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+ (st + 1)(s72 + 1)(s73 + 1)
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Uls K

G.(s)= EES; =Kp +T1+KDS
» 2 K~=0. K,=0, #FL0{H]{%]%35Proportional (P)

Controller:

ic(s)="r W—— PID}E & B bARAE F¥eFE RERE
» 2 K,=0, % W2 5 45 Proportional plus 5 4 N 2k e

lntegral (PI) Controller: % kKP R AT e

< KK, ¥k PN RERXENO
G (s)=Kp+—- WAK, B B RA YR

» & K=0, 13055175 45 Proportional plus
Derivative (PD) Controller:

G (s)=K,+K,S

» PID= %] & F 69 M5 ALK IR K IR A .
Gd(S)_ KDS - KDS ’ szﬁy NZIO

rgs+l Kp N
N
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I As) _KPS-*-KI_K Kp
- S

Ge(s) === g
Controller Automobile system ' ;
R(s) b G‘(\) -+ l . > » ) ’*J%&DSZ, Q&ﬁi f-&h:
+ (s +2)(s + 8) A4

A .
el Y Ty
KP[S+%J i
EDS1 HrsmARSREHE Ko=lims— oGy KP4
EDS2 BIZFREMANE TR, REGESRE — b4
AL L) TR RAEAZ 5 692 K RAE925% e

WDS3 Brm A\ ey F 4 AR R E ) T5% R #%RDS3, PO.<5%, MRLEMHAE=0.69
B DS4 B3t ARG BB 0 F 1.5 5 2% R ) Tsz(4 <15

wn
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T(s)=

Kps+K; DS4& K FHMEAS=2.600 L1, FHRALA
& +10s> +(16+ Kp)s+ K, INHEE, S=0. -2, -8; INER, S=K/K,

FAFALT BB FNHHARGERKEREERH
& & A d=-90F2+90°, B oo RARIEH L & o9 3E , _ Kista+1)

K& 5 E 3T 504 HRe,<-2.6, 15 FARME s(sy + 1)(s72 +1)
S B3 AP XK
_2_8_(_&J
_E(p)-E() Ke)__ 1K
" n—M 2 2 Kp
<-2.6
.'.&<4.8

Kp
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Fa S PRI 9 GEHER, BRSH
o, K, > 64
» A B R B o
T(S): KPS+KI KP>%_16 GC(S)=26+%
s> +10s” +(16+Kp)s+K; K,
——<48
P
s> 1 16+ Kp T !
s° 10 K, \ . —
10(Kp+16)—K, AR EZWMARENLRERK? SRR, TREM)
S T 0 RIRARFM WEIKRH
1 K,

KP>]]<—(;—16, K;>0
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A0S R RRIMBEENER
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| 1
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(5) (25+1)(0.55s+1) (s+0.5)(s+2)
» R R AR
B KRS RE N
m YR e | o tbARA¥PL0.<20%

W E2% 4 N 698 0t 6] T.<16/34F

r:ﬁﬁﬂl’l&i ﬁ%l’!ﬁﬁ. iﬁ&ﬂl&ﬁ#ﬁ BRI, REEFRAKRR:

K, T 4 l6
G.(s)= K,,+5——1<,, e T o, 3
Y
> BARMEARAR, BBHFEF AR @, 20.75
n ST EIT T LIS TLT
PO.=100e V¢ <20 S
{0,=0.75
G246 o, =1.25

FPIBHBESHANARERET S, AN P i
¥, HRERAE, BMP2AKEFHELIL ry F= 0, Tjo,\1-¢
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[1] ECE PIIRHIBMNT S

o (2] FE ARSI
I S
£=06\ SR 125X].O3x1.6
. \\ p=
il 1.0
Desired root 47| | » Hﬂmgﬁ%ﬁi?% =2
Itk“.llitl)l}// i ’ l3l Loy
e l 0.5 K
W ! 11 S Kp(s + % 2(s +0.75)
AL L 2 K;,/Kp : \ N = = =
// I l270 _P (S + 175')(5 + 1.55 + 1.56)
A \‘.ﬂ Q \\1, | s(s+ Q.S)(s +2)+Kp(s+ Kz)
20 ~15 ~1 ~0.5 0.0

