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Open-Loop and Closed-Loop Systems Feng-Li Lian © 2021
® Open-loop system showing O — b(s)
reference, R, control, U, disturbance, W, and output Y — a(s)
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d(s
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® Poles
of Transfer Function

Controller
D cf (5)

v ® Roots
- of Characteristic Equation
® Closed-loop system showing

reference, R, control, U, disturbance, W, output, Y, and sensor noise, V
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® Time functions associated with points in the s-plane
(LHP, left half-plane; RHP, right half-plane)
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Time-Domain Specifications
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Ziegler—Nichols Tuning of the PID Controller

® Method 2: Ultimate Sensitivity Method:

Based on evaluating the amplitude and frequency
of the oscillations of the system at the limit of stability

rather than on taking a step response.
® Determination of ultimate gain and period
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| Complex Poles: Damping Ratio, Undamped Natural Frequenc Fena-Li Lian © 2021
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® Responses of second-order systems versus ( .
(a) Impulse Responses (b) Step Responses
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Frequency Response and Bode Plot CSSO&&%*&E?&EF;;V& . IL
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Plant, Input, Output, Action, Goal L Vi 2008

1. Model

2. Response
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Unit 5
RoOOot Locus
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* By Hand: = Hand Writing in Exam (40%)

= Use the 5 rules of Root Locus Method
to roughly sketch the root locus of any transfer function
by identifying these critical root locations

= Properly choose some roots

between these critical root locations

= By Computer: = Multiple Choice in Exam (60%)

= Use Matlab codes
to draw the exact root locus of any transfer function
= Design proper transfer function and

select associated and reasonable gain value



CS50&60-RL(s)&BP(W) - 11
Your Jobs By Hand Feng-Li Lian © 2021

1
S
A
1 X
S X
X
Y




CS50&60-RL(s)&BP(W) - 12
Your Jobs By Hand Feng-Li Lian © 2021

X
XA
(S"‘l) . Wa N >
:>1—|-K82(S+4)—0 X— »'ux))(e
VY
X
X A
(s + 1) -
S
= 1 + K — =0 ’K— —-O0—K—
s¢ (s+9) y y
X




CS50&60-RL(s)&BP(W) - 13
Your Jobs By Hand Feng-Li Lian © 2021

A

(s+1) _
:>1+K82(8+12)_0 A 4
X x
K —0—K >
X X




CS50&60-RL(s)&BP(w) - 14
Your Jobs By Hand Feng-Li Lian © 2021

1 « x|
L4 gD *— ———oX—
s2 (s+ 12) | X x
1 X X
= 1 + K (s + 1) = 0 X— — X —
82(8+9) « X xr
(s+ 1)
= 1 K = 0 *——0 X
+ s2 (s+4) x|
1 x X
14 2T =0 f ‘o x
S X




= 1 + K

=14+ K

| Your Jobs By Computer
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Unit 6
Bode Plot



Key Ingredients

(s+ 1?2

= Root Locus:
= Bode Plot:
= Nyquist Plot:
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» By Hand: » Hand Writing in Exam (40%)

= Use the Bode Plot Techniques
to roughly sketch the magnitude and phase plots
of any transfer function

by identifying these critical frequency locations

» By Computer: » Multiple Choice in Exam (60%)

= Use Matlab codes
to draw the exact Bode Plot, Nyquist Plot
of any transfer function
= Design proper transfer function and

select associated and reasonable gain value
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» Class 2: Frist-order term Gwr + 1)F!

