o
the output to control the motor speed. The R R (step-down) [

output frequency may vary from zero b)

( rectifier operation ) to an upper limit,  Fig 1-4B-5 Alternate schemes of frequency conversion
which is always lower than the input a) DClink ~ b) High-frequency link

frequency (step-down cycloconverter) , and the power flow can be in either direction for four-
quadrant motor speed control. In a VSCF system, the input power is usually generated by a
synchronous machine that is coupled to a variable-speed turbine. The generated voltage can be
regulated if the synchronous machine is wound field, but the output frequency is always proportional
to the turbine speed. The function of the cycloconverter is to regulate the output frequency to be
constant ( typically 60 or 400 Hz). Fig. 1-4B-5 shows alternate schemes of frequency conversion.
Fig. 1-4B-5a is a commonly used scheme where the input AC is rectified to DC and then inverted to
variable-frequency AC through an inverter. In Fig. 1-4B-5b, the input AC is converted to high-

frequency AC through a step-up cycloconverter, and then converted to variable-frequency AC by a

step-down cycloconverter.

rectifier n. A configuration n. ¥J5E, &R

chopper n. Hri#% voltage-fed inverter Hi PR RS AR 2
inverter n. WARER current-fed inverter H i PRI AR 2R
cycloconverter n. JEEAR AT stiff voltage source fH KR

electrochemical adj. HL{L2ER) stiff current source TH IR

VAR H#ETHHE Thevenin impedance #4E R H 20 BH AT
harmonics  n. UK filler n. UEIEAS

lagging n. W5, B isolation transformer B 2% 2%

power factor TiHR %L buck chopper [ H A8 FE 4§
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boost chopper FHE AR E2S duty ratio Hasth,
quadrant n. %R

4° NOTES

[ 1] The efficiency of the rectifiers is very high, typically in the vicinity of 98%

, because
device conduction loss is low and switching loss is practically negligible.

H T T AR FEAR, HHEIT I ol 2 AT, SOz R B aReRRe, it
TUE LR 98%

[2] A variable voltage source can be converted to a variable current source by connecting a

large inductance in series and controlling the voltage within a feedback current control loop.

e K MR, T 7L FR T L H AL 0 0 2 0
C T ERRICE =

—., RICHELEE R

B SCE W RREN LW ARE, XEENCA OO L& Hia, ABAHADR
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TEAEAREWE LA, A HHEEE DA EA L b BA AR &S, W: memory N
F/e12, bus BER/A IR A | monitor WM&/ HE, order (N IR/ 2 /1T 3/, J5— 218
A6 B B 2 TR AR 2 SR IR R, 7 280 AR R T AR I L TR = FREERN % ol 0K e L
X,

150

SR 115 B At AR ST, RS0 LA WE IA FEAD SOV
AP, S PN IS , AT — R SO0 P 200 (AR AR

e R 4R W ]
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r. p. m. (revolutions per minute) ¥5%0/ 7 FET (field effect transistor) %% N &
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A Types of DC Motors

The types of commercially available DC motors basically fall into four categories: (Dpermanent-
magnet DC motors, @ series-wound DC motors , (3 shunt-wound DC motors, and @compound—
wound DC motors. Each of these motors has different characteristics due to its basic circuit

: < 11}
arrangement and physical properties.

Permanent-Magnet DC Motors
The permanent-magnet DC motor, as shown in Fig. 1- 5A-1, is constructed in the same

manner as its DC generator counterpart. The  permanent-magnet
poles

permanent-magnet DC motor is used for low-torque

applications. When this type of motor is used, the

DC power supply is connected directly to the

DC @) — DC
source N~ Souree

armature conductors through the brush/commutator

assembly. The magnetic field is produced by

permanent magnets mounted on the stator. The rotor

a) b)
of permanent magnet motors is a wound armature. Fig. 1-5A-1  Permanent-magnet DC motor
This type of motor ordinarily uses either alnico a) Pictorial diagram b) Schematic diagram

or ceramic permanent magnets rather than field coils. The alnico magnets are used with high-
horsepower applications. Ceramic magnets are ordinarily used for low-horsepower slow-speed
motors. Ceramic magnets are highly resistant to demagnetization, yet they are relatively low in
magnetic-flux level. The magnets are usually mounted in the motor frame and then magnetized prior
to the insertion of the armature.

The permanent-magnet motor has several advantages over conventional types of DC motors.
One advantage is reduced operational cost. The speed characteristics of the permanent-magnet motor
are similar to those of the shunt-wound DC motor. The direction of rotation of a permanent-magnet

motor can be reversed by reversing the two power lines.
Series-Wound DC Motors

The manner in which the armature and field circuits of DC motors are connected determines its
basic characteristics. Each of the types of DC motors is similar in construction to the type of DC

generator that corresponds to it. The only difference, in most cases, is that the generator acts as a

21 <

voltage source while the motor functions as a mechanical power conversion device.
The series-wound motor, as shown in Fig. 1- 5A- 2, has the armature and field circuits
connected in a series arrangement. There is only one path for current to flow from the DC voltage

source. Therefore, the field is wound of relatively few turns of large diameter wire, giving the field
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a low resistance. Changes in load applied to the motor shaft cause changes in the current through

the field. If the mechanical load increases,

Low-resistance
field winding

AR
Il

the current also increases. The increased

current creates a stronger magnetic field.

The speed of a series motor varies from very

source

fast at no load to very slow at heavy loads.

Since large currents may flow through the B

low-resistance  field, the series motor |S°urce
a) b)

produces a high-torque output. Series motors
Fig. 1-5A-2  Series-wound DC motor

a) Pictorial diagram b) Schematic diagram

are used where heavy loads must be moved
and speed regulation is not important. A

typical application is for automobile starter motors.
Shunt-Wound DC Motors

Shunt-wound DC motors are more commonly used than any other type of DC motor. As shown
in Fig. 1- 5A-3, the shunt-wound DC

. . . High-resistance
motor has field coils connected in »

field winding .

parallel with its armature. This type of

. AW
: =1d coi ich ar ke
DC motor has field coils which are wound \ (Arm) .,l I L pc @Dg "solzr(ée

AAA,

. . v souwrce \ ===
for many turns of small-diameter wire

and have a relatively high resistance.

Z
Since the field is a high-resistant parallel
path of the circuit of the shunt motor, a 2) b)
small amount of current flows through the Fig. 1-5A-3  Shunt-wound DC motor

. . " a) Piclorial diagram b) Schematic diagram
field. A strong electromagnetic field is ' .

produced due to the many turns of wire that form the field windings.

A large majority (about 95% ) of the current drawn by the shunt motor flows in the armature
circuit. Since the current has little effect on the strength of the field, motor speed is not affected
appreciably by variations in load current. The relationship of the currents that flow through a DC
shunt motor is as follows;

I =1, +1;
Where IL—tota] current drawn from the power source;
[,—armature current;
[(—field current.

The field current may be varied by placing a variable resistance in series with the field
windings. Since the current in the field circuit is low, a low-wattage rheostat may be used to vary
the speed of the motor due to the variation in field resistance. As field resistance increases, field
current will decrease. A decrease in field current reduces the strength of the electromagnetic field.

When the field flux is decreased, the armature will rotate faster, due to reduced magnetic-field
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interaction. "' Thus the speed of a DC shunt motor may be easily varied by using a field rheostat.
The shunt-wound DC motor has very good speed regulation. The speed does decrease slightly
when the load increases due to the increase in voltage drop across the armature. Due to its good
speed regulation characteristic and its ease of speed control, the DC shunt motor is commonly used
for industrial applications. Many types of variable-speed machine tools are driven by DC shunt

motors.

Compound-Wound DC Motors

The compound-wound DC motor shown in Fig. 1-5A-4, has two sets of field windings, one in
series with the armature and one in parallel. This motor combines the desirable characteristics of the
series-wound and shunt-wound motors. There are two methods of connecting compound motors;
cumulative and differential. A cumulative compound DC motor has series and shunt fields that aid
each other. Differential compound DC motors have series and shunt fields that oppose each other.
There are also two ways in which the series windings are placed in the circuit. One method is called
a short shunt ( Fig. 1-5A-4), in which the shunt field is placed across the armature. The long-
shunt method has the shunt field winding placed across both the armature and the series field

(Fig. 1-5A-4).

High-resistance shunt field windings

/ Low-resistance series-field windings

IR
i

/

{ T
Fal Fal

qg—P

\>4 Vv v
a)
s B 5 g We—
Series field Series field
Shunt Shunt
field § DC L. MD field o
source
Long shunt b) Short shunt
Fig. 1-5A-4  Compound-wound DC motor
a) Pictorial diagram  b) Schematic diagram

Compound motors have high torque similar to a series-wound motor, together with good speed
regulation similar to a shunt motor. Therefore, when good torque and good speed regulation are
needed, the compound-wound DC motor can be used. A major disadvantage of a compound-wound

motor is its expense.
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DC Motor Speed-Torque Characteristics

In many applications, DC motors are used to drive mechanical loads. Some applications
require that the speed remain constant as the mechanical load applied to the motor changes. On the
other hand, some applications require that the speed be controlled over a wide range. An engineer
who wishes to use a DC motor for a particular application must therefore know the relation between
torque and speed of the machine.

Initially our remarks are confined to the shunt motor, but a similar line of reasoning applies for

the others. For our purposes the two pertinent equations are those for torque and current. Thus

T=K®I,
. , _U-E _U-K®n
’ R, R,
So n= O _ R I, = v __R T
K@ K@ K@ KK D
Fig. 1-5A-5 shows the general shapes of the
speed-torque characteristics as they apply for the Cumulatively \Series
shunt, cumulatively compounded, and series - :;8 s
motors. For the sake of comparison the curves are ;g ;(())0:
drawn through a common point of rated torque and 3z 60}
speed. 5 :8
0

The only variables involved are the speed n and 100
Toque (% rated)
the armature current /. At rated output torque the

Fig. 1-5A-5 Typical speed-lorque curves of

armature current is at its rated valve and so, too, is
DC motors

the speed. As the load torque is removed, the
armature current becomes correspondingly smaller, making the numerator term of n larger. This
results in higher speeds. The extent to which the speed increases depends upon how large the

armature circuit resistance drop is in comparison to the terminal voltage. It is usually around

5 percent to 10 percent.

commercially adv. R assembly n. %W, fA{
permanent-magnet DC motor  7K#E ELFLHLBIAL | stator n. ET

series-wound DC motor £ Jill £ L HL B #L rotor n. ¥F

shunt-wound DC motor /il EL i HL B HL alnico n. HRHREEE, PR KIS S
compound-wound DC motor E i HMHEZNL | ceramic adj. FIEH

counterpart n. XN, FCXH) horsepower  n. o, Th%

brush n. Hiki frame n. Hlic, HLAE

commutator n. fEEE, AR demagnetization n. WL, B#E
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flux n. WEiE turn n. [H%

mechanical power ML H theostat n. ZFPHZE

shaft n. FeHl cumulative adj. REFRH

field winding n. Rh#EZE4 differential adj. 2/, 25K

+° NOTES

[1] Each of these motors has different characteristics due to its basic circuit arrangement and

physical properties.

R 2R A Sl A T HIEA B A A R T RA A R AR E AN B

[2] The only difference, in most cases, is that the generator acts as a voltage source while the
motor functions as a mechanical power conversion device.

REMGOT, —FHBIME—DCHIFE T A QAL VE D RS, T S BIL R A A ILBR AE S 4 e
B,

[3] A decrease in field current reduces the strength of the electromagnetic field. When the
field flux is decreased, the armature will rotate faster, due to reduced magnetic-field interaction.

il v O B /N R S 05, SRR A, T2 el TS 08058 O RE S R AR P i

B Closed-Loop Control of DC Drivers

A basic scheme of the closed-loop speed control system employing current limit control, also

known as parallel current control, is

L : ACsupply | | |
shown in Fig. 1-5B-1. @, sets the o,* , _ o
speed reference. A signal i & l - 1. $
proportional to the motor speed is —| Speed controller — Firing circuit
obtained from the speed sensor. Om Y

, PD) I,

The speed sensor output is filtered to ] k —
remove the AC ripple and compared Threshold circuit Filter
with the speed reference. The speed

error is processed through a speed k @----- -M
Speed sensor
controller. The output of the speed

Filter (tachogenerator)
controller u_ adjusts the rectifier
firing angle a to make the actual Fig 1-38-1  Drive with eurveut Jimit contsol

speed close to the reference speed. The speed controller is usually a PI ( proportional and integral )
controller and serves three purposes—stabilizes the drive and adjusts the damping ratio at the desired
value, makes the steady-state speed-error close to zero by integral action, and filters out noise
again due to the integral action.

The drive employs current limit control, the purpose of which is to prevent the current from
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exceeding safe values. As long as I, </, where [ is the maximum permissible value of /,, the
current control loop does not affect the drive operation. If 7, exceeds I_, even by a small amount,
a large output signal is produced by the threshold circuit, the current control overrides the speed
control, and the speed error is corrected essentially at a constant current equal to the maximum
permissible value. When the speed reaches close to the desired value, I, falls below /_, the current
control goes out of action and speed control takes over. Thus in this scheme, at any given time the
operation of the drive is mainly controlled either by the speed control loop or the current control
loop, and hence it is also called parallel current control.

Another scheme of

AC supply I [ |
closed-loop speed control &+
is shown in Fig. 1-5B-2.

+®m,,, Ii e, _[ !a: e ‘i uc:_n. ZK

It employs an inner current o Speed Current - Current Firing

o s W, controller limiter controller circuit
control loop within an PD) PI)
outer speed loop. The k —*
output of the speed
controller e_is applied to a / T -M)
current limiter which sets Spesd sensor Motor

2 Filter (tachogenerator)

the current reference I,

for the inner current
control loop, The output Fig. 1-5B-2  Drive with inner current control loop
of the current controller u_ adjusts the converter firing angle such that the actual speed is brought to
a value set by the speed command w_. Any positive speed error, caused by either an increase in
the speed command or an increase in the load torque, produces a higher current reference 7. "'
The motor accelerates due to an increase in I,, to correct the speed error and finally settles at a new
1. which makes the motor torque equal to the load torque and the speed error close to zero. For any
large positive speed error, the current limiter saturates and the current reference I is limited to a
value I, , and the drive current is not allowed to exceed the maximum permissible value. The
speed error is corrected at the maximum permissible armature current until the speed error becomes
small and the current limiter comes out of saturation. >’ Now the speed error is corrected with I, less
than the permissible value.

A negative speed error will set the current reference I at a negative value. Since the motor
current cannot reverse, a negative I, is of no use. It will however “charge” the PI controller.

‘

When the speed error becomes positive the “charged” Pl controller will take a longer time to
respond, causing unnecessary delay in the control action. The current limiter is therefore arranged
to set a zero-current reference for negative speed errors.

Since the speed control loop and the current control loop are in cascade, the inner current
control is also known as cascade control. Tt is also called current guided control. Tt is more
commonly used than the current-limit control because of the following advantages:

1. It provides faster response to any supply voltage disturbance. This can be explained by
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considering the response of two drives to a decrease in the supply voltage. A decrease in the supply
voltage reduces the motor current and torque. In the current-limit control, the speed falls because
the motor torque is less than the load torque that has not changed. The resulting speed error is
brought to the original value by setting the rectifier firing angle at a lower value. In the case of inner
current control, the decrease in motor current, due to the decrease in the supply voltage, produces
a current error which changes the rectifier firing angle to bring the armature current back to the
original value. The transient response is now governed by the electrical time constant of the motor.
Since the electrical time constant of a drive is much smaller compared to the mechanical time
constant, the inner current control provides a faster response to the supply voltage disturbances.

2. For certain firing schemes, the rectifier and the control circuit together have a constant gain
under continuous conduction. The drive is designed for this gain to set the damping ratio at 0. 707,
which gives an overshoot of 5 percent. Under discontinuous conduction, the gain reduces. The
higher the reduction is in the conduction angel, the greater the reduction is in the gain. The drive
response becomes sluggish in discontinuous conduction and progressively deteriorates as the
conduction angle reduces. If an attempt is made to design the drive for discontinuous conduction
operation, the drive is likely to be oscillatory or even unstable for continuous conduction. The inner
current control loop provides a close loop around the rectifier and the control circuit, and therefore,
the variation of their gain has much less affect on the drive performance. Hence, the transient
response of the drive with the inner current loop is superior to that with the current-limit control.

3. In the current-limit control, the current must first exceed the permissible value before the
current-limit action can be initiated. Since the firing angle can be changed only at discrete
intervals, substantial current overshoot can occur before the current limiting becomes effective.

Small motors are more tolerant to high transient current. Therefore, to obtain a fast transient
response, much higher transient currents are allowed by selecting a larger size rectifier. The current
regulation is then needed only for abnormal values of current. In such cases because of the
simplicity, current-limit control is employed.

Both the schemes have different responses for the increase and decrease in the speed command.
A decrease in speed command at the most can make the motor torque zero; it cannot be reversed as
braking is not possible. The drive decelerates mainly due to the load torque. When load torque is
low, the response to a decrease in the speed command will be slow. These drives are therefore

suitable for applications with large load torque, such as paper and printing machines, pumps, and

blowers.

Q¥ WORDS AND TERMS

scheme n. 7%, B, mEH ripple n. W4, Wiah
proportional to  5j------ FAE LY firing angle  fii %2 £fi

sensor n. fEIEKER damping n. FHJE; adj. FHERY

filter v. JEUE steady-state  §a 75
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prevent. .. from doing fii-- -+ Anerenes transient adj. AR, BESH, SEH
threshold n. [ overshoot n. #BITE

override wv. , n. #iL, JEEF deteriorate ». %Ak, AR

converter n. WiAEAY, AR sluggish adj. TEVER, B2
accelerate v, fillEE oscillatory adj. %Y

saturation n. {1 tolerant adj. ZVFHY, LW
disturbance n. jﬁl‘fﬂ] % "Fﬁ: at the most Eﬁ‘;

%° NOTES

[1] Any positive speed error, caused by either an increase in the speed command or an

increase in the load torque, produces a higher current reference I .

FH 328 J5E 473 52 s 7 I RO S T 5 L AT I Sy B AR 2, B 27 AR BRI 2 55 L
1 .

either. .. or JEIEFEA, £ “al----- e JE" AR " W,

[2] The speed error is corrected at the maximum permissible armature current until the speed
error becomes small and the current limiter comes out of saturation.

TEFCR SCVFHUAR L IR T A IR BE 2 , 0 80 2 /) L R 2 A D P RS o
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il B P B A M ARGR e, BRI AT FRE Y, ANBEAR | BRAEAS B A R R
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S, IR AHHUR, SRR Ak A s s Tk
Tt B, AR R R S, A R,
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1. Computer viruses are programs designed to replicate and spread, sometimes without

indicating that they exist.