ZHZREE, =ANMRAF R ENFARRSNE A A 127°, 104°, 38°

A 6, —127°—104° — 382 = —180° s AR H EAE,

186, =89°, WELE > =-075
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i -Ni A D A as . i . =
Ziegler-Nichols3fie -G I HH- R AH 2% DF RS, EK=0. K,=0, % %L
B
s . . E
» ] 3 Ziegler-Nichols % & 41, ] DHKK,, EELMEGMA. Wb, B FRE
FEH R AR K, K, K, Blis RARE, FAREARMARLTHRERD
refp) 32 ) B P
G(]tiilg 0.5K _ _ @ILFILH M H F PG E, ARAEFE QIR
S)=Rp U ¥% 3 K, ultimate gain; &% B3, #rAHFZANIE
FLAR] AR 542 ) 5 P ¥ 3% J& #A T, ultimate period
K 0.54K.. @it =B B £AA, Fe BB 3K Ziegler-Nichols ¥ &
G, (S) =K, + TI 0.45K, — T - BN i+ HPIDI=#] & 69 A 5
o

HeAp AR 5 o ) B PID
12K, 0.6K,T,

T, 8

[ &

K
G (s)=K, +TI+KDS 0.6K,,
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Ziegler-Nichols¥& g

AP7.14 Consider the unity feedback control system shown response and the unit disturbance response. What is
in Figure AP714. Design a PID controller using the maximum percent overshoot and settling time
Ziegler-Nichols methods. Determine the unit step for the unit step input?

Tl/(S)
Controller Process
.+.
R(s) 5 Kp+ —L +Kps > L > ¥(s)
. P —— .
FIGURE AP7.14 - g + s(s +10)(s +7.5)

Unity feedback loop
with PID controller.

RORBE Pl 8%, PR 5718 20 A1 iy 57 7= 3 A 3 R

i 3| 1 75
L) = G+75)G+10) s2 | 175 10K
1+ L =0 = s*+175s2+755+10K=0 sl | bl 0

X s(s+75)(s+10)

sO | 10K
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K=131.25 B}, s3+ 17.5s2 4 75s + 13125 = (s2 + 75)(s + 17.5)
B, REAREEREN:

210 3675 210

(Z+75)(s+175)  s2+75 s+175 A DARRRAn e, REETT DUERI R R4

HPE_MARSRE, $—HNE cos WRREME, BARE Yo =V75rad/s

i) =

2n

WKy =13125 Ty = == 0.72 sec Step R -
(3) AR 1.6 F—
1.2Ku 0.6KuTu ' Peak anohn;de 16
Kp =0.6Ky; =7875 K; = =21875 Kp= = 7.0875 14F | Overshoot (%) 59.5
Ty 8 | Attime (sec): 0.445
1.2} |
|
- g Iy . P E o g T
(4) REMNKMI AR, BEHEE. g [T/ i
50 % 08} ! ! m:&?&e&:) 21
i(e) = 10(7.0875s% + 78.75s + 218.75) _ 70-875(s + 5)° < : :
i s2(s+7.5)(s+ 10) “ s2(s+7.5)(s + 10) 06} i i
I |
70.875(s + %)2 04} I I
T(s) = 0 ! I
s2(s+ 7.5)(s + 10) + 70.875(s + T)Z 0.2} : :
| |
50 ! . " - A .
_ 70.875(s + 5~ i % 0.5 1 15 2 25 3 35
T (s+1.9-6.3)(s + 1.9+ j6.3)(s + 6.85 — j1.8)(s + 6.85 + j1.8) Time (sec)

TR I RE RS
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* G(j0)=R(0)+]X(0)=|G(0)| £ D(w)

D()=arctang o) [G)] 2 = R(e)| *+X (o) ?

o HEFFHET RSB A, Blio=0. +o. SREHISZHIKAZ SR, i IR
‘(Ef%g@*%%_ﬂﬂ%éﬁ%ﬁ%ﬁ) o JoENENFH, AR L, S
J7 =

« ERA LTI /DARII FRMRIE
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#]. P8.1