1
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Magnitude plot for 1/(jw 7 + 1); T = 10
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Your Jobs by Hands and Pens
= First-Order CT Systems:
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= Second-Order CT Systems: H(jw) = 1

G2 +20G2) + 1
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= Example 6.3: Bode Plot for Real Poles and Zeros
2000 (s+0.5)
KGG) = 0770y (5 + 50)
(1) Break points [ L+ ]

K G(jw) =
Uw) =y [ +1][ w1

= Break points: 0.5, 10, 50

(2) Asymptotes
2
= Low-Frequency Asymptote: K G(jw) = (o) for w < 0.1
"o <<0.5: slope =-1  (or -20 db/decade)
*0.5<mw<10: slope = 0 (or O db/decade)
* 10 < ® < 50: slope =-1 (or -20 db/decade)

* 50 < : slope =-2  (or -40 db/decade)



Examples

= Example 6.3: Bode Plot for Real Poles and Zeros
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= Example 6.3: Bode Plot for Real Poles and Zeros

(3) Magnitlde at break points.
= By Zle 1.4 (+3db)
= By Pole: 0./ (- 3db)

Magnitude
2

100:

102 10" 10° 10° 102 108
w (rad/sec)
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= Example 6.3: Bode Plot for Real Poles and Zeros
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= Example 6.3: Bode Plot for Real Poles and Zeros
2000 (s+0.5)
KGG) = 0770y (5 + 50)
(1) Break points [ L+ ]

K G(jw) =
Uw) =y [ +1][ w1

= Break points: 0.5, 10, 50

(4) Phase
2
= Low-Frequency Asymptote: K G(jw) = (o) for w < 0.1
" << 0.5: phase =-90°
" 0.5<wm<10: phase = 0°
=10 < 0 <50: phase =-90°

* 50 < : phase =-180°
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= Example 6.3: Bode Plot for Real Poles and Zeros
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Examples

= Example 6.3: Bode Plot for Real Poles and Zeros

Phase
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= Example 6.3: Bode Plot for Real Poles and Zeros

Phase
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= Example 6.3: Bode Plot for Real Poles and Zeros
2000 (s + 0.5) e

s (s+ 10) (s + 50)

Jw
2 (4% +1)

Gw) [{5+ 1155+ 1] TN

= Break points: 0.5, 10, 50 S i N

-100 -
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/

140 F 1

-160 1
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= Example 6.4: Bode Plot for Complex Poles
10 1000 60
K G(S) = 2 100 40
s [s¢ 4+ 0.4s + 4] s ol Stope=_1 S
g 10 (D 20
10 1 2 1 3( 0
= 5 .E:;” \\ g
4 os[+2(01) + 1] o 0
Slopg =—3
00.1 —A40)
0.1 02 04 12 4 1
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BB o e e = ;@xlma 10N
o —140° '*
<
§ —180° l
E e \
~260° - \'-—-a__ .
~300°
0.1 02 04 1 2 4 10
w (rad/sec)
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= Example 6.5: 100(1 + jw)
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= Example 6.5: () = 1000 +juw)
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Your Jobs By Computer
[ K = 0.1,2,10
40

100 | 4 Im(s)
h K=10 )
NN | K G(jw) |
10 K—\E\ \\ 20 ~9
E N \“ \ 0 ZG(.]'LU)
g N\ Re(s)
Z o AN\ 00
: k-of\ [\ 2 . .
0.01 \\ \\‘ = Increasing gain
0.001 \! ., 2 Increase OR decrease stability?
' 0.1 I 10 100 (b)
@ (radse) = 2> | KG(jw) | <1l
. ~ = However, for some systems,
- +80° |\
3w %{”“ = > | KG(jw) | > 1 1!
:
0 ——————=——— = Need to check their root locus
w (rad/sec)

* OR, by Nyquist Stability Criterion
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= Example 6.8: Nyquist Plot for a Second-Order System