487 : Computer viruses J& £ i, &R 38 are MH i, programs & 1%, designed to
replicate and spread f# programs [ ZE i, sometimes without indicating that they exist /27 57 4%
LA riTiEA SN, AT MR S M BR AR A RGA . R SCRT R R THEALR R AT LR
Wl FERE AR, A BN RAFTEI AR ABTA,

2. The year, 2012, saw great development in the field of Mobile Internet.
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SYRT . ARV, (BUNE I SCERRRIANARDOE B, AT . R sh B 4
BAE 2012 44 TIRKRE KR

3. Control systems frequently employ components of many types.

5307 employ —fAE “JROR” PE, RIEREN AT, ERERARE CEHE

4. Automatic control systems are physical systems which have dynamic behavior.

S0 : behavior —fAE “47 k7 <2k PF, ATEUEAL P PR, RIRRHEME
“FEPE”; dynamic —BAE “AENLEHEINT WS UF, 454G LR SO B < SifERT,
IR IR 2 L LA B[R] behavior S9N “ ShZS4FE"

5. A transistor has three electrodes, the E (emitter), the B (base) and the C (collector).

S3HT: base MG L SCHIUFT2E L L HIR AT LIRZE 5 M BEAF AR “ B 5 [R]RFAR 4
SHm] N SR ERE, 1T LLIR A 5 b K Wi A 1] transistor Sy SO “fpiRAE” B < =8

6. Digital computers are finding extensive application in industrial process control systems.

8T find FAE KRBT BARNE., PR RIER . BEEHTRE T
BT R GRS T IZ/RH

7. Continuous control readily lends itself to an understanding of feedback control theory using

relatively uncomplicated mathematics.

GERT . ARAAYIE R C R E 2, BOMER i A BHIE. B 5% using relatively uncomplicated
mathematics 7] B A R RLARGE B0 FH BO B XS R 57 L T readily lends itself to AJ B fif
h CHBFT, AR, TR BCE AR R, SO A B T X R i ) Be
R, SRR, T OB AR TR B G S A i A S A5 4 Tl B e B B PR



UNIT 6

A AC Machines

Introduction

The electrical machine that converts electrical energy into mechanical energy, and vice versa,
is the workhorse in a drive system. A machine is a complex structure electrically, mechanically,
and thermally. Although machines were introduced more than one hundred years ago, the research
and development in this area appears to be never-ending. However, the evolution of machines has
been slow compared to that of power semiconductor devices and power electronic converters.
Traditionally, AC machines with a constant frequency sinusoidal power supply have been used in
constant-speed applications, whereas DC machines were preferred for variable-speed drives. But in
the last two or three decades, we have seen extensive research and development efforts for variable-
frequency, variable-speed AC machine drive technology, and they will progressively replace DC
drives. In most cases, new applications use AC drives.

AC machines can generally be classified as follows

Induction machines: cage or wound rotor ( doubly-fed) , rotating or linear;

Synchronous machines: rotating or linear, reluctance, wound field or permanent magnet,
radial or axial gap (disk), surface magnet or interior ( buried) magnet, sinusoidal or trapezoidal ;

Variable reluctance machines: switched reluctance, stepper.

Induction Machines

Among all types of AC machines, the induction machine, particularly the cage type, is most
commonly used in industry. These machines are very
economical, rugged, and reliable, and are available in the
ranges of fractional horse power ( FHP) to multi-megawatt
capacity. Low-power FHP machines are available in single-
phase, but poly-phase ( three-phase) machines are used,
most often in variable-speed drives. Fig. 1-6A-1 shows an
idealized three-phase, two-pole induction motor where each
phase winding in the stator and rotor is represented by a

concentrated coil. The three-phase windings are distributed

sinusoidally and embedded in slots. In a wound-rotor
machine, the rotor winding is similar to that of the stator,  Fig 1-6A-1 Idealized three-phase,
but in a cage machine, the rotor has a squirrel cage-like bvo il inddnugBop sty

structure with shorted end rings. Basically, the machine can be looked upon as a three-phase

transformer with a rotating and short-circuited secondary. Both stator and rotor cores are made with
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laminated ferromagnetic steel sheets. The air gap in the machine is practically uniform ( non-salient

pole).

One of the most fundamental principles of induction machines is the creation of a rotating and
sinusoidally distributed magnetic field in the air gap. Neglecting the effect of slots and space
harmonics due to non-ideal winding distribution, it can be shown that a sinusoidal three-phase
balanced power supply in the three-phase stator winding creates a synchronously rotating magnetic

field. "' The rotational speed can be given as equation (1-6A-1). N, is called synchronous speed

e

in rpm and f, =, /27 is the stator frequency in Hz. P is the pole numbers of a machine.

120,
N, =—5"

The rotor winding will be subjected to a sweeping

(1-6A-1)

magnetic field, and have inducing current in the short-

y X 2 i . 7 300
circuited rotor. '*' The interaction of air gap flux and

rotor mmf produces torque, make the rotor rotate. But

the speed of the rotor is less than synchronous speed. 200

T/(N-m)

So it called induction machine or asynchronous

machine. To meet the various starting and running 6o

requirements of a variety of industrial applications,

several standard designs of squirrel-cage motors are

available from manufacturers’ stock. The torque-speed T s
n/(r-min )
characteristics of the most common designs, readily _
) . . ) Fig. 1-6A-2 Torque-speed characteristics
available and standardized in accordance with the

for different class of induction motors
criteria  established by the National Electrical

Manufacturers’ Association ( NEMA ), are shown in Fig. 1- 6A-2. The most significant design
variable in these motors is the effective resistance of the rotor cage circuits.

Class A Motors These machines are suitable for applications where the load torque is low at
start (such as fan or pump loads) so that full speed is achieved rapidly, thereby eliminating the
problem of overheating during starting. In large machines, low-voltage starting is required to limit
the starting current.

Class B Motors Motors of this class are good general-purpose motors and have a wide variety of
industrial applications. They are particularly suitable for constant-speed drives, where the demand for
starting torque is not severe. Examples are drives for fans, pumps, blowers, and motor-generator sets.

Class C Motors Class C motors are suitable for driving compressors, conveyors, and so
forth.

Class D Motors These motors are suitable for driving intermittent loads requiring rapid
acceleration and high-impact loads such as punch presses or shears. In the case of impact loads, a
flywheel is fitted to the system. As the motor speed falls appreciably with load impact, the {lywheel

delivers some of its kinetic energy during the impact.



PART 1 Electrical and Electronic Engineering Basics

Synchronous Machines

A synchronous machine, as the name indicates, must rotate at synchronous speed, that is,
the speed is uniquely related to the supply frequency, as indicated in Equation (1-6A-1). Itis a
serious competitor to the induction machine invariable-speed drive applications.

Fig. 1-6A-3 shows an idealized three-phase, Stator
two-pole wound field synchronous machine. The ;0;3;’5 Sy
stator winding of the machine is identical to that of

the induction machine, but the rotor has a winding Rotor

¢ axis

that carries DC current and produces flux in the air ?
z 5 5 Rotor

gap that helps the stator-induced rotating magnetic /

field to drag the rotor along with it. The DC field

current is supplied to the rotor from a static rectifier

through slip rings and brushes, or by brushless

excitation. Since the rotor always moves at

synchronous speed , the synchronously rotating d"-¢° Stator
axes are fixed with the rotor, where the d° axis s b's
corresponds to the north pole. There is no stator- Fig. 1-6A-3  Iealised tince-phase
induced induction in the rotor, and therefore, the two pole synchronous machine

rotor mmf is supplied exclusively by the field

winding. This permits the machine to run at an arbitrary power factor at the stator terminal, that is,
leading, lagging, or unity. On the other hand, in an induction machine, the stator supplies the
rotor excitation that makes the machine power factor always lagging.

The mechanism of torque production is somewhat similar to that of an induction machine. The
machine shown is characterized as a salient pole because of the nonuniform air gap around the rotor,
which contributes to asymmetrical magnetic reluctance in the d and ¢ axes. This is in contrast to a
machine with a cylindrical rotor structure having a uniform air gap (such as an induction motor) ,
defined as a nonsalient pole machine. "' For example, low-speed synchronous generators in hydro-
electric power stations use salient pole machines, whereas high-speed generators in steam-power
stations use nonsalient pole machines. In addition to field winding, the rotor usually contains an
amortisseur, or damper winding, which is like short-circuited squirrel cage bar in an induction
motor. The machine is more expensive but efficiency is somewhat higher. Wound field machines

are normally used for high-power ( multi-megawatt) drives.
Variable Reluctance Machine

A variable or double reluctance machine ( VRM ), as the name indicates, has double
saliency, meaning it has saliency in the stator as well as in the rotor. As mentioned before, the
VRM has two classifications: switched reluctance machine (SRM) and stepper motor. The stepper

motor is basically a digital motor, i. e., it moves by a fixed step or angle with a digital pulse.
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Small stepper motors are widely used for computer peripheral-type applications. However, since the

machine is not suitable for variable-speed applications, there will not be any further discussion of it.

There has been interest in switched reluctance motor drives in the literature, and recently,

great effort has been made to commercialize them in competition with induction motors. Fig. 1-6A-4
shows the cross-section of a four-phase machine with four stator-pole pairs and three rotor-pole pairs
(8/6 motor ). The machine rotor does not have any winding or PM. The stator poles have

concentrated winding ( instead of sinusoidal winding) , and each stator-pole pair winding, as shown

in the figure, is excited by a converter phase. For example, the stator-pole pair A-A’ is energized

when the rotor pole-pair a-a’ approaches it to produce the
torque by magnetic pull, but is de-energized when pole
alignment occurs. ' All four machine phases are excited
sequentially and synchronously with the help of a rotor position

encoder to get unidirectional torque. The magnitude of torque

Where m =inductance slope and

e

can be given as: T =%mi2.

i = instantaneous current. The current i can be maintained
constantly by adjusting the inductance slope. At high speeds,
the rotor-induced CEMF is high.

The favorable attributes of this electronic motor are
simplicity and robustness of construction; potentially, it is
somewhat cheaper than other classes of machines. However,
the torque generation is pulsating in nature and there are

serious acoustic noise problems.

¥ WORDS AND TERMS

Fig. 1-6A-4  Construction of switched

reluctance machine
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4° NOTES

[ 1] Neglecting the effect of slots and space harmonics due to non-ideal winding distribution, it

can be shown that a sinusoidal three-phase balanced power supply in the three-phase stator winding
creates a synchronously rotating magnetic field.

R 222 A 0 SR AR 2 A I SR A A S (R AR, RTRAER, TR =AHRE 4
20 il LA = AR R R U5 N — [ 2D e i e 7 .

[2] The rotor winding will be subjected to a sweeping magnetic field, and have inducing
current in the short-circuited rotor.

TR IERGS, MSTEE R T e A R B

[3] This is in contrast to a machine with a cylindrical rotor structure having a uniform air gap
(such as an induction motor) , defined as a nonsalient pole machine.

H5H (MR RIE L) XN 55— R LR A X5 SUBE A% B AR % T 45 A R AL
(SRLRIAAR) , & SRR L,

[4] For example, the stator-pole pair A-A' is energized when the rotor pole-pair a-a'
approaches it to produce the torque by magnetic pull, but is de-energized when pole alignment
occurs.

flin, M5 a-a B2 E TR A-ATRE, B PR A-ACBGEE,, Gl RERL T A
R, YPIMRTE SR, E TR A-ATEH

B Induction Motor Drive

The speed of an induction motor is determined by the synchronous speed and slip of the motor.
The synchronous speed is related to the supply frequency and the slip can be controlled by the
regulation of voltage or current supplied to the motor. There are several mechanisms for controlling
the speed of induction motor. These are; (D variable-voltage constant-frequency or stator voltage
control, (2 variable-voltage variable-frequency control, (3) variable-current variable-frequency
control, and @ regulation of slip power. One of these methods, the variable-voltage variable-

frequency control, is described as follows.

Square-Wave Inverter Drive

The voltage-fed inverters (also called Voltage Source Inverters, VSI) are generally classified
into two types: square-wave inverter and pulse-width modulation inverter. This type of inverter was
introduced from the beginning of nineteen-sixties when elegant force-commutation techniques were
introduced. Fig. 1-6B-1 shows the conventional power circuit of a square-wave inverter drive. A
three-phase bridge rectifier converts AC to variable-voltage DC, which is impressed at the input of a
force-commutated bridge inverter. The inverter generates a variable-voltage variable-frequency
power supply to control the speed of the motor. The inverter is called voltage-fed because a large

filter capacitor provides a stiff voltage supply to the inverter and the inverter output voltage waves are
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not affected by the nature of the load. Normally, each thyristor of an inverter leg conducts for 180°
to generate a square-wave voltage at the machine phase with respect to the fictitious center point of
the DC supply. The line to line voltage can be shown to be a six-stepped wave as shown in the
figure. Since the induction motor constitutes a lagging power factor load, the inverter thyristors
require forced commutation. The feedback diodes help circulation of load reactive power with the
filter capacitor and maintain the output voltage waves clamped to the level of DC link voltage. The

diodes also participate in the commutation and braking process.

— I

AFE | R/

— [ M

KKK 5% ﬁﬁ ﬁg T

Rectifier Filter Inverter 6 Step voltage wave

DS

Fig. 1-6B-1 Variable-voltage variable-frequency square-wave induction motor drive

( Inverter forced commutation is not shown)

The theory of variable-voltage variable-

Constant ;  Constant power (rated)
frequency speed control method can be i (‘;’;&‘::) : |
explained with the help of Fig. 1-6B-2 and /!

Fig. 1-6B-3. The motor used in this type of 5 : Stator current (rated)
Y '

drive has low slip characteristic, which g’,, :

L . ] Voltage
results in improvement of efficiency. The S curve | Torque
speed of the motor can be varied by simply ' e
varying its synchronous speed, i.e., hy ok i o
varying the inverter frequency. However, Stawr resisnoR compensatan.

o ) Frequency (PU)
as the frequency is increased, the machine
Fig. 1-6B-2  Voltage-frequency relation of induction motor

airgap flux falls causing low developed
torque capability. ' The airgap flux can be maintained constant as in a DC shunt motor if the voltage
is varied with frequency so that the ratio remains constant. Fig, 1-6B-2 shows the desired voltage-
frequency relationship of the motor. Below the base (1.0 PU) frequency, the airgap flux is
maintained constant by the constant volts/Hz ratio, which results in constant torque capability. At
very low frequency, the stator resistance dominates over the leakage inductance, and therefore
additional voltage is impressed to compensate this effect. At base frequency, the full motor voltage
is established as permitted by fully advancing the rectifier firing angle. Beyond this point, as
frequency increases, the torque declines because of loss of airgap flux, and the machine operates in
constant horsepower as shown in the figure. This is analogous to the field-weakening mode of speed
control of a DC motor. The motor torque-speed curves for constant torque and constant power

regions are shown in Fig. 1-6B-3 where each torque-speed curve corresponds to a particular voltage
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and frequency combination at the machine terminal. Two steady state operating points A and B

which. correspond to constant and variable load, respectively, are shown in the figure. The
machine can accelerate from zero speed at maximum available torque and then approach the steady
state points either at constant flux slip control mode or at constant slip flux control mode. Regulation
of both flux and slip for steady state operation adds improvement of machine efficiency.

The voltage-fed square-wave drives are normally used in low to medium horsepower industrial
applications where the speed

Constant torque region | Constant power |
region

ratio is usually limited to 10 : 1. T L.

s . with reduced ¥ Load torque
Recently, this type of drive has 10} < s (constant)
largely been superseded by PWM % \ /Max. torque envelop
5
drives which will be described in &
) Load torque

the next subsection. The (Varies with speed)

Steady state

voltage-fed inverters are easily y
point

______
____________

adaptable to multi-motor drives

where speed of a number of 0 10
. . Speed (PU)
induction motors can be closely

Fig. 1-6B-3  Torque-speed curves of induction motor with
tracked.

variable-voltage variable-frequency power supply

PWM Inverter Drive

In the variable-voltage variable-frequency inverter drive described in the previous subsection,
the DC link voltage can be kept uncontrolled by a diode rectifier and the fundamental frequency
output voltage can be controlled electronically within the inverter by using a pulse-width modulation
technique. In this method, the thyristors are switched on and off many times within a half-cycle to

generate a variable-voltage output which is

. P Carrier wave
normally low in harmonic content. Among

several PWM techniques, sinusoidal PWM is

Sine wave

common and it is explained in Fig. 1-6B-4. o E—fA— AR "M
An isosceles triangle carrier wave is compared 5 . . :§ Ef : g : és
with the sine wave signal and the crossover : . ' :: I‘E ; 5 ' ; '
points determine the points of commutation. u . : ; :: '.l : ;Uppcrtﬂyris'torON
Except at low frequency range, the carrier is *5V[™ et e I’l:-i(d
synchronized with the signal, and an even o
integral ( multiple of three ) ratio is SVp------- — - - i —
maintained to improve the harmonic content. Lower thyristor ON

The fundamental output voltage can be varied Fig. 1-6B-4  Principle of pulse width modulation

by variation of the modulation index. It can

be shown that if the modulation index is less than unity, only carrier frequency harmonics with
fundamental frequency related side bands appear at the output. Such a waveform causes

considerably less harmonic heating and torque pulsation compared to that of a square-wave. The
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voltage can be increased beyond the modulation index of unity until maximum voltage is obtained in
square wave mode. Therefore, PWM voltage control is applicable in the constant torque region ( see
Fig. 1-6B-2) , whereas in the constant power region the operation is identical to that of square-wave
drive.

The technique of selected harmonic elimination PWM has received wide attention recently. In
this method, notches are created at predetermined angles of the square-wave which permits voltage
control with elimination of the selected harmonics. The notch angles can also be programmed so that
the rms ripple current for a specified load condition is minimum. The microcomputer is especially
adaptable to this type of PWM, where look-up table of the angles can be stored in the ROM
memory. In the bang bang method of PWM, the inverter switching is controlled so that the current
wave remains confined within a hysteresis band about the reference wave resulting in low ripple
current.

Though the machine harmonic losses are improved significantly in PWM drive, the inverter
efficiency is somewhat lessened because of many commutations per halfcycle. In a well-designed
PWM drive, the commutation frequency should be increased as permitied by the devices so as to
obtain a good balance.between the increase of inverter loss and decrease of machine loss. ">’ The use
of a simple and economical diode rectifier in the front end improves line distortion and power factor,
reduces the filter size, and improves the reliability of system operation. Since the DC link voltage is
relatively constant, the commutation of thyristors is satisfactory in the whole range of fundamental
voltage. In addition, low harmonics and minimal torque pulsation in the low frequency region
permit wide range speed control practically from standstill with the full torque capability of the
machine. Since the DC link voltage is not controlled, a number of inverters with independent
control can be operated with a single rectifier supply resulting in considerable saving of rectifier cost.
The drive system can be made uninterruptible for possible AC line power failure by switching in a
battery in the DC link. For a battery or DC powered driver system, such as, electric vehicle or

subway propulsion, the supply can directly absorb the regenerative braking power.

¥ WORDS AND TERMS

slip n. ¥% (%) airgap = air gap P

mechanism n. HLE (&), /EH, M leakage n. ¥
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clamp v. FH{L, EfL rms = root-mean-square A AU{H, H IR
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look-up table #Fif] & distortion n. RE
confine v. PRI (FE----- )

%° NOTES

[1] However, as the frequency is increased, the machine airgap flux falls causing low

developed torque capability.