(b)
A% %2 Nyquist B2 885 H 8 S (w = 0/ocip = 0/ = 90/ = 180°) J It
hE R A RRE S A, BT MR ER S, R, Nyquist B Y 56T 905t 25
e fEESE w0 — 400 B G, MAb EEXTLHu PR 5 —%, B wh =00 = 0. 2}
(a) 15F
Nyquist Diagram r
0.6 - 3 os b
¥,
04} ?
-
a 02 _1
<
-15r
E o
02} -25
-1.5
~D4)
06 i i
- -08 -0 E ~04 -02 0 02 04 06 08 1
Real Axis
w 0 0.5 1 2 5 ~
G Ow) GO AB) | 75 | 0740 0.9 1.59 2.60 3
¢ (w) (deg) 0 7307 | 14313 | =135 | =6096 | ©
w 0 0.5 1 2 5 o0
|Ge Gw) G Gw)] (dB) | 0.686 04 0.172 0.037 0
¢ (w) (deg) 0| -59.04 | =90 | -12096 | -152.49 | -180
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M 75 52 PR B Nyquistha 2 14 A 45

o« FIPEE R
AN SR 2T AN £ 07 W) oy 1E D7 1), AEs i B 1 R(S)RIZANF mAPA R AL, R i
08 LR R AR it 2 T tB AN 7 0 ey, HAER(S) - B Fl R RIN=Z-P 4 A

Nyquist & &I g

* F(s)=1+L(s) )% s BV AT A% 3 R RS PR

o U AMRRERI B Bl AT T T, FR R T A Z=N+P
© Z:F(s)fEsh T R
o N: F(s) BB 2o st 4t e i A R
« PR fESAH PR S AEL
FREMEER: N=-P 1
« L(s)=F(s)-1. F(s)MHZ A5 (0, jO), BPL(s)ELH (-1, jO)

PSS R GiAe g e B L(s)AES T~ I L AR R SR BB 8 1 5 3 1) 15 1) B B (- 1,0)
s E, ST L(s) AT 1 A AR T A E

FRIEE: L(S)=Gc(s)G(S)H(S) TF¥F1%i% ki %
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P9.3 (a) Find a suitable contour I in the s-plane that can
be used to determine whether all roots of the charac-
teristic equation have damping ratios greater than ¢;.
(b) Find a suitable contour I'; in the s-plane that can jw jw
be used to determine whether all the roots of the char-
acteristic equation have real parts less than s = —¢,.
(c) Using the contour of part (b) and Cauchy’s theo-
rem, determine whether the following characteristic
equation has roots with real parts less than s = —1:

g(s) = 5° + 11s% + 565 + 96.

P9.3 (a,b) The suitable contours are shown in Figure P9.3.

g=cosz

r approaches

r approaches
infinity

infinity

(a)

FIGURE P9.3
Suitable contours I's for (a) and (b).

(c) Rewrite the characteristic equation as

1+ 0 =0
s(s2+11s +56)

In this case, —g1 = —1. Therefore, we have one pole inside the contour
at s =0, so P = 1. The polar plot yields N = —-1,s0 Z =N+ P = 0.
Therefore, all three roots have real parts less than -1. In fact, the
roots are s; = —3, and sp 3 = —4 £ j4.
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SRR

( K f[(l + m)lﬁ (1 + (%L) e (w,.,)z) » " l:[l(l . fl ( Jw ) w)z)
G(s) = .'—l o] : ) = ‘ . 11 )
sN ml‘i[,(l + TmS) *]jl (1 + (_ﬁk) s+ (wnk) ) (jw)N ml;[,(l oy kl’:i‘[ ( ( )Jw " (ﬁ) )

2xfiBode Bl /THELIURIRIT AT, SEHRHEERE
WHR IR

Q
20 log |G(jw)| = 20log K} + ‘ZOZlogll + jwTi| (w) = +Ztan Lwr) + Ztan'l ( 2Qwmw )

i=1 = wi; — w?
- 2G jw\?
+203 log 1+( )j,, (_W)
i) Wl Wni
M R

| 2wk
- 20 log |(jw)™| =20 Z log |1 + jwT,,| = Ztan" ( gk : 2)

wnk -
R
-20) log
k=1

— N(O) - z a0~ ()

m=1 =]
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2. DR T2

Term Magnitude 20 logye|G( jw) Phase ¢(w)
1. Gain, 0 w0
Gljw) = K - - =
§ 20 log K ,; '
: o
; =20 ! -45*
-40
Frequency (radh) e Froquency (radfs)
2. Zero, 40 w0
Gljw) = § » . . _
14 jwiey i o i p
;_m L‘S‘
- Olw, @ 10w . Oley, & 10w
Froquency (radfs) Frequency (rad/s)
3. Pole, 40 «*
G(j) = §w -
(14 juwfan)™ 1o 3 v
l a5 \
L Olw, w 10w, B Oley,  w, 10w,
Frequency (radls) Frequency (rad/s)
4 Pole at 40 wr*
the origin, =
m -
G(jw) = 1/ ju ! ! -
i 0 j -
P .
- 20 -4
-40 —o
001 ol 1 10 100 00l 0.1 1 10 100
Frequency (radls) Frequency (radls)
5. Two complex poles, 40 180*
Dl<(<], i 2 - e
G(j)=(1+ X 4
A syl 0 o
il > i
e * ~180°
oo 0l 1 10 100 00l 0.1 1 10 10
Frequency ratio, u Froquency ratio, u

