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.
Examples

* In the following examples we will
e Examine open loop modes
e Design controller using pole placement
e Compute equivalent compensator
e Perform root locus analysis of feedback loop
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Example: F-16
landing approach longitudinal
dynamics
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F-16: Pl Control

s(s+0.0423101)(s +0.586543)

ooooooooo




Example: F-16 state feedback

Desired poles -
short period: 4, =-1.25+ j2.16506 (w=2.5,p=0.5)
phugoid: 4,, =-0.01+ j0.0994987 (w=0.1,p=0.1)

K:[0.004076 3.87578 0.718424 0.095189]




Example: F-16 Rynaski “robust observer”

"place observer poles at LHP plant zeros, remainder are
placed arbitrarily"

A =0,-0.04231,-0.5865,-1
L' = [0.168343 -1.02106 -0.56851 -1]

s(s+0.0423101)(s +0.586543)
(s—0.730937) (s +1.7036)(s* +0.0876334s +0.044546)

(s+1.234)(s” +0.02967s +0.02198)
s(s+0.04231)(s+0.5866)(s+2.46)

G, (s)=1.645

G, (s) = 4.46035




s(s+ 0.0423101)(8 + 0.586543)

ROOt LOCUS Gp(S):1'645(s—0.730937)(s+1.7036)(s2+o.0876334s+o.044546)

(s+1.234)(s* +0.029675 +0.02198)
s(s+0.04231)(s+0.5866)(s+2.46)

G, (s)=4.46035

Root Locus

Imaginary Axis

Real Axis
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Root Locus 2

Root Locus
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Margins

Bode Diagram
Gm=Inf , Pm = -89 deg (at 0,405 radizec)

a0 ——— et S
i} |
e |
1 1] 1
= 1
= I
[y 1
[=]] 1
L] '
= :
a0 Ll Ll T | Ll L
135 p—T—TT T — — — — e
=]
L]
=
k]
2]
L]
=
o
00 e 1 RN 1 L1l 1 RN 1 L1yl RN

10 107 10 10° 10" 10

Freguency (radfzec)

UNIVERSITY



Boeing 747-400

altitude hold controller

Compensator

G, (s)

Aircraft

VY=

il

Inner loop




Boeing 747 Dynamics (cruise)

il [ -0.006  0.0263 0 -322 0fu 0

W —0.0941  -0.624 820 0 Oflw| |-327
g |=|-0.000222 -0.00153 —0.668 0 0| q|+|-2.08]0,
6 0 0 1 0 0|6 0
h| | 0 -1 0 830 Ofh| | 0O |

>
I
o
o
o
()
[BRN
| I
|
> O o = <
I




- 00000000000
Boeing 747 Open Loop Longitudinal

Modes-1

>> A=[-0.0064 0.0263 0 -32.2 0;-0.0941 -0.624 820 O O;
-.000222 -0.00153 -0.668 0 0;0 0 1 0 0;0 -1 0 830 O],

>> elg(A)

ans =

0.0000 + 0.0000i _—
0.6463 + 1.1211] I

-0.6463 - 1.1211i

10.0029 + 0.0098i —

-0.0029 - 0.0098i




- 00000000000
Boeing 747 Open Loop Longitudinal

Modes-2

> are e

V =
0.0000 -0.0116 + 0.0037i -0.0116 - 0.0037i -0.0358 - 0.0176i -0.0358 + 0.0176i
0.0000 -0.9368 + 0.0000i -0.9368 + 0.0000i 0.0053 + 0.0026i 0.0053 -0.0026i
0.0000  0.0000-0.0013i 0.0000 + 0.0013i -0.0000 - 0.0000i -0.0000 + 0.0000i
0.0000 -0.0009 + 0.0005i -0.0009 - 0.0005i 0.0000 + 0.0000i 0.0000 - 0.0000i
1.0000 0.1816-0.2988i 0.1816 + 0.2988i 0.9992 + 0.0000i 0.9992 + 0.0000i

Vertical translation
Phugoid
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-
Boeing 747 Inner Loop Design