SRTMTBEE R RG N, MALAY TBEREE TR, SBO™ R AR,

HH causing 5] H B R IE MBS SRR

[2] In a well-designed PWM drive, the commutation frequency should be increased as
permitted by the devices so as to obtain a good balance between the increase of inverter loss and
decrease of machine loss.

BT SE B PWM BB REErh, BIAEZSF SVF 0 A B ki, DAEAENE 3%
G B 1 0 R e AL P AR =2 [ R 38— A5 1 P A

so as to FEAAAERX, AIFEAE “ g R ) ¥ [: PP Vs so... as to FEBNAAE
X, BEE - LIBC

C KAKW#IF

FHCEE T i T REM A E BN RIEN RS, 87 BARRKRNE RS
), INZHEDFRE S AR Ak, RS YESE T A 22 R, DR AR 2K R M
MEVE, MR, BEER, RIEHEAQ, RES 0N AEMEH, PFICEBE™%, |l
JEWERE, f BB G R AR R EGE, (RSO MEFER, S8R SCRE 2 S e
. EM A R, KA EEW AT, B, Ak, ALy i JL
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No such limitation is placed on an AC motor; here the only requirement is relative motion, and

since a stationary armature and a rotating field system have numerous advantages, this arrangement
is standard practice for all synchronous motor rated above a few kilovolt-amperes.
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The resistance of any length of a conducting wire is easily measured by finding the potential
difference in volts between its ends when a known current is following.
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This kind of two-electrodes tube consists of a tungsten filament, which gives off electrons when
it is heated, and a plate toward which the electrons migrate when the field is in the right direction.
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It is common practice that electric wires are made from copper.
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The computer performs a supervisory function in the liquid-level control system by analyzing the
process conditions against desired performance criteria and determining the changes in process
variables to achieve optimum operation.
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UNIT 7

A  Electric Power System

Introduction

Electric Power Systems, components that transform other types of energy into electrical
energy and transmit this energy to a consumer. The production and transmission of electricity is
relatively efficient and inexpensive, although unlike other forms of energy, electricity is not easily

stored and thus must generally be used as it is being produced.

Components of an Electric Power System

A modern electric power system consists of six main components: (1) the power station, @) a
set of transformers to raise the generated power to the high voltages used on the transmission lines,
3 the transmission lines, (4 the substations at which the power is stepped down to the voltage on
the distribution lines, (5 the distribution lines, and ) the transformers that lower the distribution
voltage to the level used by the consumer’s equipment.

Power Station The power station of a power system consists of a prime mover, such as a
turbine driven by water, steam, or combustion gases that operate a system of electric motors and
generators. Most of the world’s electric power is generated in steam plants driven by coal, oil,
nuclear energy, or gas. A smaller percentage of the world’s electric power is generated by
hydroelectric (waterpower) , diesel, and internal-combustion plants.

Transformers Modern electric power systems use ftransformers to convert electricity into
different voltages. With transformers, each stage of the system can be operated at an appropriate
voltage. In a typical system, the generators at the power station deliver a voltage of from 1,000 to
26,000 volts (V). Transformers step this voltage up to values ranging from 138,000 to 765,000 V
for the long-distance primary transmission line because higher voltages can be transmitted more
efficiently over long distances. At the substation the voltage may be transformed down to levels of
69,000 to 138,000 V for further transfer on the distribution system. Another set of transformers step
the voltage down again to a distribution level such as 2,400 or 4,160 V or 15, 27, or 33 kilovolts (kV).
Finally the voltage is transformed once again at the distribution transformer near the point of use to
240 or 120 V.

Transmission Lines The lines of high-voltage transmission systems are usually composed of
wires of copper, aluminum, or copper-clad or aluminum-clad steel, which are suspended from tall
latticework towers of steel by strings of porcelain insulators. By the use of clad steel wires and high
towers, the distance between towers can be increased, and the cost of the transmission line thus
reduced. In modern installations with essentially straight paths, high-voltage lines may be built with

as few as six towers to the kilometer. In some areas high-voltage lines are suspended from tall
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wooden poles spaced more closely together.

For lower voltage distribution lines, wooden poles are generally used rather than steel towers.
In cities and other areas where open lines create a safety hazard or are considered unattractive,
insulated underground cables are used for distribution. "'’ Some of these cables have a hollow core
through which oil circulates under low pressure. The oil provides temporary protection from water
damage to the enclosed wires should the cable develop a leak. Pipe-type cables in which three
cables are enclosed in a pipe filled with oil under high pressure (14 kg per sq em/200psi ) are
frequently used. These cables are used for transmission of current at voltages as high as 345,000 V
(or 345 kV).

Supplementary Equipment Any electric-distribution system involves a large amount of
supplementary equipment to protect the generators, transformers, and the transmission lines
themselves. The system often includes devices designed to regulate the voltage or other
characteristics of power delivered to consumers.

To protect all elements of a power system from short circuits and overloads, and for normal
switching operations, circuit breakers are employed. These breakers are large switches that are
activated automatically in the event of a short circuit or other condition that produces a sudden rise of
current. Because a current forms across the terminals of the circuit breaker at the moment when the
current is interrupted, some large breakers (such as those used to protect a generator or a section of
primary transmission line) are immersed in a liquid that is a poor conductor of electricity, such as
oil, to quench the current. In large air-type circuit breakers, as well as in oil breakers, magnetic
fields are used to break up the current. Small air-circuit breakers are used for protection in shops,
factories, and in modern home installations. In residential electric wiring, fuses were once
commonly employed for the same purpose. A fuse consists of a piece of alloy with a low melting
point, inserted in the circuit, which melts, breaking the circuit if the current rises above a certain

value. Most residences now use air-circuit breakers.

Power Failures

In most parts of the world, local or national electrie utilities have joined in grid systems. The
linking grids allow electricity generated in one area to be shared with others. Each utility that agrees
to share gains an increased reserve capacity, use of larger, more efficient generators, and the
ability to respond to local power failures by obtaining energy from a linking grid. '

These interconnected grids are large, complex systems that contain elements operated by
different groups. These systems offer the opportunity for economic savings and improve overall
reliability but can create a risk of widespread failure. For example, the worst blackout in the
history of the United States and Canada occurred August 14,2003, when 61,800 megawatts of
electrical power was lost in an area covering 50 million people. ( One megawatt of electricity is
roughly the amount needed to power 750 residential homes. ) The blackout prompted calls to replace
aging equipment and raised questions about the reliability of the national power grid.

Despite the potential for rare widespread problems, the interconnected grid system provides
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necessary backup and alternate paths for power flow, resulting in much higher overall reliability

than_is possible with isolated systems. National or regional grids can also cope with unexpected
outages such as those caused by storms, earthquakes, landslides, and forest fires, or due to

human error or deliberate acts of sabotage.
Power Quality

In recent years electricity has been used to power more sophisticated and technically complex
manufacturing processes, computers and computer networks, and a variety of other high-technology
consumer goods. These products and processes are sensitive not only to the continuity of power
supply but also to the constancy of electrical frequency and voltage. Consequently, utilities are
taking new measures to provide the necessary reliability and quality of electrical power, such as by
providing additional electrical equipment to assure that the voltage and other characteristics of
electrical power are constant.

Voltage Regulation Long transmission lines have considerable inductance and capacitance.
When a current flows through the line, inductance and capacitance have the effect of varying the
voltage on the line as the current varies. Thus the supply voltage varies with the load. Several kinds
of devices are used to overcome this undesirable variation in an operation called regulation of the
voltage. The devices include induction regulators and three-phase synchronous motors ( called
synchronous condensers) , both of which vary the effective amount of inductance and capacitance in
the transmission circuit.

Inductance and capacitance react with a tendency to nullify one another. ' When a load circuit
has more inductive than capacitive reactance, as almost invariably occurs in large power systems,
the amount of power delivered for a given voltage and current is less than when the two are equal.
The ratio of these two amounts of power is called the power factor. Because transmission-line losses
are proportional to current, capacitance is added to the circuit when possible, thus bringing the
power factor as nearly as possible to 1. For this reason, large capacitors are frequently inserted as a
part of power-transmission systems.

World Electric Power Production Over the period from 1950 to 2003, the most recent year
for which data are available, annual world electric power production and consumption rose from
slightly less than 1 trillion kilowatt-hours (kW -h) to 15.9 trillion kW+h. A change also took place
in the type of power generation. In 1950 about two-thirds of the world’s electricity came from steam-
generating sources and about one-third from hydroelectric sources. In 2003 thermal sources
produced 65 percent of the power, but hydropower had declined to 17 percent, and nuclear power
accounted for 16 percent of the total. The growth in nuclear power slowed in some countries,
notably the United States, in response to concerns about safety. Nuclear plants generated 20

percent of U. S. electricity in 2003 ; in France, the world leader, the figure was 78 percent.
Conservation

Much of the world’s electricity is produced from the use of nonrenewable resources, such as
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natural gas, coal, oil, and uranium. Coal, oil, and natural gas contain carbon, and burning
these fossil fuels contributes to global emissions of carbon dioxide and other pollutants. Scientists
believe that carbon dioxide is the principal gas responsible for global warming, a steady rise in
Earth’s surface temperature.

Consumers of electricity can save money and help protect the environment by eliminating
unnecessary use of electricity, such as turning off lights when leaving a room. Other conservation
methods include buying and using energy-efficient appliances and light bulbs, and using
appliances, such as washing machines and dryers, at off-peak production hours when rates are
lower. Consumers may also consider environmental measures such as purchasing “ green power”
when it is offered by a local utility. “Green power” is usually more expensive but relies on
renewable and environmentally friendly energy sources, such as wind turbines and geothermal power

plants.

WORDS AND TERMS

transformer n. ZEHE#% erid n T, Mg

substation n. ZFHLY
prime mover JRZEHHL
turbine n. WS
aluminum n.
copper-clad n. B
suspend v. BFE

latticework n. %7
porcelain  adj. #Hil 1
supplementary adj. fiBh
circuit breaker WiH#F

reserve capacity fiff & 1%
blackout n. (KXIELH) Fil
outage n. FHFH

landslide n. Vi

sabotage n. IR

sophisticated adj. & 345 1
continuity n. HEZEPE

constancy n. i

synchronous condenser  [f] 25 A AHHIL
nullify o TG

immerse v. UL, RA pollutant n. 544 )i
quench . #EK off-peak adj. IF HIER]
wiring n. FCZR geothermal adj. HFAY
alloy n. 5%

4° NOTES

[1] In cities and other areas where open lines create a safety hazard or are considered

unattractive,, insulated underground cables are used for distribution.
TESR T A A X, FIRAFAE L R BB B O RS, B LA 4 %0 T R 45t
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[2] Each utility that agrees to share gains an increased reserve capacity, use of larger, more
efficient generators, and the ability to respond to local power failures by obtaining energy from a

linking grid.
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[3] Inductance and capacitance react with a tendency to nullify one another.
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B Power System Automation

Overview

Power providers constantly deal with demands to increase productivity and reduce costs. This
translates into the need for administrators, engineers, operators, planners, field crews, and
others to collect and act on decision-making information. Power system vendors are following a trend
to make devices smarter so they can create and communicate this information. The term “ power
system” describes the collection of devices that make up the physical systems that generate,
transmit, and distribute power. The term “instrumentation and control (I&C) system” refers to the
collection of devices that monitor, control, and protect the power system.

Power system automation refers to using I&C devices to perform automatic decision making and
control of the power system.

Data Acquisition Data acquisition refers to acquiring, or collecting, data. This data is
collected in the form of measured analog current or voltage values or the open or closed status of
contact points. Acquired data can be used locally within the device collecting it, sent to another
device in a substation, or sent from the substation to one or several databases for use by operators,
engineers, planners, and administrators.

Power System Supervision Computer processes and personnel supervise, or monitor, the
conditions and status of the power system using this acquired data. Operators and engineers monitor
the information remotely on computer displays and graphical wall displays or locally, at the device,
on front-panel displays and laptop computers.

Power System Control Control refers to sending command messages to a device to operate
the I&C and power system devices. Traditional supervisory control and data acquisition (SCADA)
systems rely on operators to supervise the system and initiate commands from an operator console on
the master computer. Field personnel can also control devices using front-panel push buttons or a
laptop computer.

Power System Automation System automation is the act of automatically controlling the
power system via automated processes within computers and intelligent I&C devices. The processes
rely on data acquisition, power system supervision, and power system control all working together
in a coordinated automatic fashion. The commands are generated automatically and then transmitted
in the same fashion as operator initiated commands.

I1&C System IEDs I&C devices built using microprocessors are commonly referred to as

intelligent electronic devices ( IEDs). Microprocessors are single chip computers that allow the
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devices into which they are built to process data, accept commands, and communicate information
like a computer. Automatic processes can be run in the IEDs, and communications are handled
through a serial port like the communications ports on a computer. 1EDs are found in the substation

and on the pole-top.
Equipments for Power System Automation

Power system automation includes a variety of equipments. The principal items are listed and
briefly described below.

Instrument Transformers Instrument transformers are used to sense power system current
and voltage values. They are physically connected to power system apparatus and convert the actual
power system signals, which include high voltage and current magnitudes, down to lower signal
levels.

Transducers Transducers convert the analog output of an instrument transformer from one
magnitude to another or from one value type to another, such as from an ac current to de voltage.

Remote Terminal Unit As the name implies, a remote terminal device, RTU, is an IED
that can be installed in a remote location, and acts as a termination point for field contacts. A
dedicated pair of copper conductors are used to sense every contact and transducer value. These
conductors originate at the power system device, are installed in trenches or overhead cable trays,
and are then terminated on panels within the RTU. The RTU can transfer collected data to other
devices and receive data and control commands from other devices through a serial port. User
programmable RTUs are referred to as “smart RTUs. ”

Communications Port Switch A communications swiich is a device that switches between
several serial ports when it is told to do so. The remote user initiates communications with the port
switch via a connection to the substation, typically a leased line or dial-up telephone connection.
Once connected, the user can route their communications through the port switch to one of the
connected substation IEDs. The port switch merely “passes through” the IED communications.

Meters A meter is an [ED that is used to create accurate measurements of power system
current, voltage, and power values. Metering values such as demand and peak are saved within
the meter to create historical information about the activity of the power system. '

Digital Fault Recorder A digital fault recorder ( DFR) is an IED that records information
about power system disturbances. It is capable of storing data in a digital format when triggered by
conditions detected on the power system. Harmonics, frequency, and voltage are examples of data
captured by DFRs.

Load Tap Changer (LTC)  Load tap changers are devices used to change the tap position
on transformers. These devices work automatically or can be controlled via another local IED or from
a remote operator or process. }

Recloser Controller Recloser controllers remotely control the operation of automated reclosers
and switches. These devices monitor and store power system conditions and determine when to

perform control actions. They also accept commands from a remote operator or process.
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Time Synchronization Source A time synchronization source is an IED that creates a time-

of-day value which is then broadcast to the IEDs in order to set all their clocks to the same time.

Protocol Gateway IEDs communicate over serial connections by speaking a particular
language or protocol. A protocol gateway converts communications from one protocol to another.
This task is often performed by software on a personal computer.

Human Machine Interface (HMI)  The front panel display and push buttons or a personal
computer act as interfaces to system data and controls for personnel in the substation.

Programmable Logic Controller As the name implies, a programmable logic controller
(PLC), is an IED that can be programmed to perform logical control. As with the RTU, a
dedicated pair of copper conductors for each contact and transducer value are terminated on panels
within the PLC. Personnel familiar with the PLC development environment can program PLCs to
create information from sensor data and perform automation. The PLC can transfer collected data to
other devices and receive data and control commands from other devices through a serial port.

Protective Relay A protective relay is an IED designed to sense power system disturbances
and automatically perform control actions on the I&C system and the power system to protect
personnel and equipment. The relay has local termination so that the copper conductors for each
contact do not have to be routed to a central termination panel associated with RTUs and PLCs.
Transducers are not necessary since the relay accepts signals directly from the instrument
transformers. Protective relays create metering information, collect system status information, and
store historical records of power system operation.

Communications Processor A communications processor is a substation controller that
incorporates the functions of many other I&C devices into one IED. It has many communications
ports to support multiple simultaneous communications links. The communications processor
performs data acquisition and control of the other substation IEDs and also concentrates the data it
acquires for transmission to one or many masters inside and outside the substation. The
communications processor incorporates features of many of the other [EDs including an RTU, a
communications port switch, a protocol gateway, a time synchronization source, and a limited PLC
functionality. The communications processor has locally terminated 170 and can perform dial-out to

alert personnel or processes when a status changes.
Power System Automation

Power System Integration Power system integration is the act of communicating data to,
from, or among IEDs in the I&C system and remote users. Substation integration refers to
combining data from the IED’s local to a substation so that there is a single point of contact in the
substation for all of the I&C data. "*' Poletop devices often communicate to the substation via wireless
or fiber connections. Remote and local substation and feeder control is passed through the substation
controller acting as a single point of contact. Some systems bypass the substation controller by using
direct connections to the poletop devices, such as RTUs, protective relays, and controllers.

Power System Automation Power system automation is the act of automatically controlling
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the power system via I&C devices. Substation automation refers to using IED data, control and
automation capabilities within the substation, and control commands from remote users to control
power system devices. Since true substation automation relies on substation integration, the terms
are often used interchangeably.

Power system automation includes processes associated with generation and delivery of power.
A subset of these processes deal with delivery of power at transmission and distribution levels, which
is power delivery automation. Together, monitoring and control of power delivery systems in the
substation and on the poletop reduce the occurrence of outages and shorten the duration of outages
that do occur. The IEDs, communications protocols, and communications methods described in
previous sections, work together as a system to perform power system automation.

Power Delivery Automation Though each utility is unique, most consider power delivery
automation of transmission and distribution substations and feeders to include :

®  Supervisory Control and Data Acquisition (SCADA) —operator supervision and control ;

®  Distribution Automation—fault location, auto-isolation, auto-sectionalizing, and auto-
restoration ;

®  Substation Automation—breaker failure, reclosing, battery monitoring, dead substation
transfer, and substation load transfer;

®  Energy Management System ( EMS) —load flow, VAR and voltage monitoring and
control, generation control, transformer and feeder load balancing;

® Fault analysis and device maintenance.

Systems without automated control still have the advantages of remote monitoring and operator
control of power system devices, which includes;

®  Remote monitoring and control of circuit breakers and automated switches;

®  Remote monitoring of non-automated switches and fuses;

®  Remote monitoring and control of capacitor banks;

®  Remote monitoring and voltage control;

®  Remote power quality monitoring and control.
Power System Automation Features

IEDs described in the overview are used to perform power system integration and automation.
Most designs require that one [ED act as the substation controller and perform data acquisition and
control of the other IEDs. The substation controller is often called upon to support system automation
tasks as well. The communications industry uses the term client/server for a device that acts as a
master, or client, retrieving data from some devices and then acts as a slave, or server, sending
this data to other devices. *) The client/server collects and forwards data dynamically. A data
concentrator creates a substation database by collecting and concentrating dynamic data from several
devices. In this fashion, essential subsets of data from each IED are forwarded to a master through
one data transfer. The data concentrator database is used to pass data between IEDs that are not

directly connected.
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A substation archive client/server collects and archives data from several devices. The archive
data. is retrieved when it is convenient for the user to do so.