¢ Imis)
+ 1 3
R oY
K +12 oL
— Root
locus 1 —
| | | | .
10.0 20 4 Im[G(s)] —2-1 I 2 Re(®
_ 0 G(s) for s =—jooto 0 E;:ZE: -1r
% 1.0 ry B ——w\c\ 0.5 J 8 AL
g ol \\ -
éﬁ 0.01 - - /w:oo'F s .
-05 D 0.5 LOJA Re[G(s)]
0.001 A\ — B B
0.1 1 10 100 w=1
w (rad/sec) . /
. —0.5j N N
0° A ¢ G(s) for s =0 to +joo
B . .
\\ = N = 0: not encircle -1
s c = P = 0: no poles of G(s) in RHP
z . n/=N+P—>272=0,
o N2 & no unstable roots for K =1
0.1 I 10 100

o (radised) = K > 0 also holds

(b)
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= Example 6.9: Nyquist Plot for a Third-Order System
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Your Jobs By Computer

. & r h L
PM vs K ) | ) ) )
~UK K=02
5 s
= K=5 = 5 P 8 = \ 8
s 2 e KG j0)| = 1 s 2 \ 1/GM =035,
) FA. A\ forK=0.5 0 I N\ GM=2(=6db)
n | KG(JW) | =1 % N \ % \L 0
s \ s 03 T\
s PM = =229 02 IKG(jo)| = 1 02
for K=35 \
0.1 | —20 0.1 20
02 12 10 0.2 1 \2 10
. K — 0.5 llw(radfl) ‘ w (rad/sec)
IKGW) [=1 =
\T\ O -\
— 0 PM=70° N\ g;:gss \
=S = PM = 22°
S —180° - ~ —180° ‘
_ 3 PM = —22° for g
o K -_ 02 béj \ K=5 o N\
N N
. | KG(JW) | — 1 270° \~..._ —270° ——
- 02 1 2 10 0.2 1 2 10
w (rad/sec) w (rad/sec)
" PM = +70°
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= Example 6.15: Lead Compensation for a DC Motor

K G(s) K D¢(s) G(s)
.. -~ PM > 25° atw.=3
200
0 “ = Phase lead = 40°,
KD (5)G(s)
o \ — KG(s) 90
ERR N\ 3 —
= o \\ 20 5 12) 60 //"’f
\ r]_cadzem 5, e
\ E 30 /’(
2 "*\ = /
\\, :
0.1 02 12

1 2 4 6810 20 4060 100

1
= — = 5
—00° = Q
—
s SNSISl a zero at w = 2 rad/sec
S N
3 a pole at w = 10 rad/sec
& —180° TT S + 1
PM =20° 53° =
K De(s) = 10 -2
“HYT T 02 12

5
530, at We — 5 10 + 1

w (rad/sec)
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| = Example 6.15: Lead Compensation for a DC Motor
S 1 4 Im(s)
10271 : T

S §+1
S KD,(s) =K
10—|—1 (5) R

K Dc(s) =

5 Rels)

0.5

N

0 02 04 06 08 1 1.2 1.4 1.6 1.8 2

Time (sec)
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= Example 6.17: Lead-Compensation Design
for Type 1 Servomechanism System

10 _
KG(s) = K — : = K, = 10
s(Gst+DE+D)
" PM = 45°
1. Determine gain K: o - -
o S KGD,,
Ky = lim s K G(s) g e
s—0 éﬁ - \\v\\‘{\ 0 S
= Ax10 =10 1072 7 0 . 1 \\\\2_40
10 10 10! KG 10
e K — 1 w (rad/sec)
(a)
2. Bode plot of KG(s), K=1 s GD.,
~— _ —— % —150 ~180 : \,
2> PM~=-4 Wcp~=4 2 0 /¢ \\\
~250 O I
107! 10° 23° 10! 46° 102

w (rad/sec)

(b)
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= Example 6.17: Lead-Compensation Design
for Type 1 Servomechanism System

