] 3=
2% % 2 e B B3 0 A

3.1 35

][l

ST ES RGN AL S S B RGBSR A, — HARTS & B B A
AR LAR AN 18] B9 43 B O 35 5 43 & 48 09 3l A 1k e AR S PR BE L TR B A5 2l R 4
PEBE A . 20 AR o G vh R T A AR 0 A O A = A RIS 38043 BT ¥ (Time Domain
Analysis) MR 5 7 3 (Root Locus Method) F1 4 2% i i % ( Frequency Response Method)
ANTR] B 7 25 A A TR) B4 R RS 9 R o AR B o ) o ek 42 ) AR 6 % B S8 AT 3k

I Reading Materiall

Control systems are required to have satisfactory transient and steady state responses.
These are contradictory requirements, and the final design is often a compromise between
the two. Quantitative performance measures are required to carry forward the design
process and to make comparisons between competing designs. Quantitative performance
measures of feedback control systems will enable quantification of design objectives so that
design can be carried out logically and systematically (remove fuzziness associated with
customer requirements)and enable meaningful comparisons to be made between competing
designs. The criteria for selection of performance measures include: (D design objectives
translate into simple design rules; (@ easy to analyse; @ experimentally measurable.
Design specifications for control systems normally include several time response indices for
a specified (test) reference input as well as a desired steady-state accuracy. This topic
introduces you to the time domain performance measures that are widely used by control
practitioners.

In the following activities, you will explore the relationships between the commonly
used quantitative performance measures of feedback control systems and the location of the
system transfer function poles and zeros in the s-plane. You will learn that a second order
transfer function with damping ratio £&&0. 7 has the optimum transient response, while its
natural frequency w, determines the duration of the transients. It is therefore very

desirable to accomplish such a transfer function for feedback control systems.
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AREEFEFNE

ZR G () g 17 f) P BEFE B

— By 2 G5 1 B 340 B

B R G A

15 B 2R G s S 53 A7 vk A
il 2 B8 1 e T o b

Pl R GRS R 2 W 3 b BT 5
MATLAB 78 A4 % H1 () 1

Ooodgonod

3.2 ZZEtiE A B HERE S R

R 388 3 AT 725 2 5 A I ) 35 PN 0F 9% 2R G 7 B AR B A (5 5 VR T o EL i s i 0 o s i) AR
FEREER ik . HIREE 1 3 A A X A 3l 1 R G0 i FE AR 25K L AR B S BT i Y R
Gk RE AT DL s A 4R R e M (Stability) (PRH P (Speed) FE 8 # (Accuracy) 25 45 T4 B
TR o B 343 AT 1) BEARE A T O L R B R R AE T MR RS RIS EOT L T RGBS
D5 AR e o ol FH A 35 AT L A A, DT B2 A i Ry s ol R e R 58 v BT A 3 TR 22—

I T A g ] R S EORE L AT B S AR 2R G ) R RE S

[ Terms and Concepts)

Time domain: the mathematical domain that incorporates the time response and the
description of a system in terms of time.
Time-varying system: a system for which one or more parameters may vary with

time.
1. BEIKNEMANES

WH9E R G0 1 sh A R R BEE RGEAES G S VE R L 25 440 a2 20 ] e iy Ao 119
AR AT AR 4K Y B3R G0 % A ] 7 A e R R SR R R R AR B I S5 A S
GRS R AMS S B 9. S T T A ot 48 A B e 8 — MR L
MG SEH T REWIRIRE =0 BF s RGA X 1E B TR RAE s 5 A 0E,
T BB E — e R A S S AN RGN SRR S . 2 BUX S SR A 5 R R DL =
AN I

(1) 3 B i A A 5 (0 SR P 1 52 i 22 48 T AR 9 R0 431

(2) B AMGS B — @M, B ILHC 3R 5K 17 B, DURE F 5502 40 B f S 06
5T

(3) I 35 BURE AT 28 40 T AR AE e A RIS LR A5 AAG 578 SR A SE 56 50 A (R 5.

g5 bk BEICE R SR AME S B ERAE 5 AR G M5 55 B (ML 2
&% Jkih 55 MiEZES .

D HrERfFS

B BR {5 5 (Step Signal) 7R i A o B BF (925 16, 1B 3-2-1Ca) TR . B R EE F IR
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FaWy|
A, t=0
(1) ={ (3-2-1)
0, t<<o0
AP AR—EE., 4 A=1 BRI PMNHRRES . iIEh 1. MKRES O h AR
cirn]=4 (3-2-2)

B9 B35 5J2 VP0 7% 55 3 R I7 FE 22 000 — F SOR A P . S22 o B 220
SR T 52 0 155 5 B2 T A 5 T I 46 0 2 AR M L T 9 B30 8 A6 i
G 175 2 . 101 A3 5 0 50 LA TR 9 0 504 0 0 0 03 5 S0 0 P
A R B 10 T 305 5

2) RS

REYE {5 5 (Ramp Signal) 46 i (1 FF 46 BAE 116 2 P 3K 19 £ 5 T 3-2-1(b) 7
R BRI Y

At, t>=0
() { (3-2-3)
0, t<0
XA RB—HE, 3 A=1 R NBENEEES ., SHES rORNPERAZ A
crn] =4 (3-2-4)

REEAE 5 T UBEVE =B ERAE S B A B RO S . RIS 5 WA L2 By
BRAT 5 P — AN S5 e LA I 22 G G o] XoF i EsF 8] 25 4 1) £ 5 A8t o 17 9 B . RORL A
W] Fr) 50 38 T 8 9 4 0 ST i L R4 B R G0 R R 8 A S SRR T LR ORI R S

3) I EEAE S

T E (I 26D {5 5 (Parabolic Signal) 1] LA & K27 b 00 3 40 28 ok B0 47 o5 2 Bl i
) LA 28 0 3 B R T R 3-2-1(o) it . BB KA H

JiAtZ, t =0

r(1) =4 2 (3-2-5)
10, t <0
AF A RB—HE., M A=1 RN AMNIEEES ., MEEES r(O KPRl
Lir] = Sé (3-2-6)

T AR5 7T LA AR 2 RS 5 AU A i ORI A5 5 . N {5 5 i AR (L
U AR — AN 25 2 AR 52 oz T P AR D S B e B4 AR Ak BE N3 A S PR A5 5

4) Pk fE>

Jik #h 455 (Impulse Signal) AT LUR = — >4 22 I [ B 6 19455 i 3-2-1(dD B .
B RA A

Jéa O<[<E
r(t) =< ¢ (3-2-7)
0, <08kt >e

K AR — W8 e BRI TERE. 2 e>0 B ARV BALIE PP E S 2R o). W
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3*2*1(6)}%%’&]

co, t=20
8(1)—j [

_ (3-2-8)
10, t %40
A
| s =1 (3-2-9)
(GFEAED ik b 55 oo By PG A8 e ly
LLo]= J‘X‘amew d = lim J Levg = [i e }
0 e>0 Jo € 3 S 0
TR U I ST SUCOERNUNN ) B o
flelg)lss[l (1 &5+ gye’s ” 1 (3-2-10)

SCo) Pl iR 0 ik vh 5 5 52 bR 2 TR AR AR 1 FE L R AR e RA B B L AH R E
HIE —NEHEZEWRF TR, £ TRCE Y e 28/ TR0 5 0 I 18] 5 FT, 3 Fh 2 ik o
FS LA R S i 0 (OAF S . Bk H R AE S L i I3 SR AR T LU R Bk o5 5.