The age of the IEDs now in substations varies widely. Many of these IEDs are still useful but
lack the most recent protocols. A communications processor that can communicate with each IED
via a unique baud rate and protocol extends the time that each IED is useful. Using a
communications processor for substation integration also easily accommodates future IEDs. It is rare

for all existing IEDs to be discarded during a substation integration upgrade project.
Power System Automation Benefits to Utility

The benefits of monitoring, remote control, and automation of power delivery include improved
employee and public safety, and deferment of the cost of purchasing new equipment. Also,
reduced operation and maintenance costs are realized through improved use of existing facilities and
optimized performance of the power system through reduced losses associated with outages and
improved voltage profile. Collection of information can result in better planning and system design,
and increased customer satisfaction will result from improved responsiveness, service reliability,

and power quality.

data acquisition %4 R AE relay n. ZkHE S

personnel n. AGi, HLG

console n. FEHEG

pole-top n. FFIi

instrument transformer X% (H]) HEZN
transducer n. fEEAY, ABHg
originate v. &4

trench n. HLAG74

tray n. #T

lease v. tH#H

harmonic  n. &L

load tap changer i #4 Sk F AL 2%
recloser n. AZEGWEE (FFX)
time-of-day n. H J7fdsp

% NOTES

dial-out ». &KWy

bypass n. 2 v K
interchangeably adv. N]3C4fith
auto-isolation n. HZIPHE
auto-sectionalizing n. H 853 Bt
auto-restoration n. HaIPKE{LH

dead substation transfer AR B 3 75 75
substation load transfer 7% Hi il 1 fay 4% £%
load flow 7L

v. fEFY

deferment n. HEMH, BL%

responsiveness n. N[

archive

[1] Metering values such as demand and peak are saved within the meter to create historical

information about the activity of the power system.

WEE, MFEREREE, ATRMRAAESGRT, ATRIEE N REEfTilLFER.

[2] Substation integration refers to combining data from the TED’s local to a substation so that
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there is a single point of contact in the substation for all of the I&C data.
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[ 3] The communications industry uses the term client/server for a device that acts as a master,

or client, retrieving data from some devices and then acts as a slave, or server, sending this data
to other devices.

M AEAT XSRS ARER /RS54, R VE N B a s P HAL B & 15 280
SRIGAE Py AL 2 IR 554 1) HAh 35 4 2 18 0

C  # 3 a R #NIE

FHECCE M ERGRRERE, SRIAZIL, HE6, ArLUEIE KRB gEhiEs, Dot
ZEMSE—. AR5 R EWEBIENS , SGEMBGEEA BEhiES, BEXMFESEz
MR A EAARAME, Rk, BEe, QA gsh A ieE M m RS LR,

1. Wi R sE EREhafERgish ), R NI B X, W EHEEFE R DGE R gish Al
B i LR T SURAETEE SR AT I < 987 . (Hd 2 M0l T IR — i & 3 SO = SOR
PRI O MR DU 0 R — S ) 0 SO Rk g A, WimT L. 7 “47 "% M
LA™ qmr cfd S, Bl

The machine tools are controlled by PLC.
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This kind of device is much needed in the speed-regulating system.
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The quartz erystal does not vibrate at certain frequency until the voltage is applied.
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Since numerical control was adopted at machine tools, the productivity has been raised greatly.
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A few decades ago it was thought unbelievable that the computer could have so high speed as

well so small volume.
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Fuzzy control is found an effective way to control the systems without precise mathematic models.
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What kind of device is needed to make the control system simple?
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- PART 2
Control Theory

UNIT 1

A The World of Control

Introduction

The word control is usually taken to mean regulate, direct, or command. Control systems
abound in our environment. In the most abstract sense it is possible to consider every physical
object as a control system.

Control systems designed by humans are used to extend their physical capabilities, to
compensate for their physical limitations, to relieve them of routine or tedious tasks, or to save
money. In a modern aircraft, for example, the power boost controls amplify the force applied by
the pilot to move the control surfaces against large aerodynamic forces. The reaction time of a human
pilot is too slow to enable him or her to fly an aircraft with a lightly damped Dutch roll mode without
the addition of a yaw damper system. ''* An autopilot ( flight control system) relieves the pilot of the
task of continuously operating the controls to maintain the desired heading, altitude, and attitude.
Freed of this routine task, the pilot can perform other tasks, such as navigation and/or
communications, thus reducing the number of crew required and consequently the operating cost of
the aircraft.

In many cases, the design of control system is based on some theory rather than intuition or
trail-and-error. Control theory is used for dealing with the dynamic response of a system to
commands, regulations, or disturbances. The application of control theory has essentially two
phases: dynamic analysis and control system design. The analysis phase is concerned with
determination of the response of a plant (the controlled object) to commands, disturbances, and
changes in the plant parameters. If the dynamic response is satisfactory, there need be no second
phase. If the response is unsatisfactory and modification of the plant is unacceptable, a design
phase is necessary to select the control elements (the controller) needed to improve the dynamic
performance to acceptable levels. \

Control theory itself has two categories: classical and modern. Classical control theory, which
had its start during World War II, can be characterized by the transfer function concept with

analysis and design principally in the Laplace and frequency domains. Modern control theory has
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arisen with the advent of high-speed digital computers and can be characterized by the state variable

concept with emphasis on matrix algebra and with analysis and design principally in the time
domain. As might be expected, each approach has its advantages and disadvantages as well as its
proponents and detractors.

As compared to modern approach, the classical approach has the tutorial advantage of placing
less emphasis on mathematical techniques and more emphasis on physical understanding.
Furthermore, in many design situations the classical approach is not only simpler but may be
completely adequate. In those more complex cases where it is not adequate, the classical approach
solution may aid in applying the modern approach and may provide a check on the more complete and

exact design. For these reasons the subsequent articles will introduce the classical approach in detail.
Classification and Terminology of Control Systems

Control systems are classified in terms that deseribe either the system itself or its variables:

Open-loop control system and closed-loop control RS [ oo - )
system (Fig. 2-1A-1). An open-loop system is one in elements o
which the control action is independent of the output. 3
A closed-loop system, however, the input of the plant R(S)Jr e?:;;r&ls o~ Plant )
is somehow dependent on the actual output. Since the N
output is fed back in a functional form determined by Feedback
. . elements
the nature of the feedback elements and then b

2]

subtracted from the input,'” a closed-loop system is

Fig. 2-1A-1  Open-loop control system and

often referred to as a negative feedback system or
- (51()5(‘.("'()()}) ('()"“'()l S)’Slf’l“

simply as a feedback system.
Continuous and discrete systems. The system that all its variables are continuous functions of
time 1is called continuous-variable or

(1) x(1) X1
analog system; the describing equations

v ! !. .' ? S
are differential equations. A discrete- % E f E ; :—r E._.E
variable or digital system has one or more 0 y @ ;I ,1 ,'} ;4 ,:5 T 0 11| ,Z , ,s T
variables known only at particular instants 2 b) ©
of time, as shown in Fig. 2-1A-2b; the Fig. 2-1A-2  Continuous system and discrete system

equations are difference equations. If the time intervals are controlled, the system is termed a
sampled-data system. Discrete variables occur naturally, as from a scanning radar that obtains
position data once per scan or a data channel that transmits many pieces of information in turn. A
discrete variable will obviously approach a continuous variable as the sampling interval is decreased.
Discontinuous variables, such as shown in Fig. 2-1A-2¢, occur in “on-off” or “bang-bang” control
systems and are treated separately in a subsequent paper.

Linear and nonlinear systems. A system is linear if all its elements are linear, and nonlinear if
any element is nonlinear.

Time-invariant and time-variant systems. A time-invariant (or stationary) system is one whose
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parameters do not vary with time. The output of a stationary system is independent of the time at

which an input is applied, and the coefficients of the describing differential equations are constants.
A time-variant (or nonstationary) system is a system with one or more parameters that vary with
time. The time at which an input is applied must be known, and the coefficients of the differential
equations are time-dependent.

Lumped parameter and distributed parameter systems. Lumped parameter systems are those for
which physical characteristics are assumed to be concentrated in one or more “lumps” and thus
independent of any spatial distribution. In effect, bodies are assumed rigid and treated as point
massed ; springs are massless and electrical leads resistanceless, or suitable corrections are made to
the system mass or resistance; temperatures are uniform; etc. In distributed parameter systems, the
continuous spatial distribution of a physical characteristic is taken into account. Bodies are elastic,
springs have a distributed mass, electrical leads have a distribute resistance, and temperatures vary
across a body. Lumped parameter systems are described by ordinary differential equation; while
distributed parameter systems are described by partial differential equations.

Deterministic and stochastic sysiems. A system or variable is deterministic if its future behavior
is both predictable and repeatable within reasonable limits. If not, the system or variable is called
stochastic or random. Analyses of stochastic systems and of deterministic system with stochastic
inputs are based on probability theory.

Single-variable and multivariable systems. A single-variable system is defined as one with only
one output for one reference or command input and is often referred to as a single input single output

(SISO) system. A multivariable (MIMO) system has any number of inputs and outputs.
Control System Engineering Design Problem

Control system engineering consists of analysis and design of control configurations. Analysis is
the investigation of the properties of an existing system. The design problem is one choice and
arrangement of system components to perform a specific task.

Designing a control system is not a precise or well-defined process; rather, it is a sequence of
interrelated events. A typical sequence might be
1) Modeling of the plant; 2) Linearization of the plant model;

3) Dynamic analysis of the plant; 4) Nonlinear simulation of the plant;

5) Establishment of the control philosophy & strategy; 6) Selection of the performance criteria and

indices ;
7) Design of the controller; 8) Dynamic analysis of the complete system;
9) Nonlinear simulation of the complete system; 10) Selection of the hardware to be used;

11) Construction and test of the development system; 12) Design of the production model ;
13) Test of the production model. :
This sequence is not rigid, all-inclusive, or necessarily sequential. It is given here to

establish a rationale for the techniques developed and discussed in the subsequent units.



PART 2 Control Theory

WORDS AND TER

regulate v, %

abound v. KEGFE

power boost DJFEBhIELE B
aerodynamic adj. 238NI/
damp v PHJE, VIR, FWk
yaw n. {ﬁm

altitude n. MR

attitude n. B8

intuition n. E%
trail-and-error n. iR
dynamic response 2] A5 i
disturbance n. 30
parameter 1. ’Eﬁ
modification n. B1E, B
transfer function 1% i3 pR%Y
domain n. 3, 20K

advent n. HEL

state variable JRAAE &
matrix algebra Ff [E{CEK
approach n. &#, Jrik; W5
proponent 1. R18#H
detractor n. fHIFHE

tutorial  adj. T8 FPEM
subsequent adj. J5FHY
open-loop n. JT¥
closed-loop n. P

discrete adj. BEHEAY
differential equation {43 Ji 2
difference equation =7 7 %
interval n. [A]PF
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sampled-data n. SREEEE
nonlinear adj. JELRYER
time-invariant  adj. B ANAEH]
coefficient n. ZEL

stationary adj. FRSHY

lumped parameter HEHHSH
distributed parameter TS
spatial adj. ZF[A] )

spring n. S

lead n. %k

resistance n. PHHT

uniform  adj. —

elastic adj. A MPER

ordinary differential equation F #5377 F
partial differential equation {53 7 2
deterministic adj. #HxE K
stochastic adj. FEALEY
predictable adj. T] Wi AE (1
probability theory HEZi
multivariable n. 245 &
configuration n. FJiE, 4544
property n. PEJ

model n. FAY, » B
linearization n. Z&tEfk
strategy n. STk

performance criteria £ EEFEH5
hardware n. A#{F

development system 5 &5
rationale n. FRiE, JEPHAY A

[ 1] The reaction time of a human pilot is too slow to enable him or her to fly an aircraft with a

lightly damped Dutch roll mode without a yaw damper system.
TR AR R AT , IR BB R RS, AT BT M S L2 5

e 7 AR R AL,

[2] Since the output is fed back in a functional form determined by the nature of the feedback
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elements and then subtracted from the input. . .

PRI Ay ) 2= L el BSR4t bR ) R BBOE X BRIEDR , SR J5 I A k-

B The Transfer Function and the
Laplace Transformation

The Transfer Function Concept

If the input-output relationship of the linear system of Fig. 2-1B-1 is known, the characteristics
of the system itself are also known. The input-output relationship in the Laplace domain is called
the transfer function (TF or G Gain). By definition, the transfer function of a component or system

is the ratio of the transformed output to the transformed input .

_output(s) C(s)
Gl = input(s) ~ R(s) (2-1B-1)

This definition of the transfer function requires the system to be

Input__| System Output
linear and stationary, with continuous variables and with zero initial
conditions. The transfer function is most useful when the system is R(s) o Cls)
also lumped parameter and when transport lags are absent or Input OQutput

neglected. Under these conditions the transfer function itself can be  Fig 2-1B-1  Transfer function

expressed as a ratio of two polynomials in the complex Laplace
variable s, or

b s" +b "l kb
N(s) b,s m-1% 1 o (2-1B-2)

D(s) a,s" +a,_s" +-+a,

G(s) =

For physical systems, N(s) will be of lower order than D(s) since nature integrates rather
than differentiates. It will be shown later that a frequency transfer function ( FTF) for use in the
frequency domain can be obtained by replacing the Laplace variable s in the transfer function by jewt.

In Eq. (2-1B-2) the denominator D (s) of the transfer function is called the characteristic
function since it contains all the physical characteristics of the system. The characteristic equation is
formed by setting D(s) equal to zero. The roots of the charactenistic equation determine the stability
of the system and the general nature of the transient response to any input. The numerator
polynomial N(s) is a function of how the input enters the system. Consequently, N(s) does not
affect the absolute stability or the number or nature of the transient modes. It does, however, along
with the specific input, determine the magnitude and sign of each transient mode and thus
establishes the shape of the transient response as well as the steady-state value of the output.

For a closed-loop system, the transfer function is;

_C(s) _ _G(s)H(s) _N(s)
“R(s) 1+G(s)H(s) D(s)

where W (s) is the closed-loop transfer function; G (s) H(s) is called the open-loop transfer

W(s) (2-1]5-3)

function; 1 +G(s)H(s) is the characteristic function.
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The transfer function can be obtained in several ways. One method is purely mathematical and

consists of taking the Laplace transform of the differential equations describing the components or
system and then solving for the transfer function; nonzero initial conditions, when they occur, are
treated as additional inputs. A second method is experimental. A known input ( sinusoids and steps
are commonly used) is apply to the system, the output is measured, and the transfer function is
constructed from operating data and curves. The transfer function for a subsystem or complete
system is often obtained by proper combination of the known transfer functions of the individual

elements. This combination or reduction process is termed block diagram algebra.

The Laplace Transformation

The Laplace transformation comes from the area of operational mathematics and is extremely
useful in the analysis and design of linear systems. Ordinary differential equations with constant
coefficients transform into algebraic equations that can be used to implement the transfer function
concept. Furthermore, the Laplace domain is a nice place in which to work, and transfer functions
may be easily manipulated, modified, and analyzed. The designer quickly becomes adept in
relating changes in the Laplace domain to behavior in the time domain without actually having to
solve the system equations. ' When time domain solutions are required, the Laplace transform
method is straightforward. The solution is complete, including both the homogeneous ( transient)
and particular ( steady-state) solutions, and initial conditions are automatically included. Finally,
it is easy to move from the Laplace domain into the frequency domain.

The Laplace transform is an evolution from the unilateral Fourier integral and is defined as
LA = [ fyedi=F(s) (2-1B-4)

where F(s) is the Laplace transform of f(¢). Conversely, f(¢) is the inverse transform of F(s)
and can be represented by the relationship

L' [F(s)] =f(1) (2-1B-5)
The symbol s denotes the Laplace variable and is a complex variable (o + jo) ; consequently, s is
sometimes referred to as a complex frequency and the Laplace domain is called the complex
frequency domain.

Since the definite integral of Eq. (2-1B-4) is improper, not all functions are Laplace-
transformable ; fortunately, the functions of interest to control system designer usually are. The
conditions for existence, proofs of theorems, and other uses of the Laplace transformation can be
found in standard works on operational mathematics.

The definition of Eq. (2-1B-4) can be used to find the Laplace transform of the functions we
are most likely to encounter or use. For convenience, we used to construct a table of transform
pairs, which simplify transformation into and out of the Laplace domain.

There are certain theorems and properties of the Laplace transformation that either essential or
helpful.

1. Linearity and superposition
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Llcf(t) ] =cL[f(1) ] =cF(s)
Llef(t) +e,f(t) ++]=¢,F,(s) +¢;,F,(s) + -

where ¢ and ¢, are constants.

2. Theorems of differentiation and integration: The Laplace transformation of derivatives with

respect to time can be shown to be
L[S0 =k () =0y s L[S 70 ] =27 () - 510) - & f10) 4

where f(0), df(0), ete., are the initial conditions. If the initial conditions are zero, as is

generally the case for control system analysis and design, the last equation reduces to

L[j:uf(t)] =s5"F (s)

The Laplace transform of an integral is

L[ soa] = R0 + ] st

It can also be reduced to F(s)/s with zero initial conditions.

1=0

3. The initial value and final value theorems: The initial value theorem states that
limf(1) =f(0 +) = limsF(s)
and can be useful at times in the inverse transformation. The final value theorem states that
limf(e) =/, =limsF'(s)
where f., is the steady-state value of f(t).
4. Shifting theorems; The first shifting theorem states that
Lle ™f(t)] =L[f(t)], ..,.,=F(s+a) or L '[F(s+a)]=e"f(t) (2-1B-6)
Eq. (2- 1B- 6) indicates that translation through @ units in the Laplace domain results in
multiplication by e in the time domain. The second shifting theorem states that
LIf(t)u(t-a)] =e “L[f(t+a)] =e “F(s+a)
This theorem is useful in transforming delayed inputs and signals such as transport lags and piecewise

continuous inputs that are represented by analytic functions.
Modeling

Analytical techniques require mathematical models. The transfer function is a convenient model
form for the analysis and design of stationary linear systems with a limited number of differential
equations and by block diagram algebra. From the deferential or integro-differential equations
describing the behavior of a particular plant, process, or component, using the Laplace
transformation and its properties can develop the transfer functions.