A=[-0.0064 0.0263 0 -32.2 0;-0.0941 -0.624 820 0 O;-
-000222 -0.00153 -0.668 0 0;0 0 1 0 0;0 -1 0O 830 0O];
B=[0;-32.7;-2.08;0;0];

C=[0 O 0 O 1];
poles=[0,-2.25+2.991,-2.25-2.991,-0.0105,-0.0531];
Kinner=place(A,B,poles)

Kinner =

-0.0008 -0.0054 -1.4845 -0.6517 o)
eig(A-B*Kinner) Kq Ke
ans =

0
-2.2500 + 2.99001
-2.2500 - 2.99001
-0.0531
-0.0105

[0,-0.6463+1.12111,-0.6463-1.12111,-0.0029+0.00981,-0.0029-0.00981]

original poles
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BOGIng 747 COnt’d RHP zero

32.7(5+0.0045)(s +0.5645) (s —5.61)
s(s+0.003+ j0.0098)(s +0.6463+ j1.1211)

phugoid short-period

Choose: K, =—1.4845, K, = ~0.6517 -

A—)Ap=A+b[O 0 -1.4845 -0.6517 O]

' —0.0064 0.0263 0 322 0

—0.0941 0624 /21 21 O

=|-0.0002 -0.0015 -3.76 -1.36 O -
0 0 1 0 O

0 -1 0 830 O

32.7(s+0.0045)(s +0.5645)(s - 5.61)
~ s(s+2.25+ j2.99)(s+0.0105)(s +0.0531)

5, >h:G(s)=

Note zeros are

unchanged




I
Outer Loop Design

Computations-1

>> A=[-0.0064 0.0263 0 -32.2 0;-0.0941 -0.624 761 -196.2 O;
-.0002 -0.0015 -4.41 -12.48 0;0 0 1 0 0;0 -1 O 830 0]}

A =
-0.0064 0.0263 0O -32.2000 0
-0.0941 -0.6240 761.0000 -196.2000 0
-0.0002 -0.0015 -4.4100 -12.4800 0
0 0] 1.0000 o) o)
0 -1.0000 O 830.0000 o)
>> p=[0;-32.7;-2.08;0;0]
b =
0
-32.7000
-2.0800
0]
0]

>> p=[--0045;-.145;-.513;-2_25+1*2.98;-2.25-1*2.98];

Drexel
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Computations 2

>> K=place(A,b,p)
K =
-0.0011 0.0016  -0.0843 -1.6011 -0.0010
>> elg(A-b*K)
ans =
-2.2500 + 2.9800i
-2.2500 - 2.98001
-0.0045
-0.5130
-0.1450
>> ¢=[0,0,0,0,1];
>> poles=[-0.0045,-5.645,-9,-10,-11];
>> | =place(A",c",poles)"
L =
-6.5323
915.2339
-2.7283
1.4615

ﬁ 30.6091

Drexel
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Computations 3

>>

eig(A-L*c)

ans =

>>
>>
>>
>>
>>
>>

Ze

-0.0045
-11.0000
-10.0000

-9.0000

-5.6450

Ac=A-b*K-L*c;

Bc=L;

Cc=Kj;

Gess=ss(Ac,Bc,Cc,0);

Ge=tf(Gcss) ;

zpk(Gec)
ro/pole/gain:

=

Altitude
Hold
Compensator

Stabilized
Airframe

~0.64364 (s+0.5803) (s+0.004708) (s"2

(s+13.22) (S+5.644) (s+0.004507) (s~2

+ 4_.517s + 14.29)

+ 16.9s + 79.2)




Computations Summary

32.7(s + 0.0045)(s + 0.5645)(s — 5.61)
s(s + 2.25 ij2£9)(s + 0.0105)(s + 0.0531)

—0.644(s + 0.5803)(s + 0.004708)(s + 2.258 + j3.0314)
(s +13.22)(s + 5.644)(s + 0.0045)(s + 8.45 + j2.7924)

Gp(s) =

Gc(s) =




Root Locus

Root Locus
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Margins

Magnitude (dE)

Phaze (deq)

Bode Diagram

Zm =287 dB (st 3.5 radizect , Pm = 882 deg (at 0125 rad/zec)
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