3. Allow for 5° of extra margin e
2 60 ///,
> 45% +5% — (—4°%) =54° ol
|
4. Ple oL 9 1/(1 — 10 001 2 4 68]]2“ 20 40 60 100
10! — 20
o SS[/KGD,,
5. Zero & Pole 2 W e = L
2 00 howh VAT DY
a zero at 2 o RN,
a pole at 20 10 o1 10° 10! KG 102
w (rad/sec)
S
Dy(s) = ~2+ 1) = T
(55 +1) B —100 == o=
20 o ~. I‘ l GD,,
g 150 | —igp "~~,_\
1 s+ 2 £ —200 /?)‘“\\\
T —250 il ' h

100 23° 10! 46° 102

=

w (rad/sec)

- PM ~= 23, WCp ~=7 (b)
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= Example 6.17: Lead-Compensation Design

for Type 1 Servomechanism System
7. A double-lead compensator:

Dy (s) GHrHG+D 1 (+2)(5+4)
. =
(5+1) (G5 +1) (0.1)? (s+20) (s + 40)
10! - o
E%D 107! = ‘-.\\‘/\ —20
1072 CNION
107! 10° 10" KG 15"
w (rad/sec)
el
~50
gb —100 __—-1-==1:.':_::~““ <y
2 —150 hf\f { o4
2 —180 &
£ —200 = J \ \‘ N
—250 ot =
10! 10° 23° 10! 46° 10°

w (rad/sec)

(b)
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= Example 6.19: Lag Compensation for the DC Motor

0.001 0.01 0.1 0.2 1 2
w (rad/sec)

1 = Error constant: K, = 10
G(s) =
s(s + 1) = PM = 45°
] j— N
K=10 \\\ ——— KD(5)G(s)
4 \ — (s
= PM = 20° at o, ~= 3 | .J\\\
100 L \\ ) 40
= Select break points . NN
E 20 \\ \\
v o, is lowered 2w — \\ 0 8
N\
v more favorable PM results : \\
6.001 0.01 01 02 ‘1\ 2 1(]0
» Lag zero = 0.10 ‘ o (rad/ee) \
N\
> Lag pole = 0.01 =] ~ v
_ 0 = 1500 =+=" [ .
J PM - 50 _180° J TT_\ R
e PM"’OOI PM =20°
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= Example 6.19: Lag Compensation for the DC Motor
1 = Error constant: K, = 10
G(s) =
s(s + 1) = PM = 45°
1.2 = No steady-state error
I
Yo v a Type 1 system
0.4
o = Settling time ~= 25 sec
0 5 10 15 20 25
Time (sec) = Rise time ~= 2 sec

= Example 6.15: Lead Compensation

:\..‘
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= Example 6.20: PID Compensation

K 1 -
De(s) = — |(Tps+1) s+ — for SpacecragtéAttltude Control
S 17 G(s) = —=

1 1 52
—=0.5 = 10 2

T TH H —
! 3 Y e

—=005 —=1 __ Compensation for PID design Example 6.20: () magnitude.
T T f T T T T T
1 D 102 - G = 0.9/s% H = 2/(s+2) 1T, = 0.5, 1Tp = 10
1 ]_ § 3 e e
—=0.00p —=0.1 2 | = 0,005, 1/T, = 0.1
T] TD g 100 |

il L ciaaal L Ll

102 10" 10° 10 102

* PM = 65° T Tl
-2 o, = 0.5

1 Compensation design for PID Example 6.20: (b)phase.
= > Find K e Compensaen desn for P Exanpl 620: Dpha

-150 |

*| D.(s)G(s)| =20

- 1/K = 20 2mﬂf/////
250 - . . /

o K — 005 1074 10 102 10" 100 101 102

w (rad/sec)

Phase (deg)
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= Example 6.20: PID Compensation
© D. G for Spacecraft Attitude Control

Ocom 1 + DG H

T(s) =

(a) Unit Step Command Response with PID compensator
T T T T T T T

o = Frequency Response of
= T(s) and S(s) are shown:
Time (sec)
e . G 10! 20
T, 14+ D.GH
5 (b)I Step Dilsturbanclze Resp?nse wit!‘n PID colmpensaltor

Time (sec)