GIS) Bode Plot

L K

“ s +1 Ao | M
0dB

K
(st + 1)sm2 +1)

K

3’(n. + D)(sra + 1) s34+ 1)
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G(S) . Bode Plot
—90° P g
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GiS) Bode Plot G(S) Bode Plot o X >
" g 0dB log w
<20 dB/dec =
- - 20 dBVdec
N— lO.K(n'+l) M
" K(st, +1) ! e s (st +1) vr, 4
e -180° . -180° . :
s(sty + 1)(s72 + 1) IOdBJ; ,‘; -2 log w T >N l0dB J. . log w
M =20 dB/dec
40 dB/dec 40 dBAdes
<40 dB/dec

AN K
M

e
I(IT] + l)
K & N <60 dB/dec
2= -180°
2 0dB log w—> 1. M
s g @ —150° | 048

2>

=40 dBMec
é ~
—40 dBAdec
M 60 dB/dec
M
9 K -80° 1
TS (s 4+ 1) 0dB logaw |15 K(sma+1) ~180°
1 - 1 r 5 o 1/, log @ 6 K
~60 dB/dec 0 —40dBAlec s(sry + 1)(smy + 1)
s
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o EPRINFER w,: MRAVRF P BIK IS R AH H) B
o« 3L wp X EUIEE 3G 2 MRAIE T BE 3dB [IXF AR (K258 T FEE 0.707 i
(A 2 AR, #iE REWMELRIMAG THIREN . wp T, BrEkma v i A] |
N R AL B AR R HIR w, MEHLELE (.
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FRGE, ARG o T BN

o FOABEPM. LEMEAEF I |L(j omega)|=1F45 [, 7EL(j omega) I+, #1755
(-1, jO) A P B e % AR A
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xR B R4

RIERETEIR

+ wﬁ
R(s > » V(s
W= 5@ +2L,) )
wp=1.6w¢ (BN, o NFPERNREE IR ) 0.2<(<0.8
¢ 1 .
FF A i3 bR £ (b m = |80 — Y)” — arctan - = 0()° — arctan _[(4{"4 s l)|f2 _2{2]”2
G(s) = _own ’ 2w, 2L
= 5(s + 2Cwn) "
= arctan T =
R A% 34 0 4 2 [(8 + 1L/L")"* - 2"
T(s) = “n

8% + 2Qwps + w?
H— A B R I AL«

0.3 < ¢ < 0.80, YB —1.19¢ + 1.85 E S 07HTJ ' al’\)\j&ﬂ:}\E:0.0'l *P.M.

n

20y/1-¢%

1,¢ > 0.707

wr =wny1 =2, (<0.707

— w
My=1+e Vo (<1

|G (jwr)| = ! 0<¢ <0.707
M, =

—_ L%
PO. =100 Vi ¢ <1
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. E8.5

|

Bode [l {EL 7 L B T SR A% 3% B L

0 dB/dec

Magnitude (dB)

B/dec
|
|

w=3 w=6 w=8§ w=12 w=16

Frequency (rad/s)

G(S) _ K(140.125s)(1+as)(1+bs)

= S Grotree o RABFEEAF A=A, E bode P {E W
HRIAN =4k +20dB/dec F1 —20dB/dec H17%24k -

+20dB/dec FI=ZANFEWAE w = 3/8/12 WM =AF S, W a=1/3,b=1/12;

\\\\\

B35 K — Mo T AT 2 0 3. ZE AR, A R AU, T (PR SR
2. EEH—ARIE —20dB/dec MR, BADURIE SAKR S HIH5y . FARIREE X
w = 6. BT N2 R A SRS, 0 20log K] = 0= K =6
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10 Bode diagram WJ‘ P8.19
B ke
S 0 o .
Y <oy ZHr/RBRJE R ZiBode Bl H) <
3 -20 At froquency (rad/s): 3.86 : '
go > :
: s