5) IERA5 S

1E 3% {E 5 (Sinusoidal Signal) 4n& 3-2-1(H) i~ .

r(t) = Asinot

B RA N
(3-2-1D)
K A IR IR o IR

(1) (1) (1)
L,
0 Y 0 !
(@) (b) (©)
0 (t) ()
v |
—]—>l‘ t — 2 wt
ol ¢ 0 o ©
(d ©) ®
3-2-1 WAV AfGS

TE AR 5 T LASRAT 28 G868 A [R] 4513 4 1E 52 ok B30 A B4R 285 ) 17 o R DA 33 W 7+ K A I
SR A . (RS PR R S IR L D HL A B A 2 B B4R B A TR B R B ) I
FEAEER AT LA R IE 515 5

AL B R i A A5 2 4 ) 28 P R R il 23 14 52 B ol O D AT AR A AT AN T ) 4
PR R RE R R B AR B TR A L (R I I S A S AR A A B b A A R
ML 2 5 5y LB RF o T8 3 K FWE — b it B i A A5 20 B R G2 (9 54 IO T R e A
IEH TAEE LT B WY A G B, AR R G R AR 5 2 — 1> 5828 /Y &, JUJ B 328 B
BrERAE 55 40 2R 2R ST A S AR 52— B I e B0 B K U0 UK b £ S O Al s SR
FA G0 B A 5 T2 B N 5] 28 7 7 1 F) R KR U ROREE AR S . — Ok U 4 R AR SR
55 B LA BT R USSR SEBR AR S AR R GE R R R AR RE I AL 2R . K 3-2-1
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T 5 Bl R R A 5 R I R Ik AN A R kA

®3-2-1 HBERANES

%2 B R A sERER
B0 A BR A 1(0) 120 %
AT A A = %
7 1 £ =0 £
ALK o 50 1=0 1
ERfES Asinwt ?%ﬁ

IReading Materiall

In practice, actual input signal to the control system is quite varied and unpredictable,
and/or too complex to analyse. When carrying out mathematical analysis of linear
systems, we can consider the input magnitude to be unity without any loss of generality.
In experimental investigation of practical systems, however, the magnitude of the input
test signal should be carefully selected (depends on the particular system being tested).
Otherwise one or more components of the system may be forced to operate outside their
linear range. The linear model will not be applicable then,and the output of the system

will differ significantly from that predicted by the transfer function analysis.
2. B ik e R

WRGER AL R S5HHES Clo) Z BB fE 8 AU GG A
C(s) = G(s)RC(s) (3-2-12)
i AG SR AL R oo LB () =00 I
JR(M =clow]=1
C(s) = G(s) (3-2-13)
Ic(z‘,) =L'G) ] =gl
FEFRE T S R G AT 2 5 i R B o (O B, RERH G SRR RS
P B PR 10 R G 1) BN R e R R A I R AL G () MBI AE R g (o), [l fL 3
PRI — R AL i bR B R R A B T
X (3-2-12) W B 1% s A8 e o I ) 7 FG A% $ 1 45 AR e B ] 15
CO):gU)*ﬂﬂ::ﬁgﬁﬂ*Mt—er:J%ﬂr—ﬂ*r&ﬁh (3-2-14)

AL AE T e (o R T A N g (O SEAG S r(O BB,
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3. ZR SR 1E] i B2

H RGNS S R AR R C ), W 2R G2 Ay s ] Wi 137 e (1) &
c(t) = L'[C(] (3-2-15)
M8 1L I S5z 28 48 v (8758 53 3 20 ) 00, A7 395 520 CCo) I B — R (O BE 2 300 ARD R X
BT e (o) v —AN R[] 337 301, BV i S 2L T ¢ (o) il S v/ C Cs) 509 7 7 A a5 9 6F 97 1) EF ] g
NI Ga SR LR 416 o AN TR AR s BT X 1 A 42 Zh B A AN 3k 3-2-2 iR,

®3-2-2 MESEHES

R R iE 3, &
SERCERAR S o ke”
m HSLH R o (B Ryttt b, e
— Xt ZE A oo ke’ sin(awt 4 ¢)
m BB S o+ e [k sin(wt + ¢1) ks tsinCwt + ¢,) -+ £, sin(wt + ¢, ]

HRENMAGSZ RG) AL REUE GG MEW R ZM T A
C()=G(HR(s)

AU i R A 5 P PG A 4 X014 AR R v A 338 R BT R T i A 5 R E A 4 ) A 2
(o 38 R A% 3of PR B AT X N 1) 3 B A S BR N X R BRI A H B S A A R A SRR R i
1% 33 RBCE Ay R B S BIR . R A MBS S A S e SRl ES
(PR TG 5E . 15 32 R R0 25 05 T AR TE B ShASEAS o (E 8 T 50 5 M) 45 A5 245 7 W) g+ BT o5 19 L
151 AL ks, 5 i i) o 7 B JHG i 2R 0K

Z2 5 1 18] i 5 o, 55 0 38 o SO e X I 14 ] i 8 43 R B B CED 840 . S A
5 W A X 7 R s T ) 7 e R R RS A

R 8 5027 v L PG A e A1) A o0 1 IO R R o T M S R R R S R SR R R B
P RGN AMES SR, % T R G HZH A G S W0 S8 RS ARG SR
3 W0 17 o 5 T 2R G0 X2 A AR 5 R B B A3 B B R e e A ke . T
— A F G0 BT [ BRI 7 BPLAE vfr R7 R BASE Ak 3 me  , BUEE  TE — A gk vl o oy
ol B3 R 5 A A

IReading Materiall

Poles are the set of values of s that make the value of the transfer function infinity.
Zeros are the set of values of s that make the value of the transfer function zero. The
characteristics of poles and zeros of a transfer function can be described as the following.

(1) Poles are those values of s that make the transfer function infinity.

(2) The equation obtained by equating denominator of the transfer function to zero is
referred to as the characteristic equation.

(3) Poles are the roots of the characteristic equation.

(4) Zeros are those values of s that make the transfer function zero.

(5) Zeros are the roots of the equation obtained by equating the numerator of the
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transfer function to zero.
(6) Poles play much more important role than zeros in determining the system

dynamics.
4. &AL 5 78 2500 5

RGAE NG OVE T Hof H B s 18] 28 Ak 04 3 B2k O 2R G 10 IF 1 o 7 o A AR —
2 61 28 G0 1 i [va) o 17 60 E A 25 ) 7 R 2 i 1 R RS A 4 B

D BRS R

5% 25 A b7 ( Transient Response) MFR Ay i I i B 58 sh 245 ) B . J= 48 R S 7e f Al i A M5 5
YERITR » R Gkt A AT) bR 285 38 e 2R A 00 o 107 o A o |y 1 S8 B 2R 8 HAT 1B P B 452 DL I
HoAb 5 R Ge i s A AT RE G 2 I A = WAL, R R G S5 S EGE B IE DL, 30
A BRI N =W KBS FEREGIEA ., B, Dl DL brsirmiER 2. Kah &
RO AT S DY) 4 ) T U R AR FRE 1Y . S AN N B TR R R e MR AE B A
I AT DL A e 7 R K BHLJE 1 0 A5 A . X S BT 3l A I RE R A A

2) KA i

Fa A Wi N (Steady-State Response) MFRFaA it #2248 RETEM A AFSIEMNT .Y
] TR Rac i mR R =L, BRIERSG MmN B R A E W m A &R, i
HRFEARBDRENFL . WIS BoF, R B R T I095 Kt A #F ARRE SR AT
TR R R T S L P AE TR H e M A A S A S — B (] B Bl A 0t
AR BT ) s B T R R S AR e An . MR X BRI Z 5 A RGN T H

I Reading Materiall

The time response of a control system is usually divided into two parts: transient
response and steady-state response. If a time response is denoted by ¢ (#), then the
transient response and steady-state response may be denoted by ¢, (¢) and ¢, (¢). The
steady-state response is simply the fixed response when time reaches infinity, i.e. ,

ce (1) :}imc‘(t>

Therefore, a sine wave is considered as steady-state response because its behavior is
fixed as time approaches infinity.

Transient response is defined as the part of the response that goes to zeros as time
becomes large. Therefore,c (1) has the property of

[lim(‘l (t)=0

The transient response of a control system is of importance, since it is a part of the
dynamic behavior of the system; and the difference between the response and the input or
the desired response, before the steady state is reached, must be closely watched. If the
steady-state response of the output does not agree with the steady state of the reference

exactly, the system is said to have a steady-state error.
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5. BiSMEREIEIR SRS EREIEIR

TEVE 22 SEBRAE 0 b 45 1) 28 490 BT 5 2 09 Pk R 46 A i LA B Sal 20 A T A 30 L BRIV 5 1
LB BRAT 5 AE R HRAE 5 R TS AE i) TR Bl 0 B S AR S g MERE . R D AL B BR A 5
LA By o T L BRAR 5 % 28 58 R U 2 A5 ™ IR 1) AR WER RGEAE W BRAE SR T W
PEBETE b BE W 2 2R IR 4 RGEAE HAWE i A G 5 T HoAE BB HE br — Bt vl i /225K .