We can illustrate it by a simple example: R

——
o 1 I d ~

The output voltage u, of the circuit indicated in Fig. 2-1B-2 i
U C (S
is excited by the input voltage u. According to the Kirchhoff’s T

laws, the relationship between u, and u can be written as Fig. 2-1B-2 A electrical system
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—C du"R
u=C— +u,

Using the theorems, the transformed equation with zero initial conditions is
U(s) =RCsU_(s) +U,(s)

Solving for the ratio of the transformed output to the transformed input yields transfer function of the

system
U.(s) 1

C) =) “RCs +1
[Q> WORDS AND TERMS
initial condition FJUH & algebraic equation {LEUT &
lag v, n FEIR implement . SR
polynomial n. ZI manipulate . AZbB{
order n. [t become adept in P&k
integrate v. 53 homogeneous solution i fif
differentiate v, {4} particular solution §¥f#
denominator n. 738 unilateral Fourier integral 8.3/ {8 L0153
stability n. FaEYE inverse transform JZ (3i) 7B
transient response B 7S] 1 improper integral 75 (JCHEL) 4
numerator n. superposition n.
magnitude n. WE{E initial value FJ{H
sign  n. M5 final value Z{H
steady-state n. FaZs shifting theorem F-F% & B
step  n. Bk (59 multiplication n. B&ME
block diagram algebra 7R (%) piecewise adj. 3B
Laplace transformation i 3% $7 17 2% 46 integro-differential equation f(FR 7 7 2
operational mathematics TR yield » #ESH, 5

$° NOTES

[1] The designer quickly becomes adept in relating changes in the Laplace domain to behavior

in the time domain without actually having to solve the system equations.
B R PRET 2 SR 424 S S A AR {0 5 RS B Rl ok, AT ELE ML &R
G (B,

C EHEEAMBEIF

AERATEREIGE P AR, HARAEE RE . M, WHEAAMR , EEnZ S
FHEESIGEARARM 2N, TERFRERN, LAFAmEE, PRI X RHAER
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HR, RIS RIEDGE I SR B, AT SU s A BRI, A AR 2 3 U R TR
%, B,

. Aeem B LREER, (Hif 5k EREENER ., P,

The importance of the project can hardly be exaggerated.

Ry X T RER AR S K,

I XM TAEMNEEEEASREALD,

It is impossible to overestimate the value of the invention.

R XU RO EAS T RER Bl Tt

1E: BXUR BB S RE S Al A AT A 4

2. FHRAE A T E X RAE R EL i BHE A BEIE s Rk, fn.

The computer is not valuable because it is expensive.

i THRALPE A AR BRI A (L.

I TR A ks 5t A A I E

We do not consider conventional PID control is outdated.

i AT NIEGER PID 2 T .

IE: TATA MG PID £ G 54 o,

3. WA EALMEEME D BEEN ., &M no, not, nothing, none 557 & if]
AL, FmXT R MERE, WES MM, FEWME all, every, both, always % HA 4
PR R A, RIORTBrAE, B SOAE T, iR, film.

In a thermal power plant, all the chemical energy of the coal is not converted into electric power.

ke FERGRSR, FTABP AL e REAR AN REFL Lo HLRE

. e BErh i b REIF A 2 RER fb L hE

Everything is not straightened out.

R B AR A

E: IR REERFEET .

4. A AWML AR EE, W, linde (7)), few (22), free from ( A3Z------ o) |
short of (/D) FWHAAMRERZ L, BHFRN % HHAENIER, LHEZX D livle il a
little, few Al a few BYZE5]. little Fl few BH LR EE, 1 a litle il a few M H LR HE.
il .

The analysis of three-phase circuits is little more difficult than that of single-phase circuit.

D —AHHLHEE 53 BIT LA H B — £

s = A EE A 08 LB R AN T 20,

seAh, AL SR < Smoking free” Y free HRAR B E, RAINA “B8 1EWAH"
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UNIT 2

A Stability and the Time Response

Introduction

The stability of a continuous or discrete-time system is determined by its response to inputs or
disturbance. Intuitively, a stable system is one that remains at rest (or in equilibrium) unless
excited by an external source and returns to rest if all excitations are removed. The output will pass
through a transient phase and settle down to a steady-state response that will be of the same form as,
or bounded by, the input. If we apply the same input to an unstable system, the output will never
settle down to a steady-state phase; it will increase in an unbounded manner, usually exponentially
or with oscillations of increasing amplitude.

Stability can be precisely defined in terms of the impulse response y; (¢) of a continuous
system, or Kronecker delta response y;(k) of a discrete-time system, as follows:

A continuous ( discrete-time) system is stable if its impulse response y,;(#) ( Kronecker delta
response v, (k) ) approaches zero as time approaches infinity.

An acceplable system must at minimum satisfy the three basic criteria of stability, accuracy,
and a satisfactory transient response. These three criteria are implied in the statement that an
acceptable system must have a satisfactory time response to specified inputs and disturbances. So,
although we work in the Laplace and frequency domains for convenience, we must be able to relate
these two domains, at least qualitatively, to the time domain.

In fact, the Laplace domain can provides information about the transient response of both stable
and unstable systems and about the steady-state response of stable systems. This article is concerned
with relating the Laplace domain to the time response with emphasis on the transient response, and
with establishing specific criteria in the Laplace domain for system stability. Accuracy will be

treated in the next article, and the frequency response in the subsequent units.
The Characteristic Equation

The time response of a system to any input can be expressed as
e(t) =L [e(s) ] =e, () +e, (1)
where ¢ (1) is the steady-state response and ¢, (¢) is the transient response. If the system is
unstable, there will be no steady-state response, only a transient response.
Without transport lag, the transfer function of a system can be expressed as a ratio of

polynomials in the complex Laplace variable s

N _C(s) _N(s)
Gis) “R(s) D(s)

The characteristic equation is formed by setting the denominator polynomial equal to zero

(2-2A-1)
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D(s) =a,s" +a, 8"+ +a;s' +a,=0 (2-2A-2)

And can be written in factored form as

n

D(s) =[] (s+r,) =0 (2-2A-3)

i=l

where —r; denotes the roots of the characteristic equation—the values of s that make D(s) equal to
zero. These roots may be real, complex, or equal to zero; if complex, they will always occur in
conjugate pairs since the coefficients of the differential equations are real.

It can be shown that the transient response for n distinet roots in the Laplace domain is

Cl CZ C3 Crl
+ ot (2-2A-4)
S+r; s+r, S+r, L Y o

C.(s) =

And in the time domain is
c, (1) =Cie™™ +Che™™ +Cie ™ 4o +Ce™™ (2-2A-5)
Each term in the last equation is called transient mode. There is a transient mode for each root with
a shape determined solely by the location of the root in the s plane.
So, a necessary and sufficient condition for the system to be stable is that the roots of the
characteristic equation have negative real parts. This ensures that the impulse response will decay

exponentially with time.
Routh Stability Criterion

The Routh criterion is a method for determining continuous system stability, for systems with an
nth-order characteristic equation of the form;
-1

+o+as +a,=0 (2-2A-6)
The criterion is applied using a Routh table defined as follows:

n n
a,s +a,_ s

a, a, , Q,_4
ﬂ—]
$ Q, a,_3 a,_s
by by by
) Cy Cy

where a,, a,_,, "+, a, are the coefficients of the characteristic equation and

a,_ 4, 2,0, 3 a, @, 4 —Q,Q, s

b, = b, = etc.
@, a,_,
o4 :bla..-sb‘an-lbz CZ:blan—Sb_an—lb3 etc.
1 1
The table is continued horizontally and vertically until only zeros are obtained.''' Any row can be

multiplied by a positive constant before the next row is computed without disturbing the properties of

the table. )
The Routh criterion; All the roots of the characteristic equation have negative real parts if and

only if the elements of the first column of the Routh table have the same sign. Otherwise, the

number of roots with positive real parts is equal to the number of changes of sign.
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The Hurwitz criterion is another method for determining whether all the roots of the

characteristic equation of a continuous system have negative real parts. It has the same principle

with the Routh criterion in substantial although their forms or patterns are different, so they are

commonly called Routh-Hurwitz criterion.
Simple Lag: First-Order System

With the transfer function in the form of Eq. (2-2A-1),
the order of the system is defined as the order of the
characteristic function D(s), the highest power of s appearing
in D(s) establishes the order of the system.

For a simple first-order system, the transfer function

G(s) =ﬁ as shown in Fig 2-2A-1, if the input is a unit

l‘
step R(s) =1/s, the output will be

C(s) = G(s)R(s) = —=1 /T

1/T

_ - T
YUs+ /T,

1, K, =

hence the system response is ¢ (t) =1-e"",

The first term is the forced solution, due to the input, and
the second the transient solution, due to the system pole.
Fig. 2-2A-2 shows this transient as well as ¢(¢). The transient
is seen to be a decaying exponential, and the commonly used
measure of the speed of decay is the time constant;

The time constant is the time in seconds for the decaying
exponential transient to be reduced to e ™' =0. 368 of its initial
value. '

“I' = ™" when t = T, it is seen that the time

Since e~
constant for a simple lag 1/(Ts +1) is T seconds. This is, in
fact, the reason a simple lag transfer function is often written in
this form. The coefficient of s then immediately indicates the
speed of decay, and it takes 4T seconds for the transient to
decay to 1. 8% of its initial value.

For a simple lag, two features are important;

s(Ts+1) - s(s+1/T) =8

R(s) 1 C(s)
Ts+1

jo ‘
iy 0‘ o

Fig. 2-2A-1  First-order system
K, K
s+1/T
= =1
elt)
1
0.368--- et
\\
0= ar
I3
c(t)
1
,/ o
0.632 |- A7 17
II
P T AT ¢
Fig. 2-2A-2  Transients of

first-order systems

1. Stability: For system stability, the system pole(s) must lie in the left half of the s-plane,
so that the transient of the system decays instead of grows as ¢ increases.

2. Speed of response: To speed up the response of the system (i.e., to reduce its time

constant T') , the pole —1/T must be moved left.

Quadratic Lag; Second-Order System

This very common transfer function can always be reduced to the standard form
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5

G( ) a)"
; s +2w,s + .

(2-2A-7)

where @, is undamped natural frequency, ¢ is damping ratio. The significance of these parameters

will be discussed.

Depending on the damping ratio ¢, the roots (or the poles) of the system characteristic

equation
5" +2w,s + @l =0 (2-2A-8)
have three possibilities ;
{>1: overdamped : 51,= o, to /-1
{=1: eritically damped $;2= -0,
{ <1: underdamped : $,,= Lo, tjo V1 -
Fig. 2-2A-3 shows the s-plane for plotting the pole positions. o
For a unit step input R(s) =1/s, the transform of the output is .- ie 1=
L anal
c(s) .
§) =— 2 T
(8" +2w s + ) ) E’ ) 7
For { >1, these poles are on the negative real axis, on both sides “
of —w, the transient is a sum of two decaying exponentials, each with its ]
own time constant. The exponential corresponding to the pole closest to Fig.2-2A-3 ‘The pole

the origin has the largest time constant and takes the longest to decay.

This pole is called the dominating pole. For { =1, both poles coincide at

positions on

the s-plane

-w,. For{ <1, the poles move along a circle of radius @, centered at the origin. From the

geometry in Fig. 2-2A-3 | it is seen also that cos¢ ={w /@, 6 ={. The output is

e(t) =1 —lie-gw"lsm(w 1 =t + arctan l—_ng (2-2A-9)
e : z
Fig. 2- 2A- 4 shows a normalized plot of this 4
response for different values of the damping ratio z,ot E=0]
{. The transient term is an oscillation of damped . | ' 02
natural  frequency wum , of which the %
amplitude decays according to e . o7 1 £
Important  performance  criteria the o.st 20
response are identified in Fig. 2-2A-5.
Settling time T is the time required for the ! 2 4 6 8 10 izay

response to come permanently within a 5% or
2% band around the steady-state value. T, =3T

(5% ), or T, =4T (2% ).

Fig. 2-2A-4 Normalized response plot of

('The time constant second-order systems for different damping ration ¢

T is the time in seconds for e “» = e~ ', hence T'=1/{w_). The maximum percentage overshoot
n p g

(P.0O.) over the steady-state response is a critical measure of performance. Equating the derivative

of c(2) in Eq. (2-2A-9) to zero, to determine the extreme of the response, easily yields the

equation
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(2-2A-10)

1 -2\ 1=

tan[wn 1 =%t +arctan 17{] e 4
' 4

This implies that at the peaks @ /1 =¢*t =im, i =1, 3,---since then left and right sides are equal.

Hence the time at the maximum peak (i=1), the peak time T, is

T,=— 22—  (2-2A-11) @
w1 -C : P.O. percent overshoot
If the tan of the angle in Eq- (2' 2A- 10) is e ey [, SRty < O o T
____________ e e b e
J1=/C, its sin is o+ 2/l =¢, and i i i
|
substituting Eq. (2-2A-11) into Eq. (2-2A-9) , Lo ;
yields T, ¢
g rise time
_ N _— e T}, peak time
Q. = IOOLXP[ A1 _gz] T setting time

The rise time T, , identified in Fig. 2-2A-5 as the

Fig. 2-2A-5
time at which the response first reaches the :

Performance criteria of response

steady-state level, is closely related to peak time T

It is noted that while 7., T,, and T, depend on both w, and ¢, 10
P. 0. depends only on the damping ratio { ( Fig.2- 2A-6). 80
Permissible overshoot, and hence minimum acceptable { , depends 560
on the application. For a machine tool slide, overshoot may cause 540 N
the tools to gouge into the material being machined, so =1 is 20 \\
required. But in most cases a limited overshoot is quite acceptable, =204 (LD.& To
and then { <1 is preferable, because it reduces peak time 7' and rise ¢

Fig. 2-2A-6  Relationship
between P. 0. and {

time 7. For { = 0.7 the overshoot is only 5% , and the response
approaches steady state much sooner.

If the damping ratio could be held constant while w, is increased, the poles would move
radically outward and both settling time and rise time would decrease. So, we can adjust the

transient response by adjusting the poles of a closed-loop system.

Y WORDS AND TER

intuitively adv. ELWHE criteria  n. FIE

at rest  AbFPERIRES qualitatively adv. EPEHL
excitation n. Pl complex adj. B ; n. HH
phase n. PR, FHOE characteristic equation FFHE T2
exponential adj. ¥&EHI; n. 15 factor HF; v AR
oscillation n. &% decay v. FEJK

amplitude n. YRIE horizontally —adv. 7K -3l
impulse v, W vertically —adv. TEEH ML
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Routh criterion 57 iy ¥ §& settling time V& 77 i+ [A]

Hurwitz criterion /K 4 v F| overshoot n.

quadratic adj. IR derivation n. ¥

significance n. F& X extreme adj. W no B A S/ O
overdamped adj. LFHJEH peak time W& {ERT[E]

critically damped  IIfi 5-FHJE substitute n. 8

underdampted adj. KFHLJEH rise time | FFA[A]

corresponding  adj. AHR gouge v. 1%

origin n. JFAI radically adv. 5S¢4l

dominating pole A5

$° NOTES
[ 1] The table is continued horizontally and vertically until only zeros are obtained.

RIKREKF (Ff) TE (EF) M, ERERRERENIE,

B Steady State

The Steady-State Errors

A control system is designed to control the dynamic behavior (the time response) of a plant
subjected to commands or disturbances. The designer should be fully aware, however, of the role
of the steady equations and errors in the overall process, as well as their influence on the dynamic
behavior of the plant.

An accuracy of a system is a measure of how well it follows commands. It is an important
performance criterion; a guidance system that cannot place a spacecraft on a suitable trajectory is
obviously useless no matter how well-behaved its transient response.

Accuracy is generally expressed in terms of acceptable steady-state errors for specified inputs
(E,) or for disturbances (E;). The error e(t) is defined as the difference between the desired
output r(¢) and the actual output ¢(z). Note that this error is not necessarily the actuating signal
&(t) unless for unity feedback system. The error () will be the steady-state error e of the system
after all transients have died out. Using the final value theorem, the steady-state error in time
domain can be written as

e, =lime(t) =lmsE (s) (2-2B-1)
o s—)

Steady-State Error for Specified Input

For a unity feedback system indicated in Fig. 2-2B-1, the closed-loop transfer function is

_C(s) _ G(s) _ 6G.(s)G,(s)
W(s)_R(s)—l+G(s)_1+G“(s)Gp(s)

(2-2B-2)
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Controller Plant/Process
R(s) __E(s) C(s)

&f Gds) Gy(s)

Unity feedback

Fig. 2-2B-1  An unity feedback

where G =G_G, is the open-loop TF.

The error E for specified input is

E.(s) =R(s) - €(s) :ﬁﬁm =G.(s)R(s) (2-2B-3)

where G (s) =1/[ 1+ G(s) ] is the error transfer function for specified input.
For the open-loop transfer function G(s), the following general form is assumed
’l.
Kas +-+a;s+1
G(s) =
(s) s"byst 4 +bys+1

(2-2B-4)

In this equation .

1) K as given, with the constant terms in numerator and denominator polynomials made unity,
is formally the gain of the transfer function G. It should be distinguished from the root locus gain,
defined in the next unit as that for which the hightest power coefficients are unity.

2) The type number of G is the value of the integer n. A factor s in the denominator represents
an integration, so the type number is the number of integrators in G.

3) Gain K =lims"G(s), and a common practice associates the following names and notations
s

with K, depending on n:

n= 0, K, = position error constant

n=1: K, = velocity error constant

v

n= 2. K = acceleration error constant

Eq. (2-2B-4) shows that lirlgG(.s) =1L"‘(}(K/s") , combining Eq. (2-2B-3), so that Eq. (2-2B-1)
can be written as follows ;

e =lim —R(s)
=TS0 1+ (K/s")

This readily yields Table 2-2B-1 for the steady-state errors corresponding to different type numbers

(2-2B-5)

and inputs.

Table 2-2B-1 Steady-state error

Type number n=0 n=1 n=2

Step u(t); R=1/s

1
Rampt;R:]/s2 oo} s 0

Acceleration #/2; R=1/s oo (o'e} X
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Disturbance Errors

Actual systems are also subjected to undesirable inputs, such as noise in command inputs and
disturbances arising from changes in the plant parameters or changes in the environment in which the
plant is operating. Noise inputs that enter the system with the command inputs require filtering
techniques to remove or suppress them without affecting the command input itself. We shall limit
our discussion to disturbance inputs which enter the system at the plant rather than at the controller,
as indicated in the generalized block diagram of Fig. 2-2B-2a. In Fig. 2-2B-2b the diagram is
redrawn with the disturbance d as the principal input. Since the system is linear, the principle of
superposition holds,"" and we can assume r equal to zero. The disturbance input transfer function
for an unity feedback system (H(s) =1) can be written as
C,(s) G,(s)

B G,(s)
D(s) 1 +G,(s)G, (s)H(s)

per 1+G.(5)G,(s)

6.1(5) =

+(1

R(s) i C(s)
+ G(s) Gp(.s )

H(s)
a)

4

d Cy(s)

T Gi(s)
(r=0)

GoH(s)
b)

Fig. 2-2B-2  The equivalent transform of block

diagram with disturbance d as the principal input

When this transfer function is compared with the usual input-output transfer function with d =0,
we see that characteristic equations are identical , as is to be expected, but that numerator functions
are different. A disturbance input, therefore, will not affect the stability of the system but may
change the shape of the transient response and introduce steady-errors that must be considered in
determining the overall accuracy of the system.