_(*) 1

0 KBS ¢ = =90° HM w = w (BN ZBPE REHHM o(w) = —arctanZ), 135
= —45 Wy = 5;
?; —90 ii%ﬁﬁ% wy = 3.86 = w, /1 =2¢2, B3 ( =0.45.
5 =135 | o(s) _ 25

—180 I(s) T 524455+ 25
10! 10° 10! 107

Frequency (rad/s)

AR K B AL MR bode PEIWR {E1 0 7 P 4% 4 403 J5 FLER R 3N —40d B /dec LA B S5 ¥
R W7 = 588 — B BE &%
0(s) . w?
I(s) 5%+ 2wns + w?
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Bode ESE M RE TR THE

"

3(1+45s 51
L(s) = —;s[4+s§(1++23+3 s R i

H A 5 _
Bode Diagram L(jw) = 3(1 + 5jw)
Gm = 6.61 dB (at 1.9 rad/s), Pm = 20.1 deg (at 1.32 rad/s) jw(4+ jw)(1 + 2jw + 2(jw)?)

R 50 — Ty ——r—vrrrr — Ty — LEH
3 ot P T T T T e e = cb('w)=arctan.(5w)—90°—arcta-n(%)—arctan(l_z‘;l ‘2)
- SRARHIB ARSI wye: & 6(jw) = —180°, T SLEART wpe = 0.63.
g ook : & AL IR ED A3 2548 G.M. = —20log | L(j0.63)| = 6.61dB
z 1m I ] y

150 T S RIFH B SRIE woe: @ |LGw)| = | Trmmmymssormgom| = L SR w,. =

-45 —— rrrrr———r—rrrrrr——v—rrrm  0.32.
 aof E
8138 | .
| SESTRPRI » | RS Sp—— TE30 2 SRR AL T 6 (jwge) = arctan(5-0.32)=90°—arctan(5? ) —arcta( 55 557) =
& sl | -159.9°

.270 M as BRI P.M. = 180° — 159.9° = 20.1°

b O requny(adve O RSN, ARERIERS AERIER. 1w, B, 5 solve I

REFSBIRIMR AL rad/s; MITHEARMRER, SREZXAABES.

G.M = 6.61dB, P.M. = 20.1°
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- K
L(S) T s(s+2)(s+6)

(a)K = 27:
27

Uw) = 2 Gw +2)Gw +6)
o(w) = =90° — arctan(:) = 117‘Ct0’1-(:)
2 6

% o(w) = —180°, THBIMCLAEIAFR w,e. X fa] 419 T FE A2 T AT 1Y

w w il
—-90° = m'ctan(i) - arctan(a) = —180

w

=>tan,(arctan(§) + arctan( 5 )) = tan90° = oo

i .
G.M. = =20log |L(jwpe)| = —2()log% = 11dB

(b) H G. M. {8IHEAE % bR 5L
|L(jwpe)| = 10~2/2 = 0.0398
1 o(w) 5 K TR, MUIE w,e =2V3. A, 33

K = |L(jwpe)| - 2V3-4-4v/3 =38

. E9.8
Bode BB MREFain 1T H
X85 AN LR R AR AL AT A R T

B, TEBEA=ARPIETIMA
ARHTHE
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Bode SR M gefatrit &
ERIERA B &4

brdE P JE RE S EHI

T(s) = 230 = ..Un = 10v/2,¢ = v2/10.

WEIRIEE M, = \/1—? = 3.571 = 11.1dB;

¢ A2 0.3 < ¢ < 0.8, EiEM AL MR ws = omega,(—1.19¢ + 1.85), X BR
B,

T (jws)| = . -2
T /00— wh) + 1605 V2

13 wp = 2.166rad/s.
BIRME W, = w,/1 -2 = 14rad/s
HifE P.O. = 100e V=T = 63.84%
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K (s2 +as + b)
G (5)G(s)=
Gy ] K(s2+as+b) ‘ S(Sz+28+|0)(S+C)
2 G (s)=
s(s +2s+l()) ¢ S+c
2 *““:fgéﬁ(: L o HIR AR R
T e G960
—ze TG (9)G()

> Bit#bs: K(s2 +as+b)
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’_T 4+ J FERfERER L(s) = o5
higtR 1, K, =2K =2 = K==
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