D) BEASYEREFE bR

TR TR E 19 R GEAE BAAL B BRAT 5 1F T T 1 285 ok 5 Bl B 1) 7% 7228 £k R 20 09 46 A o Bk A 2 25
PERETE FR (Transient Performance Specifications) , 3-2-2 Z5 Y T R R SR Y B Y BR )
N7 T4 AR AR R 8 AT BEAS PERE TR bR

c(t)
_____ Vi
a%f /T\ﬁm% N “ 005
1 ! I
09 ——— , : \/I, 0.02
I I I
I | !
0.5F—-4 1 [ !
(| | !
[ | |
[ | :
ol | | 1 )
o =l 2

Pl 3-2-2 AR AR G RO BRI BR ) 7 o £

(1) BEJFISIE 2, (Rise Time) : &0 W7 fHh £ N ZE I 20 IF 4R 27 — U b T B0 A8 250 BT i 22 110
FF ) b AT L4 i 1 il 2 AR S (B 10 %0 b T RIS AE 1 90 26 T 75 B2 (1 i [R]

(2) WEABLIN [H] 2, (Peak Time) . #i5 Wi 5 il 2 A2 ik 20 T 46 338 585 — > W AR 19 1 1]

(3) W 6% (Percentage Overshoot) : 45 i i ff & 19 & I8 (8 5 Fa S H =2 22 FiAE %)
S Z ey | 534 B

o _ () —c(e2)
0%t c(o0)

A A GE i LB AR A W) IR A e R A e PR R O R L T R A

(4) JEATIS] 2, (Setting Time) « 4§ W B [ 2k I 20 IF 4 20380 IR EFEFR S £5 %
8 2 0/ Y0 L A I 014 L I ] o 84 I TR SR Sy ok 9 o R I ]

(5) PRG UKL N EIRIBEI ] 2. P o 7 il 2 9 35 R

bR SE R AR IR T WA N A L Sk T RS S APERE . b, BRI 4 U
I I ¢, 357 SR AE 28 G0 WE 15400 4 B F) PR 5 98119 IR 1) 20 37 R 40 o 98 e o 9 5 2 k(] A
SR BT RGP s e R A o 00 ST R G B A e AR AT AR L B R O R
71 S R RO -5 SO B I )RR R A B ) A R L X R AT LT
JE Y DRI A6 25 H BT P AR

x 100% (3-2-16)

[ Terms and Conceptsl

Test input signal: an input signal used as a standard test of a system’s ability to
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respond adequately.

Performance index: a quantitative measure of the performance of a system.

Overshoot: the amount by which the system output response processed beyond the
desired response.

Peak time: the time for a system to respond to a step input and rise to a peak
response.

Rise time: the time for a system to respond to a step input and attain are sponse equal
to a percentage of the magnitude of the input.

Setting time: the time required for the system output to settle within a certain

percentage of the input amplitude.

2) FEATERER bR

2w N B Bl F IR TR R R, REH ARSI, AR 2% (Steady-State Error) /&
KRGS —FEaEss bR . HE XH
e, = lirp[r(t) —c(t)] = lirﬁe(t) (3-2-17)
TSR = R R GRS B T T I06E J1 A — Fh B i, B R G B B R R A
2.

3.3 —MESZHRIESH

M= TR R R LR — B RE. — B REEER TREB N Z.—
S AR S MR B R S8 (A RC 2% L A AL L 23 A0 A e L W0 458 1) % e 45O AT — B R
GURFIE . AL m B ARG RRAE LB R — B 2 S8R R AE R I DL R A

[ Terms and Conceptsl

The order of a system is defined as the degree of its characteristic polynomial. A first-

order system is represented by a first-order differential equation.

3.3.1 —KMRGHHFHEIAMENE
MNP 3-3-1 iR RC UEBEHLBE N — B R 40 KB

RC d“df) +e() = r (D (3-3-1)
3% L 3% B ) BE S R BT, — B R G AR 3 R R .
N _Ck) 1 Y
GO =R = T+l (3-3-2)
KL T=RC KM HEE,. ¢ EEFEEERETEREsR, O CIC@
BT 2GS PSR, T N, R G R,

— B RG24 B e R b2 =X an i 3-3-2(a) FE 3-3-2(b) 3-3-1 RC J P e B
FE7R .
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N

R(s) Es) [ 1] C6) . ] .
* Ts Tt
(2) FA R IstesE A & (b) —kr ARG FEIL &

K 3-3-2 —Br RELSEHE
3.3.2  — i F Gt B 52 5L B BX Mo K
6 B AR B S B RCo) — 1/ B 5 A
C() = G(OR() = —+ L 1 T (3-3-3)

Ts+1 s s Ts 41
B CCs) By hr B AR 1, 15

() =C.+C,=1—eT =0 (3-3-4)
B 3-3-H T IFEW .
(1) = WA o % 2B AR R 1,
(2) C.RRNRRS A& EMELRERHEAGSHIEIE: CRNESS®,
(3) LW 2R 0 — A B, S =T i, e () BIEEZE T 0. 632, BIWA R ¢ (2) 3k
BT H B 63.2% .
(4) 2 SO Y 2R B 8] 5 850 T /0N o 52 495 1 i g B pRe
TN A AT B FR G A SR B BR AR S A AR AR AR

1. BAFRE ¢ e

Bl 3-3-3 4 —Mr Ry sfrm i fhsk, 24 =T !
B 4 50m i 2 K 0 B T B AR E B Y 63. 2005 Y
t=2T W 850 7 fth 28 -7 2R e ) 86. 5% 4
t=3T4T.5T W}, M 4 5 - It 2 Fa e (E 1 957,
98. 2001 99.3% . H—MHL t.=B~DT, N

L _%%

|_865%

2. EREBIREHEK |

0 }’ 2T 3T
— Wi 2R G L B R e 10 Ay Sl 3 e B S B G2 T
yﬁ%\%ﬁﬂaﬂﬁ_()o

Bl 3-3-3  — B R G S B BR
i 7 i £
3. BEIRE e

T c(O R H 1, T R GTE R R A RS R 25 R
3.3.3 —Mr £ S By 5B L Bk b ) B2

B K 0P AR S R B R AR O 1 i LA GE R i i
1

C(s) = G(s)R(s) = T 11

(3-3-5)
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(1) = %e =0 (3-3-6)

— 9 2R 00 2 i T 97 R — SR T I 0 4 B 2
WP 3-3-4 PR, HBLBKEE N (=0 WA T 1/T. &5
SRRV AE £ =0 I B0 AL R S, S5 B B4 i ok e
I B3 9 R D O £ 5 T B S 9 R ) O A% B 3 K
WAL BRI A48 o A 405 SR e — 0 I T B o7 B R £ 4 D
N T AR e G

iT C()

Clty=7e 120

B 3-3-4  — B KRG 0Y k ob

3.3.4 —Wr R %Y B (L R 35 Nl B o 1 140 2
BAREES r(O=t WHRZ#H I RO=1/s, T LA RZE Wi H A
CH =G Rp=-L L _1 T, T (3-3-7)

Ts+1 &° s s Ts +1
P G R ey
() =C,+Co=0U—T) +TeT =0 (3-3-8)
X RASE Co=t— T, R —A 5 B0 R A5 5 R [ B RS T A R ok 5L
B4 Co=Te THIEHMABEMEE.