Since any change in the output in response to a disturbance is undesirable, the disturbance
error E, is the actual output itself, represented by C,.
G,(s)D(s)

E,(s) =C,y(s) ST%C.(5)C,(5) (2-2B-6)
The total steady-state error is the sum of the command error and the disturbance error;
e =1imM (2-2B-7)
e 1466,

It is often difficult to minimize both components of the error simultaneously. Obviously, it is

necessary to have some knowledge as to the nature of probable disturbance inputs. Both error terms
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of Eq. (2-2B-7) can be set equal to zero by introducing an integrator into the controller. This

additional integrator increases the type of the system (from 1 to 2, for example), thus eliminating
the velocity error, and by being introduced ahead of the point of entry of the disturbance into the
system, eliminates the steady-state error resulting from a step in the disturbance input. '*’ This

additional integrator must be accompanied by at least one zero if the system is to remain stable.

WORDS AND TERMS!

guidance system 5| (Ffi) R4 filtering technique JE P HA
trajectory n. Ll suppress v, 1l

unity feedback system BV S 15t R G0 principal adj. FEH
general form — X minimize ». () &H/Mk
root locus gain AR HE 45

+ NOTES
[ 1] the principle of superposition holds,. . .
<1158 Y v ATIRS

[2] ..., thus eliminating the velocity error, and by being introduced ahead of the point of

entry of the disturbance into the system, eliminates the steady-state error resulting from a step in the
disturbance.

------ SR E RS E I A ZABIA (BURSRTS) , A MR e B 50 A b G
(H5r) FEMREAIRE .,

C ZiAKENE

JLF A8 S B — R 2 U E , 7ERIUCF I RS A 3 — 0B e £
FhE S0, P BNERIBOCGERT, WSS EEANAR E R OB ER, 2SS
Byl i, A gexd—A i i ELpAin) SOt HEma g I, iR A s, EARRF £l A
3, HEEAARFEADUERE T, B, cell FEAYENE “4I" #F, 7EL T
BATVE LR PF, AEEcFP Rl MR, base 7EH HAE RN UF, HIMPTRT
VE “IREE™ PE, R R B EE, =HRER base & WM, M =ML base 2
“RAT . fE—RCEY, BESE A SHMFERIZE X, Rt al T LT SORRE T # & L
s, @, order XA EfA Rl IR, SESTEARRER FA MM ER .

operational order #{Efr 4, EHIES order code ¥§415

order of a differential equation {343 J5 £/ By order of connection $if (%E#E) KT
order of matrix i[O order of poles i &1 A FH E Y

technical order £ ARG, £ AR FE working order T_JF%, il T 5

be in/out of order I1F %/ %& A= il fix 'give an order for sth. 1]71%

in order to T order of magnitude R
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BT DA Y, AN EE AR, PRORBRACSESS B R A 5 U AP A X B A 4 0 A 3]
L, MNESAL AR, EFRATEET, PR R T SCE L iriC f UE R L,
U SRS HERST , (EL SAS T RES9 A $45 E )  SCRNB PR —— 0, DRI T AL B
i X [ SC P A TRV A TR) SO | R BRI A B, DA GkE R i AR R . BRI, HEiR
o AT 1 LA B ) F Sk T4 ) B R

1. The study of neural network is one of the last frontiers of artificial intelligence.

X 22 ) 28 B I 5 R N T B R B Ik — , last frontiers A\ “ I/ 188" 5] HI %%
R RO,

2. All the wit and learning in this field are to be present at the symposium.

ST 3K — STk A 2 3 AR R X B8 2 . the wit and learning H R Y« &
R 2adiE O BB E 3R <%,

3. The contributors in component technology have been in the semiconductor components.

JCIFBAR R T E AR AR 2 KT, contributors B3R “ Tk E " £idia
MR PR “RER”,

4. IPC took over an immense range of tasks from worker’s muscles and brains.

THEHIBUC T T ARKEAE S FIIN S1558) . muscles and brains A “ LA FIKIG " 5] H &
PR R 5 s,

5. The foresight and coverage shown by the inventor of this apparatus are impressing.

TP B ) S I 2 P SR B G DL A PR AR N TRIRIEN R, coverage JRLE A “JUF",
i BRSO RS “RUGER, BEEDGERE IR ISR S i

R A AR SR . B R AL AR R A5 5 | o R B9 AN UE L F 41
ARSI T 2hin) | T2 AR AR iR e 2454 55




UNIT 3

A The Root Locus

Introduction

The three basic performance criteria for a control system are stability, acceptable steady-state
accuracy, and an acceptable transient response. With the system transfer function known, the
Routh-Hurwitz criterion will tell us whether or not a system is stable. If it is stable, the steady-state
accuracy can be determined for various types of inputs. To determine the nature of the transient
response, we need to know the location in the s plane of the roots of the characteristic equation.
Unfortunately, the characteristic equation is normally unfactored and of high order.

The root locus technique is a graphical method of determining the location of the roots of the
characteristic equation as any single parameter, such as a gain or time constant, is varied from zero
to infinity. "' The root locus, therefore, provides information not only as to the absolute stability of
a system but also as to its degree of stability, which is another way of describing the nature of the
transient response. If the system is unstable or has an unacceptable transient response, the root
locus indicates possible ways to improve the response and is a convenient method of depicting

qualitatively the effects of any such changes.
The Angle and Magnitude Criteria

Without transport lag the transfer function of a system can be reduced to a ratio of polynomials
such that

_C _N(s)
"R " D(s)

The root locus technique is developed by expressing the characteristic function D (s) as the sum of

W(s) (2-3A-1)

the integer unity and a new ratio of polynomials in s. The characteristic equation will be written as

+2,) (s +2,) (s +2,
D) =1+ K20 o1 g 20 G4G) Be) o e nea  (2-3A4-2)
P(s) s"(s+p) (s+py) (s +p)
where K is the parameter of interest, - z,, —2z,,... are the (open-loop) zeros and - p,,

=Py ,... are the (open-loop) poles. K is independent of s and must not appear in the polynomials
Z(s) and P(s). The form of KZ(s)/P(s) is important; these poles and zeros may be real or
complex conjugates. Note in Eq. (2-3A-2) that the coefficient of s is always set equal to unity for
root locus operations.

A zero is a value of s that makes Z (s) equal to zero and is given the symbol o. Do not
automatically assume that this zero is also a closed-loop zero that makes N(s) equal to zero in the
system ( closed-loop) transfer function; it may be, but is not necessarily so. A pole is a value of s

that makes P(s) equal to zero and is given the symbol Xx. The s" term represents n poles, all
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equal to zero and located at the origin of the s plane. A root of the characteristic equation has

previously been defined as a value of s that makes D(s) equal to zero.
Since s is a complex variable and the poles and zeros may be complex, KZ(s)/P(s) is a

complex function and may, therefore, be

A ; §
s J@)  s-plane o 17 10

handled as a vector having a magnitude \ sha "%
and an associated angle or argument. . ¢ P

) ) s=|sle’ |O o —a 0 0 (sia)=ls+ale?|0 &
Each of the factors on the right side of
Eq. (2-3A-2)can also be treated as a vector a) b) <)
with an individual magnitude and associated Fig. 2-3A-1 The angle and magnitude of root locus

angle, as shown in Fig. 2-3A-1. Notice
that the angle ¢ is measured from the horizontal and is positive in the counterclockwise direction.
If we express each factor in polar form, then

Z(s) K|s+z e |s +z,|e®2-

KP(s) B

n

e,imbn

’ |s +p, [ |s +p, 2

If we now collect the magnitudes together and multiply the exponentials together, we can write
Z(s) _ Kls+z|]s+z]|

) T s +m 15 +p

e** where X b=, + b+ —no, -, ¢, - (2-3A-3)

Returning to the characteristic equation of Eq. (2-3A-2) and solving for KZ(s)/P(s) yields

Z(s) _
P(s)

since — lcan be represented by a vector of unity magnitude and an angle that is an odd multiple of
180°. According to Eq. (2-3A-3) and Eq. (2-3A-4), we can find two criteria that make the

characteristic function D (s) equal to zero, i. e., there are two criteria which can find system

K —1 =120 12, - (2-3A-4)

(close-loop) poles as K is increased from O to o .

|s+z, | s +3, ] lor K = product of the pole distances

product of the zero istances

Magnitude eriterion; K

|s" s +p, | [s+p,
Angle criterion; Y. ¢ = Y angles of the zero — X angles of the poles = (2k +1)180° k=0,1,2, -

Rules for Root Locus Plotting

Applying angle and magnitude criterion, the root loci can obviously be plotted by a computer,
however, we’ll introduce rapid sketching techniques. The following guides are provided to facilitate
the plotting of root loci

1. For K =0 the close-loop poles coincide with the open-loop poles.

2. For K— o close-loop poles approach the open-loop zero.

3. There are as many as locus branches as there are open-loop poles. A branch starts, for K =
0, at each open-loop pole. As K is increased, the closed-loop pole positions trace out loci, which
end, for K—o , at the open-loop zeros.

4, If there are fewer open-loop zeros than poles (j<i), those branches for which there are no
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open-loop zeros left to go to tend to infinity along asymptotes. The number of asymptotes is (i —j).
5. The directions of the asymptotes are found from the angle condition. The vectors from all m
open-loop zeros and n open-loop poles to s have the same angle noted a. Hence the asymptote

+(2k+1)180°
—

angles a must satisfy a = (k = any integer). The angles are uniformly distributed.

6. All asymptotes intersect the real axis at a single point,at a distance p, to the origin;

B (sum of o. 1. poles) — (sum of o. l. zeros)
" (number n of o.1. poles) — ( number m of o. 1. zeros)
I

Po

o. . t open-loop

7. Loci are symmetrical about the real axis since complex open-loop poles and zeros occur in
conjugate pairs.

8. Sections of the real axis to the left of an odd total number of open-loop poles and zeros on this
axis form part of the loci, because any trial point on such sections satisfies the angle condition.

9. If the part of the real axis between two o. 1. poles (o.l. zeros) belongs to the loci, there
must be a point of breakaway from, or arrival at, the real axis. If no other poles and zeros are
close by, the breakaway point will be halfway. In Fig. 2-3A-2d, adding the pole p; pushes the
breakaway point away; a zero at the position of p; would similarly attract the breakaway point.

10. The angle of departure of loci from complex o. 1. poles (or of arrival at complex o. 1.
zeros ) is a final significant feature. Apply the angle condition to a trial point very close to p, in
Fig. 2-3A-3. Then the vector angles from other poles and zeros are the same as those to p,. The
angle from p, to this point must satisfy the follows: Departure angle: ¢ = F180° + £ ¢, similarly,
the arrival angle. ¢, = £180° + L .

s
s . I Pz 5°

—
e
)

o

ST/

%1 s
.--—-11"‘:7& ) 90°

OO =—E
3 P2 | P2 ’k

c) d)

Fig. 2-3A-2  Root locus plot Fig. 2-3A-3  The departure angle of root locus

Root Loci for System Design and Compensation

Root loci are used for design to the extent of choosing the gain to obtain a specified damping
‘ratio or time constant. A P ( Proportion) control design does not change the shape of the loci. But
if dynamic compensation is needed, a series compensator will add poles and zeros to the open-loop
pole-zero pattern, in order to change the shape of the loci in a desirable direction.

As indicated in Fig. 2-3A-4 | adding a pole pushes the loci away from that pole, and adding a
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zero pulls the loci toward that zero. These effects increase in strength with decreasing distance. >’ A
zero can improve relative stability because it can pull the loci, or parts thereof, away from the
imaginary axis, deeper into the left-half plane.

In analog control system, passive and active electrical networks are usually applied to realize
these very important forms of compensation. Including a gain, the transfer functions can be written

as follows;

o) =S5
For a phase-lead case, z <p, and for a phase-lag case, z >p. Fig. 2-3A-5 shows the pole-zero
patterns. Phase-lead compensation is an approximation to PD ( Proportion-Differential ) control,
and is often preferable to reduce the effect of signal noise and then to improve stability. Phase-lag
compensation is commonly used, like PI ( Proportion-integral ) control, to improve accuracy.

However, phase lead may also improve accuracy, and phase lag may improve stability.

3 _}\) ’0
Lag

-5, | -1/ [0

)

Lead

a)

Fig. 2-3A-4 The effect of adding a pole or a zero Fig. 2-3A-5 Phase-lead and phase-lag patterns

Cases of phase-lead and phase-lag compensation ;

In the system of Fig. 2-3A-6a, the P control is to be replaced by phase lead, intended to
“pull” the locus branches for P control, shown as dashed curves, back to the left by means of the
added zero. Ignoring for the weaker effect of the added pole, which is often placed at 10 times the
distance to the origin,'*' the zero is chosen to satisfy the need for compensation.

In the case of phase-lag compensation,

ey P controller /
similarly, a pole-zero pair is employed. P controller 7 i
’ e
. . .- . . (g
However, it is added close to the origin, M(iesdopole 2 Age;{s% ] Acded '\\-. pole
much closer than pictured in Fig. 2-3A-6b - S
50n. —2-1\]o pt i 0
to enable the shape of the loci near the \ !
origin to be indicated. As suggested by the a) b}
vectors to a point on the dashed locus, for Fig. 2-3A-6  Phase compensations
a) Phase-lead compensation b) Phase-lag compensation

such a pair the net contribution to the
vector angles at the point is small. Therefore, the main branches often change only little. The
picture near the origin is of the type shown in Fig. 2-3A-4¢. Although the main branches of system
are changed little, the interest gain factor z/p contains in the loop gain function, which can be

increased to improve the steady-errors.
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> WORDS AND

factored adj. W] 53

depict . R
conjugate adj. FLHIAY
vector n. K

argument n. Fﬁﬁ, *ﬁﬁl
counterclockwise adj. WilERAY
odd multiple &7 5%

even multiple {E %05

plot v 2 ; n LA
sketch v., n. (22) HHE, £
facilitate v, HZ5), fEik
coincide v, —3{

asymptote n. ﬁl‘]&%

integer n. %

$° NOTES

intersect v. FHA

real axis SCHH

symmetrical adj. XFFREY
breakaway point 475 /5
arrival point Y& &,
departure angle 1 41 4f
arrival angle A §ff
thereof adv. ¥ E (1)
imaginary axis Hg 4l

passive adj. #EhHY, TCIHRAY
active adj. FBhH), AW
network n. %%, HLE
phase-lead n. A HE AT
phase-lag n. F{IHFG

[1] ... as any single parameter, such as a gain or time constant, is varied from zero to

infinity.

o MERRA—SH, MMM, WEEELI,
[2] These effects increase in strength with decreasing distance.
il 2 38 [ P S )N, AT TRV RISR R S 3m

IeAb distance 2FEE (H) sFBFE AR,

[3] Ignoring for the weaker effect of the added pole, which is often placed at 10 times the

distance to the origin, the zero. . .

ZEEH PR T 10 fFTF S A EE A MBS AR, FA--

B The Frequency Response Methods .

Nyquist Diagrams

Introduction

There are times when it is necessary or advantageous to work in the frequency domain rather

than in the Laplace domain of the root locus. For system analysis, the root locus method requires a

transfer function, which may be difficult or even impossible to obtain for certain components,

subsystems, or even systems. In many of these cases, the frequency response can be determined

experimentally for sinusoidal test inputs of known frequency and amplitude.

The nature of the input also influences the choice of techniques to be used for system analysis
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and design. Many command inputs merely instruct a system to move from one steady-state condition

to a second steady-state condition. This type of input can be described adequately by suitable steps
in position, velocity, and acceleration, and the Laplace domain is appropriate for this purpose.
If, however, the interval between such step inputs is decreased so that the system never has time to
reach the corresponding steady state, the step representation and Laplace domain are no longer
adequate. Such rapidly varying command inputs (or disturbance) may be periodic, random, or a
combination thereof. The wind loading of a tracking radar antenna, for example, results from a
mean velocity component that varies with time plus superimposed random gusts. '’ If the frequency
distribution of these inputs can be calculated, measured, or even estimated, the frequency
response can be used to determine their effects upon the system output.

The frequency response is a steady-state response. Although some information can be obtained

about the transient response, it is only approximate and is subject to misinterpretation. -~

The Frequency Transfer Function

It is necessary to develop an input-output relationship that can be used in the frequency
domain, i. e., a frequency transfer function. Consider a linear system with a known transfer
function G(s) and apply the sinusoidal input

W,
r(t) =rysinwyt or R(s) =%
s w,
where r, is the amplitude and @,the input or forcing frequency. The transformed output is
WyTy
C(s) =6(s)5—>
5° + o,
The partial fraction expansion of C(s) yields

&G , 6 G G

s—jw, s+jw, s+r,  s+r,

C(s) =

where —r,, —r,,... are the roots of the characteristic equation of the transfer function. The
inverse transform is
c(t) =C,e™ +Cre™™ +Cie ™" +Cie™ " + -
where the first two terms represent an undamped oscillation resulting from the sinusoidal input, and
the remaining terms are the transient response. If the system is stable, the transient response will
disappear with time, leaving as the steady-state response
c, =C,e +C,e (2-3B-1)

The coefficients €, and C, are evaluated by the Heaviside expansion theorem as

g, =[
$= +jw0

With these values for C, and C,, Eq. (2-3B-1) becomes

(s —jw,)G(s)wyr, _G(jw(,)r(,. oL (s —jw,)G(s)wyr, =G —jwy)r,
——2j 1 2 82+ﬂ)(2, - 2]

2 2
S T, 1= =g

_Topngs oot _ 10 e ~Jwot -3B-
C55—2J—C(on)“f 2jC( jw,)e (2-3B-2)

Since they are complex functions,



PART 2 Control Theory JXTTNED

G(jw,) =ReG +jlmG = | G(jw,) |e”; G( —jw,) =ReG —jIlmG = | G(jw,) [e
where the angle ¢ is the argument of G(jw,) and is equal to aretg(ImG/ReG). Eq. (2-3B-2) can

now be written as

) e _ & = jwgt
N css = rl) | G(.’w()) ] (T)

Since the bracketed terms are equal to sin(wyt +¢) , the steady-state response can be written as
¢, (joy) =cosin( @yt +) where ¢, = ‘ G(jwy) lro

From these equations we see that sinusoidal input to a linear stable system produces a steady-
state response that is also sinusoidal, having the same frequency as the input but displaced through
a phase angle ¢ and having an amplitude that may be different. This steady-state sinusoidal
response is called the frequency response of the system. Since the phase angle is the angle associated
with the complex function G(jw,) and the amplitude ratio (c,/r,) is the magnitude of G (jw,),
knowledge of G( jw,) specifies the steady-state input-output relationship in the frequency domain.
G(jw,) is called the frequency transfer function and can be obtained from the transfer function G(s)
by replacing the Laplace variable s by jw,. Consequently, if G(jw,) can be determined from

experimental data, G(s) can also be found by replacing jw, by s.

