Lewis (1992)

203.1752+ 2240s+ 2090

G(* — {4+ 322353+ 265.6652+ 434,125+ 71.42)
1
Origin Routh Table
Routh Table
266 231 E03
VY, 637 2.09E03
S 246 2.25E03
VY 2.09E03
SR T,
" 2.09E03

Routh Table

Pole
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2, Pole
Zero
Open-loop Zeroes -10.0000 1-1.0289
Open-loop Poles 0 1-20.0518 1-10.0833 1-1.9095 1
-0.1850
Closed-loop Zeroes -10.0000 1-1.0289
Closed-loop Poles -20.5636 ,-10.0680 , -0.2461 + 3.01 161 1
-1.1060
Poles Type 1 Pole 1
Origin Poles s-plane
3. Gain - Margin&Phase  Margin

2.1852

Gain Margin
Phase Margin 8.8770

Gain-crossover Frequency 4.4993 Rad/s
Phase-crossover Frequency = 2.9731 Rad/s

Gain Margin Phase Margin
Phase Margin

4, Steady-state Error
Step Ramp
Steady-state Error due to Unit-Step Input = 0
Steady-state Error due to Unit-ramp Input = 0.0342
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Step 0 ! Poles
Type 1
Step 0 Ramp
0.0342

4-1 4-2

. PID
FiD Controller Tuning

Ko = 1.31 111
Ti 0.6982
Td 0.1746
1. PID
4-1 4-3
8.
8.1 Unit-ramp

8.2 Phase Margin 15° 30°  45°

Gan = 1 1 1
T = 0.351 0.368 0.364
T2 = 0.27 0.145 0.0577
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1+ 0.351s

CH) = 1 +01s (4-2)
1+ 0.368s
GN() = 1+ 0145 (4-3)
1+ 0.364s
GE() — 14 005775 (4-4)
4-4 4-5 Phase Margin
9,
9.1 Unit-ramp
9.2 Phase Margin 45°
Gain 1
Tl 0.364
T2 0.0577
i + 0.364s
Oels) = 14 005775 (4~5)
10. Gain - Margin&Phase

Margin

Gain Margin 8.3674
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45.2171
16.9532 Rad/S

Phase Margin
Gain-crossover Frequency

Phase-crossover Frequency = 3.9620 Rad/S
4-1 4-6
11, 4-1
PID
PID
Steady-state Error 0 0 0
Settling Time 1 2.5 1.2
Maximum Qvershoot 85% 67% 30%
Step 3
Type 1 PID
Ramp
Type 2
3
2

) Order 8
2 Input 3 Output Cukalevski 1 Medanic and Clovic (1987)



X Ax + Bu

y Z Cx (4-6
0.2 0 G 0 0 0 0 -4
475 -5 0 0 0 0 0 0
0 .1667 -.1667 0 0 0 0 0
0 0 2 -2 0 0 0 0
| -08 -0747 -112 -3.9944 10 -923 -9.1011
0 0 0 0 2 =5 0 0
0 0 0 0 13194 0 --1.3889 -.2778
~, 0 0 0090 014 -0632 0 116 -1124
o
o
0 0
00 003 028 042 0 0 0 0
0 0 c = 00 0 0 -152 0 278 0217
00 000 0 0 0 0 0 1
0 0
L2 T Figenvalues T2
X = -8.9639,-5.0081,-1.9963,-1.3290,
-0.0697 £ 0.58161 1-0.2128 + 0.0555i
Eigenvalue
2. Controllability ~ Qbservability

System is completely controllable
System is completely observable

3. Simulate
4-7 4-8 4-9 x(0)

56
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0] 2030-1 -2 32

-.9483 -.2436 -10.858 96 2111 1.0533 23978 28.962

2567 0892 -1.4907 4571 1213 .0032 912  9.5659

-1.2267 -3566 59627 -18284 -4852 -0129 -36479 -422637

4 = 0 0 0 0 0 0
0 166/ -1667 0 0 0 0 0
0 0 2 —2 0 0 0 0

94828 23561 1085057 = -61053 -5331 -249056 -2987207
0 0 0 0 2 - 0 0
0 0 0 0 13194 0 -13889 -2778
0 o .93 014 -0632 0 116 -1124

Eigenvalues
X = 1 ,-1.5,-24 251, -3, -3.5,-4, -4
Optimum Design
- 0 ... 0- *
01
Q 0 1



0047 -.0041
11675 2021

X =

4-7 4-8

Maximum Overshoot, Y1
Maximum Overshoot, y2
Maximum Overshoot, y3
Settling Time, yl
Settling Time, y2
Settling Time, y3

Overshoot

10.
Poles

>
1

4-9

]

0139 -.0078 8337 7071  .266
2366 013 0019 -.0011 -.0074

Eigenvalues

-.6376
-.8243

-12.6914 ,-4.9026 + 187671 ,-0.2283 ,

-0.1528 1-4.1087 ,-1.9965 1-1.8865

Pole Placement  Optimal Design

5.5 1.75
20 50
2 2.5
60

50 5
10 5

Pole Placement

Observer

-11-151-2+£25 ,-31-35 -4 1-4

1.25
10
2

125

35

58

Poles
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Observer

247584 216136 -a794 -9.4888 14654 65049 9.4172 0983
-2507 -2782 0462 0597 21799 -5022 5861 .0435
-4.3598 -262 0833 1739 -10.1705 12964 1.1167 3.3759

L
Z Bilinear Transformation 0.5

0.4268Z5+ 21124+0.964523- 010S122- 0.3933Z - 0.108
z5-1.16624-0.614373+0.7722+0.1032Z-0.093 (4-7)