Ak
) 1

- C,= TeT (3-3-9)

o B 7 Bl — B 2R 5 0 R R A 122

r e = }irg[r(t) — ()]
3 - [Iir?T(l—e*’lL‘): T (3-3-10)
a4 B 5 503 60 2SR 325k — 28 25 4 1 )
0 T T T N BRI R T AN O R R e L B R 25
Waas mammy WS R TR A S0 R e
W 7 i 2 A7 ARk 33k i 17 3R 2 B 57 B B e 7 ) AR 3. 8] 3-3-5 — iy

255 B BT A T
3.3.5 — v & % B9 B {5 N 33 FE i) Kz

SR (55 r (0 =10 BRI Bl RGO =1/5° 7 BLR S MY 1

N e N 1 1_1_ T 170 T La
C(s) = G(s)R(s) = i1y v . + ; 1 (3-3-11)
HPr [ A Ny
() = C.+C, = %tz ST AT —e Ty =0 (3-3-12)
S|

() =r(t) —c(t) =Tt —T?(1—eT) (3-3-13)
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BT LA — B 22 G5 049 0 3ok i b7 e A 18 22 0
e = lim[r() —c@] = limTr — T° (1 — eT)=co (3-3-14)
XAk B R X T — B RGO U A B S BT e B A A S R
Fo g — B R Ge %t 3R A5 5 A0 e R T LA B ik o R A R R R AR 3 e N 2 ]
EAER B XTI O R . X LB, R G0 0 3P 5 A MG 5 800 i B 25 F X 5 A S 5 0 7 1)
SHG K2 RGN A SR B R S T RS AE SR R X R LR
HEFAREN P EE/FME. EAMMGERT-MEEEW 245 . WEHATRMEEEE R
G, PRI 78 5 T 4B R 32 EEAE 5T 2R G0 Y B R 1
(5] 3-3-1 CHARSGEHEME 3-3-6 i, i, G(s) =

T AE 2 N R ER R 0.1 A% HOBHCR AR R Ko K

K0

10

m7j]l]£ KO ’KII H:

R(s)

3-3-6 RGEHEME

7. IREE,EM AR RS 17 =0.1X0.2=0.02, HFFHH25H 10,

10
N G(s) _ 0.2s+1
=Ko g Gy~ Ko | 10K,
0.2s+1
B 10K, 10K, /(0 + 10K,)
0.2s+ 1+ 10K, 0.2
1+10KH“+1
__ 02 _
N T=1770k, =002 gy K00
; ST
el 10K, ETEN K, =
110K,

3.4 Z—MEBRSEHIEE ST

R R G I8 30 07 B B o O B wE A SR R GE R RRAE T R s B0 AR i B
R W MZ R G B &% . Bl RLC M4 MR R G0 &R sh R4 .

[ Terms and Conceptsl

The second-order system is described by second-order differential equations. Second-
order systems are important because their behavior is very different from first-order
systems and may exhibit feature such as oscillatory response, or overshoot. Moreover,
their analysis generally is helpful to form basis for the understanding of analysis and design

techniques.
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[ Terms and Conceptsl

Critical damping: The case where damping is on the boundary between underdamping
and overdamping.
Damp ratio: A measure of damping. A dimensionless number for the second-order

characteristic equation.
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IReading Materiall

Under certain circumstances, a higher order transfer function maybe approximated to
a lower order transfer function. This approximation is based on the concept of dominant
poles. We will use numerical examples to illustrate this concept.

Firstly,by mapping the poles and zeros of the system transfer function in the complex
s-plane, we can draw useful conclusions about the transient behavior of a dynamic system.
Each negative real pole of the transfer function will contribute an exponentially decaying
transient term. If any positive real pole is present, it gives rise to an exponentially
increasing term thereby rendering the system unstable. Complex poles, if present, always
occur in conjugate pairs. Each complex pole pair gives rise to an exponentially decaying
sinusoidal waveform if the real part of the poles is negative. An exponentially increasing
sinusoidal waveform would result if the real part of the complex pole pair is positive
(unstable response). Whether a particular high order transfer function can be
approximated or not by a lower order transfer function depends on the pole-zero
distribution in the s-plane.

If a single negative real pole is distinctly closer to the imaginary axis, and all other
poles and zeros are at least six times further away into the negative half of the s-plane,
then the system can be approximated by a first order transfer function having the above
nearest pole as its pole. If instead of a real pole, a pair of complex poles are distinctly near
the imaginary axis, then the system can be approximated by a second order transfer

function(complex time lag) having the above two complex poles as its poles. If a pole of a
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transfer function is very near a zero of the same transfer function, then they cancel one

another. They can be disregard in analysing the transient response.

3.6 IEHERERFHNEEHESH

TEFE T 2R GE R 73 BT 5 v o fi B B8 Y () 2 2% 8 A0 AR P 1) A, B R AR IE R SR RE S IE
AT E A B RGEAE I IRB AT, S22 B AN R SN i — 2 X 2L 4 3h 4] £ 2k
FIREIR A 3 RS B AL A PRI 45 1 B0 g 28 25, R 2 folf 0 47 o] O 2 ok 0~ Al T A
AR IR o) B4 RS M A HE . DRI AN AR B R R JCHE IE W TAE R . infuf 73 A 2R e A A3
SE P B DR IE 2R GRS ORI - AIEAR T A sh P S A AL IS 22—

I Reading Materiall

When the analysis and design of control systems are considered, stability is of utmost
importance, From a practical point of view an unstable system is of little value. In
practical operation, almost all control systems are subject to extraneous or inherent
disturbances, such as fluctuation of load or power source, variation of system parameters
or circumstance.

Many physical systems are inherently open loop unstable. Introducing feedback is
useful to stabilize the unstable plant and then adjust the transient performance with an
appropriate controller. For open-loop stable plants feedback is still used to improve the
system performance.

(1) When considering the design and analysis of feedback control system, stability is
of utmost important.

(2) A stable system is defined as a system with a bounded(limited) system response.

Or: a stable system is a dynamic system with a bounded response and to a bounded
input(Bounded Input Bounded Output, BIBO).

(3) The concept of stability can be illustrated by considering a right circular cone

placed on a plane horizontal surface,see Fig. 3-6-1.

Absolute stable Netrual Unstable

Fig. 3-6-1 The concept of stability

(4) The location in the s-plane of the poles of a system indicates the resulting
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transient response.
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[ Terms and Conceptsl

In a mathematical manner, the definition of stability may be stated: if the zero-input

of the linear time-invariant system, subject to nonzero initial condition, approaches zeros
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as time approaches infinity,i. e. ,
}imc(t) =0
then the system is said to be stable; otherwise the system is unstable.
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[ Terms and Conceptsl

A necessary and sufficient condition for a feedback system to be stale is that all the
poles of the system transfer function have negative real parts.

The closed-loop poles close to imaginary axis dominate those father away, and in
many cases the response may be approximated by the response of the closed-loop poles closest

to the imaginary axis. Fig. 3-6-3 is the good region of the close-loop poles in s-plane.

3.6.2 R#BIBEEHIE

P DL E S8 AT A 45 ) 2R GRS E 1 T8 AR AR LR AR T R AR B B A S L
T ARG RRE M LR I R GRHE T R R R S B TR A A A IR, (HE
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Fig. 3-6-3 The good region of the close-loop poles in s-plane
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[ Terms and Concepts]

Routh-Hurwitz Stability Criterion will enable us to find out whether a feedback
control system is stable or not from its characteristic function, 1+ G(s) H(s), without
having to actually factories the characteristic function. Routh-Hurwitz method is based on
ordering the coefficients of the characteristic equation into an array as follows.

When we construct Routh’s Array,four distinct cases arise.

Case 1: No elements of the first column is zero.

Case 2: Zero in the 1st column while some other elements of the row containing the
ZEero are nonzero.

Case 3: Zero in the 1st column and other elements of the row containing the zero are
also zero.

Case 4: Characteristic equation has repeated roots on the jw axis.
1. SHIREH

55 Wi A% € HI 45 (Routh’s Stability Criterion) F] FHARAE J5 4 1 45 01 & Btk A7 0 40E 55 . 15
Hh A AR AR LA B S 0 A5 L DA R 0 01 R G R S AR AR
WERE R GE R FRAEJT T2
as"+a, 5"+t asta =0 (3-6-5)
RGTE ML R R E T BRI A TR B HIE, B @, >0 =0,1,2,,n) . HRYEH
TN ARV R GRS E PRI T 2 e A6 A R R 7 R ) RECR AR T 8 A LA
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(6l 3-6-41  C M ARG R AL T5 12 0

s+ st 45 + 245" +35+63=0
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fi& . 5 55 W4 R
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5! 1 24 63
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A(s)=21s"+63=0

5! 0 0 0 il B 7 SR
A(s)=42s=0

M ERF T AT A, TR " s AT 5" AT 9 2% 00 R K0 A B
Tife AG) . MCATBI T REXT s SR 42 AU AT B SR — > R 80 W 57 0 [ 51 R A8

s 1 4 3
st 1 24 63
s —20 —60

s 21 63 0
5! 42 0
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A 0] L 58— B0 PR AT 5 AR Ak . TR A RS S Ok IE AR AE s S 1T A 2 S T, B

ARG REAFER . BN, By R
A(s)=21s*+63=0

R s =) B30 XEAIPIER, NX — Sk E RGE W EAREN .

Y b AT 32 A 55 B0 L N ACRT DL 2 3R 4 02 5 R 38 AT LA R OK 40 B R 48 S 80 AR
Al B P 7 AR A R W, DA 25 i R SRR i S EGIE L .