For a given system, the frequency response is completely R(s) T C(s)
specified if the amplitude ratio and phase angle are known for 75 + 1
the range of input frequencies from 0 to + oo radians per unit s W
time. Consider the stable first-order system of Fig. 2-3B-1 with |
a transfer function G(s) =1/(7s + 1), the frequency transfer .57
funetion is G (jw) =1/(jotr + 1), where @ can be arbitrary _45(1_ s 2r 37 2
frequency. The amplitude ratio is o

M(j) =2 = 6(jw) | =——— ¢ 0
To (wr)” +1 fis

and the phase angle is

d(jw) = LG(jw) = L1 - L (jor +1) = — arctanwt o=+ =0
As input frequency @ is increased from O to + o , we can draw 0N\¢ ¢ I Re
the plot of M and ¢, and a polar plot that traces the tip of the i
vector representing the frequency transfer function. Polar plots 0

and M and ¢ versus w plots are used to represent different types
d¢ S @ plois pres P Fig. 2-3B-1 M, ¢ and polar plots

of complex functions in the frequency domain. Notice that the of & firstiosder Bvatem

constant term in each factor is set equal to unity when working in
the frequency domain for convenience, whereas in the Laplace domain the coefficient of the highest

power of s is set equal to unity.
The Nyquist Stability Criterion

In the frequency domain, the theory of residues can be used to detect any roots in the right half

of a plane. As with the root locus method , the characteristic function in the form | + KZ(s)/P(s)
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is used, where again the function KZ(s)/P(s) may or may not be the open-loop transfer function.

To develop the Nyquist criterion, the characteristic function itself is written as a ratio of polynomials

so that
Z(s) _P(s) +KZ(s) _ o, (s+r)(s+r)-
D(s) =1+K = =K =0 (2-3B-3)
P(s) P(s) (s+p)(s+py) -
Comparing the identities of Eq. (2-3A-2), we see that —r,, —r,,... are the roots of the
characteristic equation and that —p,, —p,,... are the poles of both the characteristic function and

KZ(s)/P(s). Poles and roots at the origin have been omitted in the interests of simplicity. In
many cases, however, it is difficult to factor the denominator polynomial of close-loop transfer
function D(s) to find the location of poles in the s-plane.

To prove stability for D(s) , it is necessary and sufficient to show that no zeros ( for the closed-
loop transfer function is poles) —r, are inside the right half of the s-plane. we introduce the Nyquist
contour D shown in Fig. 2-3B-2, which encloses the entire right half of the s-plane. D consists of
the imaginary axis from —je to + jo and a semicircle of radius R— o . In principle, stability
analysis is based on plotting [ 1 + KZ(s)/P(s) ] in a complex plane as s travels once clockwise
around the closed contour D. The factors (s +r,) and (s +p,) are vectors from —r,and -p,tos,
and for any value of s the magnitude and phase of [1 + KZ (s5)/P(s)] can be determined
graphically by measuring the vector lengths and angles in Fig. 2-3B-2, if the r, were known.

Note that on the imaginary axis s = jw. The plot of [ 1 + KZ(s)/P(s) ] for s traveling up the
imaginary axis from @ =0 + to w— 0 is in effect just the polar plot of the frequency response
function [1 + KZ(jw)/P(jw) |. Hence frequency response function can be found graphically, as

indicated in Fig. 2-3B-3 by measurement from the pole-zero pattern.

j@
...... '"\-.,
L odie o
- - 0] &
Fig. 2-3B-2  Nyquist contour D Fig. 2-3B-3  Nyquist plot

Fig. 2-3B-2 shows that if s moves once clockwise around D, vectors (s +r;) and (s +p,)
rotate 360° clockwise for each pole and zero inside D, and undergo no net rotation for poles and
zeros outside D. If the vector (s +r,) in the numerator rotates 360° clockwise, this will contribute
a 360° clockwise rotation of the vector [1 + KZ(s)/P(s)] in the complex plane in which it is
plotted. If vector (s +p,) in the denominator rotates 360° clockwise, this will contribute a 360°
counter clockwise revolution of [1 + KZ(s)/P(s)]. Poles and zeros outside D do not contribute
any net rotation. The result can be expressed as follows:

Principle of the argument: If [1 + KZ(s)/P(s) ] has R zeros and P poles inside the Nyquist
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contour D, a plot of [1 + KZ(s)/P(s)] as s travels once clockwise around D will encircle the

origin of the complex plane in which it is plotted N = R — P times in clockwise direction.

The encirclements of a plot of [1 + KZ(s)/P(s)] around the origin equal the encirclements of a
plot of KZ(s)/P(s) around the —1 point, on the negative real axis. With this, the following has been
proved.

Nyquist stability criterion; A feedback system is stable if and only
if the number of counterclockwise encirclements of a plot of the loop +o0 D
gain function KZ(s)/P(s) about the —1 point is equal to the number
of poles of KZ(s)/P(s) inside the right-half plane, called open-loop

unstable poles.

In the marginal case where KZ (s)/P (s) has poles on the R—>o0

imaginary axis, these will be excluded from the Nyquist contour by
Fig. 223B-4 The case of

a pole at the origin

semicircular indentations of infinitesimal radius around them. This is
shown in Fig. 2-3B-4 for the common case of a pole at the origin. The
plot of KZ(5)/P(s) as s travels once around D is called a Nyquist diagram and is needed to use the

criterion.
Gain Margin and Phase Margin

Most practical systems are not open-loop unstable, so that stability requires zero encirclements
of the — 1 point. To determine this, it is in fact not necessary to plot the complete Nyquist
diagram; the polar plot, for @ increasing from 0 + to + oo, is sufficient.

Simplified Nyquist criterion: If KZ(s)/P(s) does not have poles in the right-half s-plane, the
closed-loop system is stable if and only if the —1 point lies to the left of the polar plot when moving
along this plot in the direction of increasing w.

For example, the polar plot of a loop gain function shown in
Fig. 2-3B-5 indicates a stable system. If the curve passes through

-1, the system is on the verge of instability. For adequate

relative stability it is reasonable that the curve should not come too

close to the — 1 point. Gain margin and phase margin are two

common design criteria, which specify the distance of a selected
point of the polar plot to —1. Both are defined in Fig. 2-3B-5:

1. Gain margin =1/0C. Fig. 2-3B-5 Gain margin

2. Phase margin ¢, = 180° plus the phase angle of KZ (s)/ W i
P(s) at the crossover frequency w_at which | KZ(s)/P(s) | =1. It is also the negative phase shift

(i. e., clockwise rotation) of KZ(s)/P(s) which will make the curve pass through —1. (3
Each specifies the distance to — 1 of only one point on the curve, so misleading indications are

possible. Phase margin is used very extensively in practice.
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periodic  adj. JEHAMER) omit v. AW

random adj. FEALE simplicity n. AL
misinterpretation n. Hifff, RiF contour n. L, AMNE
develop v Fili, 1A enclose v [Fl%8

forcing frequency 5% il 4 %2 semicircle n. 2E[RIIE
partial fraction expansion #4343 20 & L radius n. 4%

bracket . JN$&5 undergo v. &/

arbitrary adj. {EEH net n. H; adj. HHEIY
polar plot AR E revolution n. JEF;

tip n. T3 encircle v %%

versus prep. ceeres Xifevenes indentation n. @11

the theory of residues A%E #E infinitesimal ~ adj. JGPR/IMP
identity n. —&PE, %X misleading indication §EHETR M EEL
% NOTES

[1] The wind loading of a tracking radar antenna, for example, results from a mean velocity
component that varies with time plus superimposed random gusts.

flan,  BRERTR AR K BB B4 BEET ) 25 Ab 101 2488 B 205 38 i A BEATL R JRL
I,

[2] ..., itis only approximate and is subject to misinterpretation.

------ HOZVT I 28 5 K Wi 12

[3] It is also the negative phase shift (i.e., clockwise rotation) of KZ(s)/P(s) which will
make the curve pass through —1.

EALRAEMM AL ~ 1 809 KZ(5)/P(s) MISURGRSE) (ENRBEERIER) RAE.
C  ZhiAwERZE

[ 24 ia—FF, desCrhahia i fF7E—in) 2 SCRSF AL, BIaN, run B9 R A 3E) SCEETHA 200 Fp
PLE, BME CZRIBEA T Z AL, WA —E2E5], shimfEssSCh g i R, BT
WL, A shA, B | i RS, IR 2 ah iR AR Bk B 4 ) i
PRI AE N iR B BPRAL B BN = H T E T 8RN . IBF ML LR, 458 1TUERE
SPBAIIRIIC AR e, Xof D S A T a8 1) 3L Ml AN R TG e 3k

Biltm, work XN RIMBEN 18] FH HH AL SO IRAR B < AR, AN BT 3 S0
ZICK, AREMERE, R FE A U RER T R G AR EE A 5K, AR SV I AT T R 1A
Xt work By XTI HUG , EEESGE P YRR RIS,

1. This method works well.

XMTIERA R, work well B8 “HH
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2. My watch doesn’t work.

FREIRAGE T, work FDUF W “5E” ; WLATARYEN BT SCOh RS M HEWTE B,
doesn’t work iR “IRT" B UETT,

3. The machine works smoothly.

XEPLAHEHER , work R “1BEE”

4. Vibration has worked some connection loose.

Al —LERAM T, work BB “fH”

5. The instrument is not working well.

XEIUERRR T . is not working well 1N “RR T,

6. The movement of the spring is made to work a pointer on a dial, so weight is recorded.

MR sh 20 S 4, MMic 3 FE R, is made to work I%jj ‘wah”., b,
A spring RS PORR “FEKR”; WA movement FM, M4 b “is3h” WM BARIE
SRR TUE > 15 BLAE T3

7. Working with numerals, a computer is similar in many respects to an automatic language
translator.

FBCF AT IE BT LR 22 J5 T A B 3h i = BIRPLR AL, working 08 #4718
B/ BOATFE ORI,

8. To make a marriage work, the couple should realize the importance of respect.

RS SEAR, REAROTROARB S H A EEE . work 51 HIEER “SEMR7,

9. The mine has been long worked.

XN EAITRIRAT , WY EH 0 P work B9E LH “IHR",

10. The interference worked much unstability in the system.

T RGN TRKMATENE, work B8 “H#EMN” £F6 1 F SGHREM L ARTER
FEIC .

work 7EHABAE S T 8 o] i iR, . idle work power TGHIHI % work frame HEZE,
Bl ; cable works HL45) ; the works of Marx & of SV VE S, 78 B 5% 60 22 7 2 X 0 )
sk B TRV T JR R S AR L



UNIT 4

A The Frequency Response Methods: Bode Plots

Bode Plots

The frequency transfer function of a system or of its KZ (jw)/P ( jw) function can be
represented either by the single Nyquist diagram (a polar plot) or by plots of the amplitude ratio and
the phase angle against the input (forcing) frequency. It is customary to plot the amplitude ratio in
decibels and the phase angle in degrees against the common logarithm of the input frequency. In
this form, the two plots are known as Bode plots ( after H. W. Bode). There are exact Bode
plots, which are best prepared with a computer, and straight-line asymptotic plots, which can be
quickly and easily sketched or plotted by hand using the techniques to be developed and discussed in
this article.

Bode plots of the system transfer function are used to determine the effects of various inputs
(including a step) upon the steady-state response of the system. Since the frequency response is a
steady-state response, the system must be stable and its stability must be determined before the
system Bode plots can be used.

Bode plots are most commonly used with the frequency function KZ (jw)/P(jw) to examine the
stability of a system. When the function has no pole or zero inside the right-half s-plane, i.e., the
function is minimum phase, the Bode plots can be sketched rather rapidly with a knowledge of the
four elementary factors that appear in the function. These terms are: (D frequericy-invariant terms
K; @ zeros and poles at the origin (jw) *"; @ first-order terms or real poles and zeros (jot +
1) *"; @ second-order poles and zeros [ (jw)* + Rwiw, +w>]*'.

For a product KZ(s)/P(s) =M, M,e*--- =Me"* M =M M, and ¢ =¢, +, + --. The
phase angle ¢ is expressed as a sum. The magnitude M will also be expressed as a sum, by using
decibels (dB) as units:

M in dB =M, =201gM =201gM, +20lgM, + ---

In Bode plots, the magnitude M in dB and the phase angle ¢ in degrees are plotted against @
on semilog paper. The development has shown the following; Bode magnitude and phase-angle plots
of KZ(jw)/P(jw) are obtained by summing those of its elementary factors. These plots are much
easier to make than polar plots or Nyquist diagrams, and can readily be interpreted in terms of
different aspects of system performance.

Gain K >0

M, =201gK, ¢ =0, both independent of w. Fig. 2-4A-1a. .

Integrators 1 /( jw) 7 ( poles at the origin)

M, =20lg|jw| "= =20nlgw, at w =1, M, =0, and at @ =10, one decade (dec) away

from w =1, M, = -20n. Hence on a log scale the magnitude plot is a straight line at a slope of
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—-20n dB/dec. Phase angle ¢ = —n 90° and is independent of frequency.

Differentiators (jw)" ( zeros at the origin) ; the plots are the mirror images of the corresponding

integrator relative to the 0dB and 0° axes. This is also true for the leads corresponding to the simple

and quadratic lag below. "

Simple lag 1/ (jewr +1) Mal 201K My BreekBranecy
i d o102 0541 2 5 10
My =20lg[1/ /1 + (r)’] } (2-4A-1) ¢ Z VRN m
¢ = — arctanwt OL o N
The plot indicated in Fig. 2-4A-1c is a) @ =20 ~30dB ded
the  asymptotic  approximation. The M:g 1/(jw)*: ~40dB/dec
asymptotes meet at the break frequency or zp@“’) :-20dB/dec ¢ b 3 o
corner frequency given by wt =1 (or —2((; I T =y ot
w =1/7) on the normalized plot. _4i \ =45° % e
closer to wt =1, the actual values 4 —90° E}&ec
can be calculated from Eq. (2-4A-1). At o ”Z,w) -
wr =1, the deviation is —3dB and the _ ™ 1goy Y
phase —45°. b)
Quadratic lag Fig. 2-4A-1 a) Gain factor
1 b) Integrator factors c¢) Simple lag factor

(jo/w,)* +2(jo/w,) +1

»’ 2w -7 2w/w,
M, —201g[(1 _wi)-’-?"-] . o= —arctanl—_—m

n

(2-4A-2)

where w, is undamped natural frequency, ¢ is damping ratio. The Bode plot of qudratic lag for the
low-frequency asymptote is the axis, the high-frequency asymptote crosses the OdB axis at w /o, =
1, at a slope of —40dB/dec. Closer to w /w, =1, Fig. (2-4A-2) gives the actual curves.

Smaller damping ratios { cause more severe peaking of M, and more abrupt change of ¢ near

w/w, =1.

Bode plots can be obtained by summing the magnitudes and W Crossaver
angles of the elementary factors present respectively. d; frec!;:ency

In Bode plot, the phase margin ¢, is the sum of 180° and the GMy ©
phase angle at the frequency where | KZ (s)/P(s) | =1 (i.e., " P
0dB). Hence, as shown by the partial plots in Fig. 2-4A-2, the E
phase margin ¢, is the distance of the phase-angle curve above 180 )

—180° at the crossover frequency w,, where the magnitude plot
Fig. 2-4A-2  The phase

crosses the OdB axis. Similarly, the gain margin equals 1 divided
' margin and gain margin

by the magnitude at the frequency where the phase angle is —180°.
GM;, the gain margin in dB, is therefore the distance of the magnitude below OdB at this
frequency, as shown in Fig. 2-4A-2.
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Performance Specifications on the Bode Plot

An important reason for the widespread use of Bode is the ease of interpreting performance
specifications on the asymptotic magnitude plot.

Relative stability The plots of the loop transfer function must have adequate length of not
more than a —20dB/dec slope at or near crossover frequency w, . 1If not, it is immediately evident
that ¢, will be inadequate.

Steady-state accuracy To improve steady, the low-frequency asymptote must be raised or its
slope changed. The low-frequency asymptote is K/(jw)". For n =0 (type 0) the steady-state
error after a unit step is 1/ (1 +K), so reduces if the zero slope low frequency asymptote 201gK is
raised. For zero steady-state error after a step, the system must be at least type 1 (n =1), so the
low-frequency asymptote must be at least —20dB/dec.

Accuracy in the operating range To ensure specified accuracy over a normal range of
frequencies, the plot may not fall below a given level over this range. To improve accuracy, this
level must be raised.

Crossover frequency and bandwidth Crossover frequency @, is a measure of bandwidth @, ,
so of speed of response, according to @ = 0. 63w,.

Noise rejection To ensure a specified attenuation ( reduction) of noise components in the
input above a certain frequency should be below a certain level. '~

These criteria show how different aspects of performance are reflected in individual features of
the plot and permit specifications to be translated into requirements on the Bode plot. The task of

system design is to derive the compensators that will meet these requirements.
Bode Plot Design

Design of a feedback control system using Bode techniques entails shaping and reshaping the
Bode magnitude and phase angle plots until the system specifications are satisfied. These
specifications are most conveniently expressed in terms of frequency-domain figures of merit such as
gain and phase margin for the transient performance and the error constants for the steady-state time-
domain response. And shaping the asymptotic Bode plots of continuous-time systems by cascade or
feedback compensation is a relatively simple procedure.

Gain factor compensation It is possible in some cases to satisfy all system specifications by
simple adjusting the open-loop gain factor K. As indicated in Eq. (2-3A-3), adjusting of the gain
factor K does not affect the phase angle plot. It only shifts the magnitude plot up or down to
correspond to the increase or decrease in K.

Lead compensation The addition of a cascade lead compensator to a system lowers the
overall phase angle curve in the low-to-mid-frequency region. Lead compensation is normally used
to increase the gain and/or phase margins of a system or increase its bandwidth. An additional
modification of the Bode gain K is usually required with lead networks.

Lag compensation The lag compensation is employed in some cases to decrease the
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bandwidth of the system, and it is also used to improve the relative stability for a given value of

error. constant, or to reject the noise of high-frequency.
Lag-lead compensation It is sometimes desirable to simultaneously employ both lead and lag
compensation. Although one each of these two networks can be connected in series to achieve the

desired effect, it is usually more convenient to mechanize the combined lag-lead compensator.

decibel n. 43Ul break frequency H& A4

common logarithm 5 X crossover frequency  ZEERITR

minimum phase  ft/)VR{L bandwidth n. 7 %

product n. FEfH entail v B, HACHUNE, o fH,
semilog paper “EXfECABAR (4K) C )

interpret  v. B, iR merit  n. ﬁEEl:—L, Yebn, HEN

slop n. procedure n. FEJF, ifFE

quadratic adj. —KH; n. IR medchanize v. fHHLIEAL

+ NOTES
[ 1] This is also true for the leads corresponding to the simple and quadratic lag below.
X I T i T 8 — YR i I ) A T U= R

[2] To ensure a specified attenuation ( reduction) of noise components in the input above a

certain frequency should be below a certain level.
AR A A PR T R A IR R R A R E B, ((ATER R M) R TR —
K¥F,

B Nonlinear Control System

Introduction

In practice, most systems are nonlinear for large enough variations about the operating point,
and linearization is based on the assumption that these variations are sufficiently small. But this
cannot be satisfied, for example, for systems that include relays, which can switch position for
very small changes. Startup and shutdown also frequently require the consideration of nonlinear
effects, because of the size of the transients.