2. Poles
Poles  Zero
Open-loop Zeroes -1 1-1 1-1 10.5907 , -0.4284
Open-loop Poles 1109116 1-0.6674 1-0.4319
0.3538
Closed-loop Zeros -1,-1,-1,05907 ,-0.4284
Closed-loop Poles 0.2537 + 0.8890i ,-0.6743 1

-0.4313 10.5667

Closed-loop Poles Unit Circle
3. Gain Margin -~ Phase Margin
Gain Margin = 21852
Phase Margin 8.8770
Gain-crossover Frequency 4.4993 Rad/S

Phase-crossover Frequency = 2.9731 Rad/s
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Gain Margin -~ Phase Margin

4,
4.1 Unit-ramp
4.2 Phase Margin 45°
9955 2-0.3705
G(z) = .. Z+ 0,625 (4~8>
D.
4-10
4-11

4 g =
N139aNRULISUUMUANTINULLIIREIL tlugumIsoiu

L
Z 1

0806 -.0067 -.028 -015 025 .043 -148 -3.51
196 .002 w -011 02 031 -101 -2.72
108 029 846 -.0006 .0013 .0016 -.0052 ~-.019
058  .024 776 136 0005 .0005 -.002 -.076
-054 -018 -114 -045 442 948 -46  -4.653
-016  -.007 -.0345 -.016 .19 4 -156  -1.57
-02  -01 -046 -024 376 69 019 -2.39
008  .0024 0165 .006 -.004 -.012 .064 93
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=
0035
0011

5.62

1.8686
2.6441
-0.07

0 03
0 0
0 0

-.016
-.009
09
099
-.089
035
-071
008

-9.06
-8.56
-8.24
-8.21
10.22

4.18
10.09
0.559

A2

b2

3.61

2.19
19
078
-.089
-.0225
-0.0262
0.013
028 042 0 0 0 0
0 0 -152 0 278 0.217
0 0 0010/ /A 1
15
Xkl = A2 + Bk
yk = ¢ Xk
-007 -.094 -015 -.04
-007 -08 -016 -.027
003 043 -.004 -.005
0009 .052 -.0025 -.006
-006 -.146 -009 ~-.123
-003 -.058 -.005 ~-.046
-008 -12 -.016 -.069
0001 013 -.0009 .018
13.12
12.46
10.27
10.068
-6.459
-2.556
-6.005
0.36

-.06
-.027
-.01
-.015
-.228
-.079
-102

037

-.19
-.19
-.038
-.023
-.14
-.069
-212
-.006

(4-1
-2.06

-2.08

-11
-.58
-1.36
-.676
-2.15
-.081

61



03 028 042 0 0 O 0
0 0 0 -152 0 278 0217
0

0
o0 o0 0 0 0 0 1

3. Controllability ~ Observability 1
AiB,C1
System is completely controllable
System is completely observable
A2.B2.C2
System is not completely controllable

System is completely observable

Controllability

4, 1
Eigenvalues

0.7793 + 05123 10.3070 + 0.0448 1
0.1358 ,0.0067 10.2647 ,0.0001

Eigenvalue Unit Circle

) Optimum Design

R = 1

_-0052 -.0031-0146 -.008 .0905 .0186 -.064 -.82
B 2420025 .009 -.003 004 .005 -.036 -.915



X0

4-12 4-13

2030

4-14

-1 -2 3

4-15 4-16

2

4-17
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4-1

T T T T T

1.§ (\No Control

ith PID

0 2 4 6 8 10 12 14 16 18 20
Tme(s«s)

PID

1020 30 40 50 B0 70 80 90 100
Frequency (rad/sec)

10 10 10 © -
Frequency (rad/sec)

4-2 Bode Plot



4-3

4-4

Bode Plot

Amplitude

&5 6 o 8 9
Time (secs)

PID
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{rad/sec)

Frequency (rad/sec)

Frequency

10

K

Bode Plot

4-5

10

10

Frequency (rad/sec)

Frequency (rad/sec)

10

10

Bode Plot

gp uteo

-270,,.
10

4-6



No Control
-4
|
0 5 10 15 20 25 30 35 40 45

Tine (secs;

4-7 yl
Poles

5Q

4d

I

pit)

'§ / No Control

G ' Optimym Design

' “ ‘ Pole Placement

-40]

., 3 ; ; 7
051015202'556%40455

Time (secs)
4-8 y2

Poles
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Amplitude

0 5 0 ( 20 25 30 35 40 45 50
TineE)

4-9 y3
Poles

18 i
f!"

,é % No Control

,4 L ‘
| H 0

31,2 With Dig| LILead

:,

3 o e
| !

L ImEN

ol |1
|~

04
i

N FSnes

4-10



4-11

+~

With Digital Lead

i
!
@ I 3
3 /WlmLead
a
3
<
0.‘.‘1/
T |
!
|
“é i 3 7] 5 5
Tine@Es)
2
A
! :\Lctpl!lnal T"‘ssagr\
Y !
0 ] 57 /ﬁ Jhi e, SR
T 7 O S
2-1 !
i)
Q
22 ’
|
d{ No Control
i
| ]
3
Ty
% %4 % @ 7o 8 0 o

4-12

Sample Number

yl
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Amplitude

B e TRCT I,

Amplitude

i3 S—

R B T - R 1 a
Sample Number

4-14 y3



1.
1.4
Discrete
1.3
1
@
©
a2
3 04
1=
<
0.4
\ ntinuous
04
0.2
a
-0 N " "
0 5 10 15 20 %
Time (secs)
4-15 y1
12 - - T
1
@
o
2 Discrete
£
4
2
Continuous
0
S
g 5 10 15 20 ). P

Time (secs)

4-16 y2




Amplitude

Continlious

4-17 3o
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