(6] 3-6-51 CHARGHEMEWME 3-6-4 ffin, M 6=0.2 0, w,=86.6, KHfiE K
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R(s) E(s) @y C(s)
Q1 s+2¢)

X
S

B 3-6-4 RGEZEWIA

. “(s+K
G(s):%
PR A% ik R B
$(s)—— P (s 2€w,) ‘
S 28w, s twis T Ko
FRAETT R R

$ 426w, s" + ol s+ Kot =0
¥ £=0. 2,0, =86. 6 {0 AFFAF 7 F2 . 15
s*+34. 65*+75005s+7500K=0
H RRAE 7 72 51 57 1 4 371 3%

st 1 7500 0
5 34.6 7500K

5! (34.6X7500—7500K)/34.6

s 7500K

BE RGEADE » I
>0

J34. 6X7500—7500K
34.6

17500K>O
fifp A
0<<K<{34.6
FEZRGE 0 73 B v 57 1 3 T DUAR 0 28 48 1 Al T R 10 28 O W E A% 8 O RGO 1k [ IF i
REHA A2 S5t 2 GE A E I T PR 08 4 s Se S RO BUE VS R . B BOF A RESR R R G2 A
AW B A I R L RIS E S A AR AR AR E PR Y U7 i R AR

[ Terms and Conceptsl

Routh-Hurwitz criterion: A criterion for determining the stability of a system by
examining the characteristic equation of the transfer function. The criterion states that the
number of roots of the characteristic equation with positive real parts is equal to the

number of change of sign of the coefficients in the first column of the Routh array.

2. FRHEHHIR
AR 424 145 (Flurwitz Criterion) s J2 AR 45 0E 77 8 10 2 5OR 203 R 6 (0B . 1%
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LVE RGN RE TR
a,s" ta, 15" e tasta, =0
PIARAIE 77 78 2 A 45 200 3 502 B an 1 479 5K

a,— a, 0 0 0 0
A,5 Apy Ay a, 0 0
A, = |a, 5 any An3 Ans Ap a, (3-6-6)
ay—7 Ay—6 dAy—5 Ay—y Ay—3 dy—2
a”

/R 4E 2% FIHE TR 1 RGEFE MR E R BRI X HEBUY 50 A G=1,
Zyeee 77171)jﬁj(:j:2::a EI]

A =a, 1 >0
Ay—1 a,
Az - > 0
ay—3 dy—2 (3-6-7)

A, >0
(5] 3-6-61 %1 RS HYFEE 2R
3s* +10s* +555+s+2=0
T b 7K 4 2% ) 4 ) W 2 6 0 R
. RGN

10 3 0 O
1 5 10 3
A4:
0 2 1 5
0 0 0 2
10 3
Azz
1 5
10 3 0
Ay =1 5 10=—153<C0
0 2 1

PR bR 2R 4E 2% I 4 P Z R GEATRE .
I Reading Materiall

Once the block diagrams of control systems are developed, the next step is to carry
out analysis. There are two types of analysis: quantitative and qualitative. In quantitative
analysis, we are interested in the exact response of control systems due to a specific
excitation. In qualitative analysis. we are interested in general properties of control
systems. We discuss first the former and then the latter.

Control systems are inherently time-domain systems, so the introduced specifications

are natural and have simple physical interpretation. For example, in pointing a telescope at
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a star, the steady-state performance (accuracy)is the main concern; the specifications on
the rise time, overshoot, and settling time are not critical. However, in aiming missiles at
an aircraft, both accuracy and speed of response are important. In the design of an
aircraft, the specification is often given as shown in Fig. 3-6-5. It is required that the step
response of the system be confined to the region shown. This region is obtained by a
compromise between the comfort or physical limitations of the pilot and the
maneuverability of the aircraft. In the design of an elevator, any appreciable overshoot is

undesirable. Different applications have different specifications.
WO/yx

12F y%

1.0 y

7

0 ‘W»ﬂﬂ”“l t
7,

Fig. 3-6-5 Allowable step response

A system is said to be sluggish if its rise time and settling time are large. If a system
is designed for a fast response, or to have a small rise time and a small settling time, then
the system may exhibit a large overshoot, as can been see from Fig. 3-6-5. Thus, the
requirements on the rise time and overshoot are often conflicting and must be reached by
compromise.

The steady-state response of G,(s)depends only on a number of coefficients of G,(s) .,
thus the steady-state performance can easily be incorporated into the design. The transient
response of G,(s) depends on both its poles and zeros. Except for some special cases, no
simple relationship exists between the specifications and pole-zero locations. Therefore,
designing a control system to meet transient specifications is not as simple as designing one

to meet steady-state specifications.

3.7 BFHRAZRTRENTWRITE

A ) 25 9 IRF ] o 137 ) R RT LA I 285 o O RO AR A5 B 3R . RGE AR S B R B R 5
EEE%?*?E‘J o B A L S P S (55 B RE T AR A R 22 ok Al ik . AR AR 2 TG ] T
R RE 28 Y 1) i At -5 ) 2R G0 N R AR ARG BE B — A R A o B AN TR RS
ﬁ"é%ﬁ‘]%ﬁﬁ%ﬁ‘ TERGERY 0 e A AR A R 22 — TUE B A PR RE 6 A B S o Ar
AN RABC T 5 TR A A% b A% ShATLAR A 18] BT B8 45 25 TR 38 A O, > 1B L i 2 ey ek
WREMMRSRENHEZ FEABTABINEEHRZ N, AEEEIHEH TREAR T
A H i AR5 I 0 S BOAME TS IR B s R IR S R 22
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[ Terms and Conceptsl

Disturbance signal: An unwanted input signal that affects the system’s output signal.

Error signal: The difference between the desired output and the actual output.

Steady-state error: The error when the time period is large and the transient response
has decayed, leaving the continuous response.

System sensitivity: The ratio of the change in the system transfer function to the
change of a process transfer function(or parameter)for a small incremental change.

As a function of the time, the error signal consists of two parts: The transient
component and the steady-state component. Since the steady-state error is meaningful only
for the stable systems, the transient component must approach zero as time approaches
infinite. Hence, the steady-state error of a feedback control system is defined as the error

when time approaches infinity.

3.7.1 BERENENX

R YT 1% 2 (Steady-State Error) B 48 EFE 54T (BIX T A8 E RGO M AMA 5
28 5k R B A I T I 25 e 7 2 2 U ) A /N I RS R 7 ) 40 BRI 5 S PR B 2 ) Y R
25Uk e R FIRIRAS R HD
e = }irg}e(t) (3-7-D)
RGN iR 22
e(t) = yo (1) — y() (3-7-2)
Horbr, v (o s Hh 92 BRAH o (O 2678 iy 1 1 B21EL
WA HC) =1, % th i iy 0B i A it (o W% 52 22 B0
e(r) = x(t) — y(1) (3-7-3)
M HG)AL B2 OF y @O BEHA 58 A A A i 49, I A RER X (3-7-3) . T 5E i
iRz N
e(t) = =) —b() (3-7-4)
RN
E(s) = X(s) —B(s) = X(s) —H@Y(s) = X(s) — H()G(sHE(s)  (3-7-3)
Hp

X(s)
14+ H(s)G(s)

R P71 AE e (Y 24 52 P (Final-Value Theorem) , 0] D15 £ 52 A5 15 22 19 £k X

L T X (s)
ew = lime() = limsE(s) = lim 7S

KG-7-DEW ZAGERESIRLERIETRAGS XOWIER L RIFAIAE 8 RE HHG) 1455
. ST —NEENESRG . YRGS X IER 0 E N, R G277 70 Fa 515 2% 5 i
PeFIFIL B R H(H G TR 1 R 54 . PR, 32 B il R 40 R R TR i A5 5
(I RE J1 R AT RGBT,

E(s) = (3-7-6)

(3-7-7)
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(6 3-7-13 55 B K05t 2 52 0 JF A% 36 pR R
K(0.5s+1)
sG+HD2s+1D)

G(s)=
7 X T B R A B RS IR 22
. MM RGERFRIETT B
A(s)=25"+35*+(1+0.5K)s +K=0
T B R 4E 2247 5 Ak
3 K
2 1+0.5K
ARG FE M LB SRR D, >0, B} 0<K<6.