A differential equationAx” + Bx" + Cx =f(t) is nonlinear if one or more of A, B, or C is a
function of the dependent variable x or its derivatives. If A, B, or C of the system are also
functions of the independent variable ¢, it will be a nolinear time-varying problem, which is not
discussed here.

The principle of superposition does not apply to nonlinear systems. This has serious
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consequences. In fact, the analysis and design techniques discussed so far, including the use of
transfer functions and Laplace transforms, are no longer valid. Worse, there is no general
equivalent technique to replace them. Instead, a number of techniques exist, each of limited
purpose and limited applicability. """ We will only introduce the well-known phase plane and

describing function methods.

Nonlinear Behavior and Common Nonlinearities

As a minimum, it is important to be aware of the main characteristics of nonlinear behavior, if
only to permit recognition if these are encountered experimentally or in system simulations .

1. The nature of the response depends on input and initial conditions. For example, a
nonlinear system can change from stable to unstable, or vice versa, if the size of a step input is
doubled.

2. Instability shows itself frequently in the form of limit cycles. These are oscillations of fixed
amplitude and frequency which can be sustained in the feedback loop even if the system input is
zero. In linear systems an unstable transient grows theoretically
to infinite amplitude, but nonlinear effects limit this growth.

3. The steady-state response to a sinusoidal input can contain

Amplitude

harmonics and subharmonics of the input frequency.

4. The jump phenomenon is illustrated by the frequency 0

Frequency

response plot in Fig. 2-4B-1. If the frequency of the input is
reduced from high values, the amplitude of the response drops  Fig 2-4B-1  Jump phenomenon
suddenly at the vertical tangent point C to the value at D.

Fig. 2-4B-2 shows common types of nonlinearities, with x as input and y as output.

y v ‘ v \%/
0 / 0 0 / 9
| .

% % / x 4‘/ X
a) b) c) /
v Force y
Ofﬁ. 0
X | Velocity \
€) f) g O

=

y v v
Q 01 I (0 O[
X <3 X | J X
h) i) i) k)

Fig. 2-4B-2  Common types of nonlinearities R

a) Nonlinear gain b) Saturation ¢) Deadband d) Backlash e) Hysteresis
f ) Coulomb friction g) Characteristic curves h) Ideal relay 1) Relay with deadband

j) Relay with hysteresis k) Relay with hysteresis and deadband
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Nonlinear gain very common (e. g. , valve flow versus pressure drop or valve opening, or

force versus deflection for rubber springs).

Saturation The output levels off to a constant limit beyond a certain value of the input.
Amplifiers saturate, and valve flow cannot rise beyond pump capacity.

Deadband An insensitive zone, for example, in instruments or relays, or due to overlap of
the lands on a hydraulic control valve spool over the ports to the cylinder.
Backlash Due to play in mechanical connections.
Hysteresis In electromagnetic circuits; in materials.
Coulomb friction, or dry friction The friction force depends only on the direction of velocity.
Nonlinear characteristic curves The torque-speed curves of motors or the flow-pressure

curves of valves.

Relays, with various imperfections A very important class of nonlinearities.
Phase-Plane Method

The phase-plane method ( Fig. 2-4B-3) is a graphical method for finding the transient response
of first or second order systems to initial conditions or simple
inputs. Despite these restrictions, it is useful because of the
insight it provides and because many systems approximate
second order responses. Consider the nonlinear equation

" +g(x, x")x" +h(x, x")x=0

Substitute into this 2=y &=y :%x' =y %

Then the equation reduces to one of the first order

d
() +ata, 1y +hCx, =0
Rearranging this yields the phase-plane equation

dy _ -g(x, y)y—h(x, y)x
d y

The phase plane is a plot of y versus x. At each point (x", y), dy/dx is the slope of the phase-

Fig. 2-4B-3  Phase-plane method

plane trajectory through that point.
Isoclines are loci of constant trajectory slope. The isocline equation for dy/dx =m is
-h(x, y)x
glx, y) +m
This graphical technique is called the isocline method, and is useful to sketch the nature of the

y:

phase plane portrait. For numerical work, this and alternative graphical techniques have been

largely replaced by computer methods.
Describing Function

The describing function technique is a response method, and its main use is in stability

analysis (i.e., the prediction of limit cycles). In Fig.2-4B-4, where G, and G, represent linear
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parts of the system and NV a nonlinear element, the question is whether a limit cycle exists, that is,

‘whether an oscillation can maintain itself around the loop for R =0.

Limit cycles for second-order systems can also be constructed by phase plane methods. As
illustrated in Fig. 2-4B-5, they are represented by closed curves in the phase plane. But limit
cycles are distinguished from other possible closed curves in that the phase-plane trajectories tend
toward or away from them asymptotically. A stable limit cycle is one that is approached by
trajectories from both sides. Even the slightest disturbance causes trajectories to depart from
unstable limit cycles. As indicated in the first of Fig. 2-4B-5, an initial condition or input outside
the limit cycle leads to an unstable transient growth while transients following a sufficiently small
disturbance decay to zero. ' Thus it is also necessary to determine the type of limit cycle.

The model for N in Fig. 2-4B-4 used in this analysis is based on the following assumption; The

input x to the nonlinearity is a sinusoidal

e

Unstable Stable

Fig. 2-4B-4 A nonlinear system Fig. 2-4B-5  System transient

for a small disturbance decaying to zero
x = Asinwt (2-4B-1)
There is an apparent contradiction here. In Fig. 2-4B-6 the square-wave output of an ideal relay for
a sinusoidal input is a periodic function, so that it can be represented by a Fourier series of the
general form

y(1) = b, + Z (a,sinnwt + b, cosnwt ) (2-4B-2)

n=1

Thus y contains harmonics (n > 1) in addition to the fundamental Fourier component

y; = a,sinwt + b, coswt (2-4B-3)
The harmonics would pass around the loop via G, and G, y y
back to x, contradicting the assumption Eq. (2-4B-1). But g : [
for most practical systems, ¥, is considerably larger than the 0 x 0] ™ P

harmonics, and G, acts as a low-pass filter which attenuates -7

the harmonics much more strongly than y,.

The combination of these effects usually justifies

'
\/

Eq. (2-4B-1), and also implies that only y, is required. 7

Hence the definition: The describing function ( DF) N of a <2n \
nonlinearity is the ratio N =y./x. From the theory of Fourier P

series, the Fourier coefficients @, and b, for y, in Fig. 2-4B-6  Describing

Eq. (2-4B-3) are function of an ideal relay
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2/ w 2/ w
& = % j ysinwtdt, b, % I( yeoswtdi (2-4B-4)

If y can be extended into an odd function of time, as shown in Fig. 2-4B-6, then b, =0 since coswt

is an even function of time, and the DF becomes

Nod
A

The DF is an equivalent linear gain which depends on the amplitude A, and sometimes also the
frequency w, of the input x. Example: DF of an ideal relay ( Fig. 2-4B-6)
Since the DF is independent of @, w =1 can be assumed for simplicity, so that x = Asint.

27 T
ay = %f ysintdt = %JO Tsintdt =—

0

4T

So the describing function is N=—

A

As expected, this shows that the equivalent gain decreases as the input A increases, since the

output is constant.

linearazation n. ZtE1k opening n. FFE

assumption n. fBi% deflection n. i (&, %)

relay n. ZRHLZE saturation n. A0

startup n. J& ) deadband n. FEIX

shutdown n. FA] insensitive  adj. AN FHURG

dependent variable i 2% & instrument n. X%, T.H

independent variable [ ZE &t overlap ., n. HE

valid adj. ARSI hydraulic adj. /K7, WHEH

equivalent adj. “FMA; n. Eh spool v, %%; n. &fE, 2B, KA

recognition n. TATH backlash n. HFRIFRE

encounter v. 18 %] hysteresis n. Jif [9]£%

vice versa  JZ ZIRIR coulomb friction JFEEEEHEE

limit cycle HPRFH dry friction TPEEEH#E

sustain v, 4EFF imperfection n. AN5E4E, N, BS

theoretically adv. it [ phase-plane equation AHF [ 5 #2

harmonic n. &% isocline n. ZE{HiZk

subharmonic  n. I portrait n. H1%, %5, =L

tangent adj. VIZERY, 1EVIRY; n. PIER, numerical adj. BE (%)
1EY] prediction n. T

valve n. [®[] contradiction n. FJ§H
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Fourier series {8 H I % justify ». WEBH
via prep. 2 imply ». 17

attenuate . 59

$ NOTES
[1] Instead, a number of techniques exist, each of limited purpose and limited applicability.

A ILREARTELE, (B4 A RE R B A9 FIBR 2 A9E FHVE R

[2] ..., ordue to overlap of the lands on a hydraulic control valve spool over the ports to the
cylinder.

------ gy VA R R b A 5 ) YRR A H R

[3] ..., an initial condition or input outside the limit cycle leads to an unstable transient

growth while transients following a sufficiently small disturbance decay to zero.
------ MRS N PR — A R/ NS ) B, — MR ERIRSM R b 2 sl A
KR —MARENESEK,

C EFRANEZF

T 25 1) E 3 30 ) oh— R RIE BB i 42 17 A9 2 s, TR T 7 B R i B 2R 5 LB
HZEG—%E, M _HRBE RS SEE LA DB R, Hlin. heavy AFEATE L2
“HT BEEBIRETGE S B 1 BT 2R R4 heavy current SR HL L ; heavy crop KFEUL;
heavy traffic 3@ IHF; heavy industry B Tl FeiFis) O BT A ERBHERBR RN, —1
ISz Aia), HAR SGE H R A E /Y, (B 24840 FHReE B R PE, HAE UL BIAE X
A B ) 24 T B B AR T, BRI, HRE IR BRI ST 06 AR ) SR IR) SCHEBT I 2 ELRCR AT A T
HF-BE, U universal &5 “FHTRY, HEFARY, HaEA, MK, EHGT S8, BEME

LN
universal meter J7 universal constant i FH % %
universal motor 3& ELIiL P H HL Bl 1L universal use 5 i
universal agent 2FCHA universal class 22
universal peace tH 5 F1F universal rules —f&iZ 1
universal truth ¥ & ELH universal travel A ERIiETT
universal valve J7 [ & universal dividing head % 7% 2k

— e B e R A T A T LA AE S AR S e A B, BT AR S SO TEFE A IR 4 N £
BhiRl R, “HITEE" XM BIF RS ECEWEBA AR

X9 25 15 ) Bl 2 AT SR AP A 4 R T, (K R S 3R K B R IGURN B TR, lan .

1. AR A P EERN, R T A REDGE B, B HM RS ERSEE
=K, Fln.

Internet is different from Intranet in many aspects though their spelling is alike.

BRPFEAE, Internet HZERZ H AR T Intranet, A HIEERIFN “AR" 1 “Hf
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If low-cost power becomes available from nuclear power plants, the electricity crisis would be
solved.

ANEE A L 5 AR AR AR i Ty, F Oy SRS R R 2% PR, becomes available ¥R 3K
(=

2. FUEFIREYIRERIE AR, ARSI B e o SR AR, Hln.

IPC is more reliable than common computer.

T ALY AT SE Tk LA E AL

Experiment indicates that the new chip is about 1. 5 times as integrative as that of the old ones.

IR, FALE R EBERIHA S 1.5 f%,

3. A IR AT AR T B R IA Bl .

The same principles of low internal resistance also apply to milliammeters.

RN FLE B RS T2 %R, same iFH “[FE"

The modern world is experiencing rapid development of information technique.

Mot F (G BRI AR AR AU A& & development ZiRshF, BT A rapid 2
Bifi 2 5 Al TRl T

TR PR B TG [ A T AR, Y T SCR TRl HEA T 58 4 X N 0 B R A e 45 1
PR RAR K AT, [RIAH A5 3 SCA VM e AR . BRI MR IR, SRIBUE 2410 i) p: %
e AT R e ) B ) R B 3, ATl SO S TR R SR AT



UNIT 5

A Introduction to Modern Control Theory

Introduction

Classical control theory is based on input-output relationships, principally the transfer
function. When differential equations are encountered, they are linearized and subjected to
whatever constraints are necessary to establish useful input-output relationships. Modern control
theory, on the other hand, is based on direct use of the differential equations themselves. Although
its techniques are powerful and relatively simple, classical control theory does have limitations and
shortcomings that multiply as plants and control systems become more complex—thus the advent of
modern control theory.

Several factors provided the stimulus for the development of modern control theory: (D the
necessity of dealing with more realistic models of systems; @the shift in emphasis towards optimal
control and optimal system design; (Bthe continuing developments in digital computer technology ;
@the shortcomings of previous approaches; (3)a recognition of the applicability of well-known
methods in other fields of knowledge.

The transition from simple approximate models, which are easy to work with, to more realistic
models produces two effects. ' First, a larger number of variables must be included in the model.
Second, a more realistic model is more likely to contain nonlinearities and time-varying parameters.
Previously ignored aspects of the system, such as interactions with and feedback through the
environment, are more likely to be included.

With an advancing technological society, there is a trend towards more ambitious goals. This
also means dealing with complex systems with a larger number of interacting components. The need
for greater accuracy and efficiency has changed the emphasis on control system performance. The
classical specifications in terms of percent overshoot, settling time, bandwidth, etc., have in
many cases given way to optimal criteria such as minimum energy, minimum cost, and minimum
time operation. Optimization of these criteria makes it even more difficult to avoid dealing with
unpleasant nonlinearities. Optimal control theory often dictates that nonlinear time-varying control
laws be used, even if the basic system is linear and time-invariant.

The continuing advances in computer technology have had important effects on the controls
field. The fast processing ability and large memory capacity of digital computers make it possible to
solve practical problems with complex high-order differential equations. Classical control theory was
dominated by graphical methods because at the time that was the only way to solve certain problems.
Now every control designer has easy access to powerful computer packages for systems analysis and
design. Although a computer can be used to carry out the classical transform-inverse transform

methods, it is usually more efficient to be used to find ( calculate) the numerical solutions of a



PART 2 Control Theory

differential equation directly. With the development of very large scale integrated circuits ( VLSI) ,

the cost, size, and reliability of microcomputers have made it possible to use them routinely in
many systems. Computers are now so commonly used as just another component in the control
system,

Modern control theory is well suited to the above trends because its time-domain techniques and
its mathematical language ( matrices, linear vector spaces, etc. ) are ideal when dealing with a
computer. Computers are a major reason for the existence of state variable methods.

Most classical control techniques were developed for linear constant coefficient system with one
input and one output ( perhaps a few inputs and outputs). The language of classical techniques is
the Laplace or z-transform and transfer functions. When nonlinearities and time variations are
present, the very basis for these classical techniques is removed. Some successful techniques such
as phase-plane methods, describing functions, and other ad hoc methods, have been developed to
alleviate this shortcoming. However, the greatest success has been limited to low-order systems.
The state variable approach of modern control theory provides a uniform and powerful method of
representing systems of arbitrary order, linear or nonlinear, with time-varying or constant
coefficients. [t provides an ideal formulation for computer implementation and is responsible for

much of the progress in optimization theory.
The Concept of State

The concept of state occupies a central position in modern control theory. However, it appears
in many other technical and nontechnical contexts as well. In thermodynamics the equations of state
are prominently used. Binary sequential networks are normally analyzed in terms of their states. In
everyday life, monthly financial statements are commonplace. The President’s State of the Union
message is another familiar example.

In all of these examples the concept of state is essentially the same. It is a complete summary
of the status of the system at a particular point in time. Knowledge of the state at some initial time
t,, plus knowledge of the system inputs after #,, allows the determination of the state at a later time
t,. As far as the state at t, is concerned, it makes no difference how the initial state was
attained. ' Thus the state at #, constitutes a complete history of the system behavior prior to £,
insofar as that history affects future behavior. ' Knowledge of the present state allows a sharp
separation between the past and the future.

At any fixed time the state of a system can be described by the values of a set of variables x,,
called state variables. One of the state variables of a thermodynamic system is temperature and its
value can range over the continuum of real numbers R. In a binary network state variables can take
on only two discrete values, 0 or 1. Note that the state of your checking account at the end of the
month can be represented by a single number, the balance. The state of the Union can be
represented by such things as gross national product, percent unemployment, the balance of trade
deficit, ect. For the systems considered in this article the state variables may take on any scalar

value, real or complex. That is, x, € C. Although some systems require an infinite number of state
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variables, only systems which can be described by a finite number n of state variables will be
considered here. Then the state can be represented by an n component state vector x = [x, x,
x,]". Tt belongs to an n-dimensional vector space defined over the field C.

For Continuous-time systems, the state is defined for all times in some interval, for example,
a continually varying temperature or voltage. Discrete-time systems have their state defined only at
discrete times, as with the monthly financial statement or the annual State of the Union message.
Continuous-time and discrete-time systems can be discussed simultaneously by defining the times of
interest as T. For continuous-time systems T consists of the set of all real numbers te [1,, ¢ ].
For discrete-time systems T consists of a discrete set of times {t,, #,, t,, ==+, t,|. In either case
the initial time could be — o and the final time could be o in some circumstances.

The state vector x(¢) is defined only for those t € T. At any given ¢, it is simply an ordered
set of n numbers. However, the character of a system could change with time, causing the number
of required state variables (and not just the values) to change. If the dimension of the state space

varies with time, the notation 2, could be used. It is assumed here that 2 is the same n-

dimensional state space at all 1 € T.

constraint n. 5HiH, ZJH arbitrary adj. {EER
multiply v, J0If%, 544 formulation n. AR (F£ik)
stimulus  n. ¥, #HH implementation n. SEEL, AT
optimal control  F {5 il attain ». iAE|, SEHL
dominate » ZMAC, fHARM constitute v FiE, HH
package n. fil insofar as  BIXFERIBREE, £ LR
very large scale integrated circuits ( VLSI) continuum n. 4L
A KA hi e i gross national product [E R A G{H
numerical adj. ¥FH trade deficit 52 5 7R F
matrix n. 5% pl. matrices scalar adj. R, WHEN; o B,
linear vector space Z&4 % Fa %5 0] b i
ad hoc JUH:, F¢E n-dimensional adj.  n 4ERY
alleviate v, W52, 254l circumstance n. AROL, HHE

4 NOTES

[1] The transition from simple approximate models, which are easy to work with, to more

realistic models produces two effects.
M5y T4 A T BT DU Y 3] S P — 2 (O A ) % 10 A7 1 WA T )AL

[2] It provides an ideal formulation for computer implementation and is responsible for much of

~

the progress in optimization theory.
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B (BRERELS) it EALSE R GE T B A ATk, R RIS R R R
B TEEEM,

[3] As far as the state at ¢, is concerned, it makes no difference how the initial state was

attained.
i, MRBRET S, E5IHREZERLZI X,
as far as. .. be concerned B A “Hf------ 5" make no difference B “TCig---- #REA

DO (BKR)”
[4] Thus the state at t, constitutes a complete history of the system behavior prior to ¢, insofar

as that history affects future behavior.
B, ¢, BYZIEPIRAMIL T ¢, LART RGEWE SRS M s, 3B SRS — E LB A
W (RE) RREITH.

B State Equations

State Space Models

A state space model is a description in terms of a set of first-order differential equations which
are written compactly in a matrix form. This standard form has permitted the development of <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>