HF R(s)=1/s", iR Z RN
(s+1D)(25+1) 1

B =8 ORO= it D+ +0. 50K " ¥

HIL, 78 0<<K<6 MIEM T . famiRE R

Dg

1
K

e =limsE(s) =
s—>0

3.7.2 RHXRBEERTIRE
ARG T A5 338 PR B (Open-Loop Transfer Function) 4

K] Gs+D
H()G(Gs) = —1————— n>=m (3-7-8)
s (Tis + D
i=1

Hrp K RS0 #1 25 (Open-Loop Gain); 7; 1 T, Rt [E] % 0 (Time Constant); v i
FE A% 326 PR BCHE s 1 10 A8 A D b B8 B8 i A 250, B I 34 A% 38 ok 250 o B A R A3 B 15 S 4
H TR AR 2E S RSB OC R AT LIHLE T B AL 28 pR B 20 PR 1 R FUE R R G
KR RGRIWT

(D) v=0FR 0 BRIRGE , B EFRAALEZRYG .

(2) v=1 %N I BURGE, SH N — B 2R

() v=2F N I ARG, HEW N B L2 RS

D) v=>2. BRE GRS 1B YRS, kb FARMEM Z A2 I LX Fh 2B R 40
TEFE ) TR b — O 236l 3 L 78 O R TE .

4

Il s +D

Hi ()G () = F— (3-7-9)
Il Ts+D
i=1

Ms—>0 B, H Hy ()G (5)—1, W= (3-7-9 LN

LU

HGo = BH, (06,0 = K (3-7-10)
S



F3E HKMERFEREESH \113/

XEER GRS IR A A A R RN
lim[ 577 X (s)]
T . N o T SX(S) . 5>0 _7_
e = lImsE () = lim 12 s = e (3-7-1D
s—>0
RGB-7T-TDEWP . FaRIRE e SRG MM RG M HE 25 LA Kb ARAVA &, Ny
TS B RS 5 R E S AN S S R S iR 22
3.7.3 AEWNESTHRDREITE
1. BRI
A=A ult),AREE, ) XO=A/s, I ZREHBEIRER
en = lim—X& A A (3-7-12)

I+ HMOGG)  1+1ImHG()GG)  1+K,
s—0
XL, K,=limH(s)G(s) =lim5ﬂﬂyﬁ§%7§{jﬁi§e£§§&(5tatic Position Error Constant), K,
>0 s>0 S

RN RGEAE T R A T IR SR E ., K, 8K, e SL8/N, rLAul K, Rt T RE0 R
EROT R A B RE ST . A RS R RGBS E IR 2ZE R BN
K, = {K’ v (3-7-13)

co, wv>1

MNTIT A5 3] 25 Fh 25 B R G RR S IR 22 0

JL _ 4
en =41 TK (3-7-14)
oo, v>1

XGB-7T-1OXWP . HT 0 WAGEPEARSIH T EXNH KRG A MRS RE N —EHE,
REMKNGREN TR RKEZE K . K R, aSiRESN, SFERRGEALU.
WHERFAAERSREN . EBARFBE M E ISR, AT BIRRS R, TR E &M
VBRI N R RGE W I IR R R A E R R B Bk AEH P A AERERZE,
sz T BlalmF 1 B RS,

2. BI@N

L ax)=A 1, ANEE M X(O=A/s WRGENRSIRERN

o —lim X A
T e LR HGOGG) —o0 s +sH (s)G(s)
A A .
ClimsH(DGG) K, (3-7-15)
s—>0
K

XL K, =limsH(s)G(s) = — N FH A 3 E % 25 & $(Static Velocity Error Constant) , K,
s>0

RN W R GEAE R A T MR SRR . Ko B, e 0B/, BF LA K, R T R GE R
ER AR A RE ST . A5 P T R G i A R R 25 R BN
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0, v=20
K, =<K, v=1 (3-7-16)
o, v=2
M A 2 45 Fh A R G R 1R 22
oo, =20
e = 4_ WEL, v=1 (3-7-17)
K
0, v_>=2

HG-T-1D R AR AT .0 WAZMRSREZE oo, AR EE. 1
TR GE A A5 I BE B R R AL AR A — B AR A R 22 HR 22 S5 IR OR R 8 K iR
oo O TR SR ZE AR HUEE . 0T DI R RGN K (H. fERAN, RS0 &R 5 W
NG5 B AR — 3 A AHRTE e B LBV R e H — a1 REE T B RSEW
TR 22 B E VRS I S REME R BREZ R A5 5 PRI 0 T B R A 2 R GE Y
TSR N —EHBONE RGN R TR 3R .

3. hniEEHA

4 I(t):%AtZ AL XD =A/s RS MR A B2 K

o= lim— X A
w0 14+ H(s)G(s) 0 52+ s H(s)G(s)
_ A _A o
T limy H()HG(s) K, (3-7-18)
K

AF,K, =lims*H (s) G (s) = — J & & i 3 % 22 & 0 (Static Acceleration Error
s>0

Constant) » K, fR /NS B 58 G016 0 JEE iy AT RO RS S HE BE . K, MR e BB/ BT L33
K, FeWe T A GBI i A B BE 1. 4% b 2 B 2R G0 1) e A I R R 2 R Ak

0, v=20,1
K, =<K, v=2 (3-7-19)
IOO, v >3
AT 75 B 45 Fp R R GRS R 22 N
o) v=0,1
e = %:”‘%iﬁt, v =2 (3-7-20)
0, v >3

F(3-7-20) KB LR B Fy AVEJH R .0 BURT T B R G i RS 1R 22 g oo, BRI 0 Y
1 RRGEAREREE M ERMAGS . HA | B RGREMRER , MR 2 —E (], Hik
ZEIFIHHMOR R B . M T MRS RIS R E N F . [HE I 20 RERE
D) L A DR X
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SCRI AR Bl g A5 RS A 1R 25

E(s) = R(s) — B(s) =— H(s)C(s) (3-7-22)
T b B 2R 48 09 i s A
N Gz(\) 5 7
CO =1 e e mamO N (3-7-23)
Jr A
N G, (s)H(s) N — N ! s
E(s) = 1JFGI(S)GZ(*\\)PI(S)N(.S) o (s) + N(s) (3-7-24)
o, ()= — eSO e i AR I R SR 5 (B R UL . R
*Pen B 116G, ()G, () H(s)’ e °
F RS IREN
e o sG, (s)H(s) N L
o = /h)rge(t) = 11r£1 15606 (0 H® N(s) (3-7-25)
%lirglGl(s)Gg(s)H(s)>>1 W, 2 (3-7-25) Al E R R
_ . sN@ e
Con = hr(r)l e (3-7-26)

M -7-26) AT L B E S AT " AR AR IR 2 e BR T 5 PLENE 5 BB XA K
b 38 5 B E TR Z F A% 38 pR B (BN 280 A G B 5 0 3h 7 F R 2 J5 i A% 34 s B OTE G

3.7.5 BVREBRENFZE

PRI B9 398 AT 0 SR LR i it T LS AR e AR AR L

(1) R ARG IR 1 sl e 30 G 22 B0 28 48 19 i 1) 3 30 46 4+ (ELHE i R KT RES TS
RGRENE T .

(2) A6 Z GE Y i 1) 10 18 w32 5 0583 18 35 B A3 B AR 2 R 1Y T LI BR 28 9 A6 4 i A (S
MR E PSR T AR A iR 22

(3D 2R FH A3 B 2 il 40 ) P4 [0 6 2 80

(4 RAE AW T

IReading Materiall

What is meant by stability of a dynamic system? A stable system is a dynamic system
with a bounded response to a bounded input. How do we find out whether a system is
stable or not? The stability of a linear dynamic system is directly related to the location of
the poles of system transfer function in the complex s-plane. For stability, all poles of
system transfer function must lie in the left half of the complex s-plane.

As we have seen in chapter 1, introduction of the negative feedback control loop to
dynamic systems brings about several benefits. Provision of feedback control on the other
hand might result in an unstable system under some circumstances. An unstable feedback
control system is generally of no practical value. The issue of ensuring the stability of a

feedback control system is therefore central to control system design.
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The stability of a dynamic system is directly related to the location of the poles of the
system transfer function in the s-plane. By careful choice of the closed-loop parameters,
the designer is required to ensure that the resulting transfer function of the closed loop
system has the poles in the desired locations of the s-plane. Provision of feedback control
to a dynamic system may sometimes (depending on the characteristics of the plant being
controlled) result in a system transfer function having one or more of its poles with positive
real part. Such a system will be useless and unsafe. Therefore our top priority when

designing control systems is to make sure that we don’t end up with an unstable system.
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1. SISO Transfer Function Models

A continuous-time SISO(Single-Input/Single-Output) transfer function

n(s)
d(s)

is characterized by its numerator and denominator, both polynomials of the Laplace

G(s)=

variable s.
There are two ways to specify SISO transfer functions.
1) Using the tf command
To specify a SISO transfer function model G(s) =n(s)/d(s)using the tf command, type

h = tf(num,den)

where num and den are row vectors listing the coefficients of the polynomials n(s) and
d(s), respectively, when these polynomials are ordered in descending powers of s. The
resulting variable i is a TF object containing the numerator and denominator data.

For example, you can create the transfer function h(s)=s/(s* +2s+10) by typing
h = tf([10],[1210])

Note the customized display used for TF objects.
2) As rational expressions in the Laplace variable s
You can also specify transfer functions as rational expressions in the Laplace variable s by

(1) Defining the variable s as a special TF model
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s = tf('s'");

(2) Entering your transfer function as a rational expression in s

For example, once s is defined with tf as in 1)
H=5s/(s"2 + 2x%xs +10);

Produces the same transfer function as

h = tf([10],[1210]);

Note: You need only define the variable s as a TF model once. All of the subsequent
models you create using rational expressions of s are specified as TF objects, unless you

convert the variable s to zpk.
2. MIMO Transfer Function Models

MIMO ( Multiple-Input/Multiple-Output ) transfer functions are two-dimensional
arrays of elementary SISO transfer functions. There are several ways to specify MIMO
transfer function models, including.

[] Concatenation of SISO transfer function models

[] Using tf with cell array arguments

Consider the rational transfer matrix

s—1
s+1

s+2
s*+4s+5

You can specify H(s) by concatenation of its SISO entries. For instance,

H(s)=

hll = tf([11],[11]);
h21 = tf([12],[145]);

or, equivalently,

s = tf('s")
hil =(s-1)/(s+1);
h21 = (s+2)/(s"2+4x%s+5);

then, it can be concatenated to form H(s).
H = [hll; h21]

This syntax mimics standard matrix concatenation and tends to be easier and more
readable for MIMO systems with many inputs and/or outputs. Alternatively, to define
MIMO transfer functions using tf, you need two cell arrays(say, N and D) to represent
the sets of numerator and denominator polynomials, respectively.

For example, for the rational transfer matrix H (s), the two cell arrays N and D

should contain the row-vector representations of the polynomial entries of
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N(')—[s_l} D(‘)—[ o }
VL2 VL a5+

You can specify this MIMO transfer matrix H(s) by typing

N = {[11];[12]}; % cell array for N(s)
D= {[11];[145]}; % cell array for D(s)
H = tf(N,D)

Notice that both N and D have the same dimensions as H. For a general MIMO
transfer matrix H(s), the cell array entries N{7,j} and D {i,;} should be row-vector
representations of the numerator and denominator of H; (s), the ijth entry of the transfer

matrix H(s).
3. Pure Gains

You can use tf with only one argument to specify simple gains or gain matrices as TF
objects. For example,
G=t(10;21)]

produces the gain matrix

while

creates an empty transfer function.
4. Zero-Pole-Gain Models

This section explains how to specify continuous-time SISO and MIMO zero-pole-gain
models. The specification for discrete-time zero-pole-gain models is a simple extension of
the continuous-time case.

1) SISO Zero-Pole-Gain Models

Continuous-time SISO zero-pole-gain models are of the form

. C(s) (s—z2)(s—=zy) e (s—=2,)
H=2 = >
CO= R A GG s—py =T

where % is a real-or complex-valued scalar(the gain), and z,,2,,*, 2, and pi, p,, s P

are the real or complex conjugate pairs of zeros and poles of the transfer function H(s).
This model is closely related to the transfer function representation: the zeros are simply
the numerator roots, and the poles, the denominator roots.

There are two ways to specify SISO zero-pole-gain models:

[] Using the zpk command

[] As rational expressions in the Laplace variable s

The syntax to specify ZPK models directly using zpk is

h = zpk(z,p,k)
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where z and p are the vectors of zeros and poles, and # is the gain. This produces a ZPK

object h that encapsulates the 2, p, and %k data. For example, typing
h = 2zpk(0, [1-1i 1+i 2], 2)
produces

Zero/pole/gain:
2s

(s—2)(s"2+2s+2)

You can also specify zero-pole-gain models as rational expressions in the laplace

variable s by
(1) Defining the variable s as a ZPK model.

s = zpk('s'")

(2) Entering the transfer function as a rational expression in s.

For example, once s is defined with ZPK,
H=2x%s/((s—2) % (s"2+2%s+2))

returns the same ZPK model as
h = zpk([0], [2 1-4i 1+i], 2);

Note: You need only define the ZPK variable s once. All subsequent rational
expressions of s will be ZPK models, unless you convert the variable s to TF.

2) MIMO Zero-Pole-Gain Models

Just as with TF models, you can also specify a MIMO ZPK model by concatenation of
its SISO entries.

You can also use the command zpk to specify MIMO ZPK models. The syntax to
create a p-by-m MIMO zero-pole-gain model using zpk is

H = zpk(Z,P,K)

where
[] Zis the p-by-m cell array of zeros(Z{i.j} = zeros of H; (s))
[] P is the p-by-m cell array of poles(P{i,j}= poles of H; (s))
[] K is the p-by-m matrix of gains(K{i.j}= gain of H; (s))
For example, typing

z={[1 5/ [1-1 1+i] [1};
p=4{o0,[1 1];[1 2 31, [1};
K=1[1 3;2 0];

H = zpk(Z,P,K)

creates the two-input/two-output zero-pole-gain model
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—1 3(s+5)

s (s+1)*
2(s°—2s+2)

GG—1DG—2)(s—3)

Notice that you use [ ] as a place-holder in Z(or P)when the corresponding entry of

H(s)=
0

H (s)has no zeros(or poles).
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SISO Example: the DC Motor

A simple model of a DC motor (Fig. 3-8-1) driving an inertial load shows the angular
rate of the load, w (#), as the output and applied voltage, v,,, (), as the input. The
ultimate goal of this example is to control the angular rate by varying the applied voltage.

This picture shows a simple model of the DC motor.

ity g
+ = K/(u(t)
/5 Viscous
Uappl1) : [ \ friction
vcml([ ) )
O
B N } z(1)
Torque w(f)
Angular
rate

Fig. 3-8-1 A simple model of the DC motor

1. A Simple Model of a DC Motor Driving an Inertial Load

In this model, the dynamics of the motor itself are idealized, for instance, the
magnetic field is assumed to be constant. The resistance of the circuit is denoted by R and
the self-inductance of the armature by L. If you are unfamiliar with the basics of DC motor
modeling, consult any basic text on physical modeling. The important thing here is that
with this simple model and basic laws of physics, it is possible to develop differential
equations that describe the behavior of this electromechanical system. In this example, the
relationships between electric potential and mechanical force are Faraday’s law of induction

and Ampere’s law for the force on a conductor moving through a magnetic field.
2. Mathematical Derivation

The torque 7 seen at the shaft of the motor is proportional to the current i induced by

the applied voltage
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t(H=K,i()

where K, ., the armature constant, is related to physical properties of the motor, such
as magnetic field strength, the number of turns of wire around the conductor coil, and so
on. The back (induced) electromotive force, v., . is a voltage proportional to the angular
rate o seen at the shaft

Vet (1) = Ky aw(t)

where K, ., the emf constant, also depends on certain physical properties of the motor.

The mechanical part of the motor equations is derived using Newton’s law, which
states that the inertial load J times the derivative of angular rate equals the sum of all the

torques about the motor shaft. The result is this equation
Y = SV Ko + Kai()

where K; w is a linear approximation for viscous friction.

Finally, the electrical part of the motor equations can be described by
Oy (1) — v (1) = L % LRI
or, solving for the applied voltage and substituting for the back emf
0uy () = L % FRi(D + Ky

This sequence of equations leads to a set of two differential equations that describe the

behavior of the motor, the first for the induced current

di _ R, K, 1
a4 Ll(l) Lw(t) + Lv“pp(z)
and the second for the resulting angular rate
do 1 1 .
T ]wa(t) + ]sz(t)

3. State-Space Equations for the DC Motor

Given the two differential equations derived in the last section, you can now develop a
state-space representation of the DC motor as a dynamic system. The current i and the
angular rate w are the two states of the system. The applied voltage.v,,, (¢), is the input to

the system, and the angular velocity is the output.

B 7Rb 1
] L L ] -
N A T
dtle K. _K w 0
J J

y) =[0 1]- [Z}r [0 * vy ()
@

4. Constructing SISO Models

Once you have a set of differential equations that describe your plant, you can
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construct SISO models using simple commands in the Control System Toolbox.
The following sections discuss
[] Constructing a state-space model of the DC motor.
[] Converting between model representations.

[] Creating transfer function and zero/pole/gain models.
5. Constructing a State-Space Model of the DC Motor

Listed below are nominal values for the various parameters of a DC motor.

R= 2.0 % Ohms
L= 0.5 % Henrys
Km = 0.015 % torque constant

Kb = 0.015 % emf constant
Kf = 0.2 % Nms
J= 0.02 % kg.m"2/s"2

Given these values, you can construct the numerical state-space representation using

the ss function.

[ - R/L —Kb/L; Kn/J —Kf/J];
= [1/L; 0];
[01];
[0];
sys_dc = ss(A,B,C,D)

o Q m =
]

This is the output of the last command.

a =
x1 x2
x1 -4 -0.03
x2 0.75 -10
b =
ul
x1
x2
c =
x1l x2
vyl 0 1
d =
ul
vyl 0

6. Converting Between Model Representations

Now that you have a state-space representation of the DC motor, you can convert to
other model representations, including transfer function (TF) and zero/pole/gain (ZPK)

models.
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(1) Transfer Function Representation. You can use tf to convert from the state-space
representation to the transfer function. For example, use this code to convert to the

transfer function representation of the DC motor.
sys_tf = tf(sys_dc)

Transfer function.

s"2 + 14 s + 40.02

(2) Zero/Pole/Gain Representation. Similarly, the zpk function converts from state-
space or transfer function representations to the zero/pole/gain format. Use this code to

convert from the state-space representation to the zero/pole/gain form for the DC motor.
sys_zpk = zpk(sys dc)

Zero/pole/gain:

(s+4.004)(s+9.996)

Note: The state-space representation is best suited for numerical computations. For
highest accuracy, convert to state space prior to combining models and avoid the transfer
function and zero/pole/gain representations, except for model specification and inspection.

PL b2 2] T4 MATLAB TAERREE T . A shfa il Rt fe . 3 Bl i 1 -
SIS B A3 A A e AR R ROR

(%] 3-8-11 © MIZELL RS0 1L 38 sk 80k

C(s) 35" +25 455 +45+6
R(s) $+3s+H4s° 425 +7s+2

FOR (D SRINIZR G E A S 45 5
(2) T Wi TR FI BT R SR Tk
%

G(s)=

% This program create a transfer function and then finds/displays its poles, zeros and gain
NUM = [3,2,5,4,6];
DEN=[1,3,4,2,7,2];
[z,p, k] = tf2zp(NUM, DEN)
pzmap(NUM, DEN) ;
title('Poles and zeros map');
You should get the following response.
z = 0.4019+1.19651
0.4019-1.19651
—0.7352 + 0.84551
—0.7352—-0.84551
.7680 + 1.26731
—-1.7680—-1.26731

o}
1l
|

=
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0.4176 +1.11304
0.4176 - 1.11301
~0.2991
k =3
(5] 3-8-21 )il MATLAB 43t R 8 8451 . 78 MATLAB 4@ fit 1R G4 22
FRYGEIY B Y BRIE N step ., DL RAT B AR 147 B R AL 1sim,
AL B 2R 4 9 A 3 pRBCH

‘ 2
Go=E — @

R(s) 25+ 2w, s+’
H w, =6, 28 RS AE £6=0.1,0.2,+++,1.0,2. 0 I By BT B R0 13
Consider the transfer function of a typical second-order system as follows.

. AT HRAT U R

% This program plots a curve of step response
wn==6;
kosi=[0.1,0.2,1.0,2.0];
figure(1)
hold on
for kos = kosi
num = wn. " 2;
den=1[1,2 % kos * wn,wn."2];
step(num, den);
end;
title( 'Step Response');
hold off

i HIB T 45 B 3-8-2 s,

Step Response

—_

1'2:__ A ﬂ\/& A _

Amplitude

0 1 1 1 1 1 1 1 1
0 1 2 3 4 S 6 7 8 9

Time(sec)

[# 3-8-2 i 3-8-2 iz 4145 R
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[[Summary and Outcome Checklist]

In this topic we have been concerned with the definition and usefulness of quantitative
measures of performance of feedback control systems. We learn that there is strong
correlation between the system transient response and the locations in the s-plane of the
poles of the closed-loop transfer function. For systems having second-order transfer
function, valuable relationships have been developed between the performance specifications and
the two characteristic parameters, damping ratio, &, and natural frequency, w,. Relying
on the notion of dominant poles, these relationships are considered applicable to those
higher order systems that have a dominant pair of complex poles.

While the introduction of the negative feedback control loop to dynamic systems
brings about several benefits, it might result in an unstable system under some
circumstances. Such an unstable system will be useless and unsafe. The issue of ensuring

the stability of the feedback control system is therefore central to control system design.
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The stability of a dynamic system is directly related to the location of the poles of the

system transfer function in the s-plane. By careful choice of the closed-loop parameters,

the designer is required to ensure that the resulting transfer function of the closed loop

system has the poles in the desired locations of the s-plane.

The fundamental reasons for using feedback control, despite its additional cost and

complexity are:

(1) decrease in the sensitivity of the system to variations in the parameters of the

plant/process being controlled.

(2) ease of control and adjustment of the transient response of the system.

(3) reduction of the impact of disturbance and noise signals within the system.

(4) reduction of the steady-state error of the system.

Tick the box for each statement with which you agree.

O]

O]

I am able to determine the poles and zeros of a given transfer function and map
them in the complex s-plane.

I am able to determine, by the partial fraction method, the time response of a
given transfer function to standard test input signals such as the step, impulse,
ramp, and sinusoid.

I am able to distinguish between the transient, and steady state, responses of a
dynamic system.

I can explain what performance measures (or specifications) are, why they are
important to the design process, and what makes a particular measure a good
candidate to be a performance measure.

I can list the performance measures commonly used by control practitioners.

I can describe the correlation that exist between the transient response of a
system and the location of the system poles and zeros in the s-plane.

I can explain, with the help of an illustrative example, the notion of dominant
pole/poles of a transfer function.

I can express the transfer function of Ist, and 2nd order systems in their
respective standard form and identify the characteristic parameters.

I can write down the time response of 1st, and 2nd order systems(in terns of
their respective characteristic parameters) to standard test input signals such as
the step, impulse, ramp, and sinusoid.

By examining the transfer function of higher order systems(order > 3), I can
determine whether the transfer function can/cannot be approximated by a lower
order transfer function.

I can, if feasible, approximate a higher order transfer function by a lower order
transfer function.

1 can predict the time response of a control system if its transfer function is

known.
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I can describe the quantitative relationships that exist between the various
performance measures and the characteristic parameters of systems having the
standard 2nd order transfer function.

I can explain why, when designing control systems, designers often attempt to
achieve a second order type transfer function for the control system.

I can explain the meaning of the term sensitivity.

I am able to determine the sensitivity of a feedback control systems to variations
in the parameters of the system.

Given the transfer function of a system, I am able to determine its poles and zeros
and map them in the complex s-plane.

I am able to determine the transient response and the steady state error of a
feedback control system for standard input test signals.

I am able to estimate the effect of disturbances on the performance of a feedback
control system.

I can list the four main benefits of feedback control.

I can explain the concept of stability in the context of linear dynamic systems.

I can state the relationship between stability and the s-plane location of the poles
of the system transfer function.

I am able to determine whether a system is stable or not by applying the Routh-
Hurwitz stability criterion.

I can explain the meaning of the term relative stability, and analyse the relative
stability of a dynamic system by applying Routh-Hurwitz stability criterion.

I am able to determine how the locations of poles of system transfer function in

the s-plane change as a parameter of the system is varied.
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