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Modern high performance aerospace vehicles are 
particularly susceptible to destructive fluid-structure 
interactions. Accurate and timely aerodynamic predictions 
are needed for efficient vehicle design and evaluation. 
System identification offers an efficient and powerful 
prediction methodology by substituting a trained 
mathematical system model for the actual aerodynamic 
system. Coupling the system model with structural and 
control systems allows for fast and intuitive vehicle analysis. 
The challenge becomes determining a system model that 
accurately represents the dominant fluid-flow physics. This 
thesis investigated linear aerodynamic system identification 
for aeroservoelastic predictions based on Computational 
Fluid Dynamics (CFD) flow predictions. 
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ŷ
(k

))
2



M
o

d
el

 E
va

lu
at

io
n

Ev
al

u
at

io
n

 b
as

ed
 o

n
 A

er
o

el
as

ti
c 

St
ab

ili
ty

U
si

n
g

 t
h

e 
m

o
d

el
 f

o
r 

co
u

p
le

d
 a

er
o

st
ru

ct
u

ra
l 

p
re

d
ic

ti
o

n
s 

ex
er

ci
se

s 
th

e 
m

o
d

el
's

 p
re

d
ic

ti
o

n
 c

h
ar

ac
te

ri
st

ic
s 

in
 a

 r
ea

lis
ti

c 
an

d
 i

n
tu

it
iv

e 
m

an
n

er
. 

Th
is

 e
va

lu
at

at
io

n
 i

s 
b

as
ed

 o
n

 s
ys

te
m

 e
ig

en
va

lu
e 

p
re

d
ic

ti
o

n
s.

 T
h

e 
co

u
p

le
d

 a
er

o
el

as
ti

c 
p

la
n

t 
m

at
ri

x 
is

:

0
5

1
0

1
5

2
0

2
5

3
0

0
.4

0
.4

5

0
.5

0
.5

5

0
.6

0
.6

5

0
.7

0
.7

5

0
.8

1
2

34
56

789
1

01
11
21
31
41
5161
7181
92

n
b

 O
rd

e
r

Dynamic Pressure

n
a

 O
rd

e
r

Ei
g

en
va

lu
e 

Fo
rm

St
ab

ili
ty

 B
o

u
n

d
ar

y 
Fo

rm

[ G
s
+

q ∞
H

s
D

a
C

s
q ∞

H
s
C

a

H
a
C

s
G

a

]



A
G

A
RD

 4
45

.6

Tw
o 

M
od

e 
St

ru
ct

ur
al 

M
od

el

Fi
rs

t B
en

di
ng

 M
od

e
9.

6 
H

er
tz

Fi
rs

t T
or

sio
na

l M
od

e
38

.2
 H

er
tz

45
 d

eg
re

e 
sw

ee
p

A
sp

ec
t R

at
io

 2
60

%
 ta

pe
r r

at
io

N
AC

A
 6

5A
00

4 
Ro

o
t

Ti
p

V



A
G

A
RD

 4
45

.6

0
5

1
0

1
5

2
0

2
5

3
0

0

0
.1

0
.2

0
.3

0
.4

0
.5

0
.6

0
.7

0

1

2
3 4 56

7 8 9
1

0 1
11
21
31
41
5 1
61
71
81
92
0

n
b

 O
rd

e
r

Dynamic Pressure

n
a

 O
rd

e
r

0
5

1
0

1
5

2
0

2
5

3
0

0

0
.1

0
.2

0
.3

0
.4

0
.5

0
.6

0
.7

0
.8

0
.91

0

1
2

34
56

789
1

01
11
21
31
41
51
61
71
81
92
0

n
b

 O
rd

e
r

Dynamic Pressure

n
a

 O
rd

e
r

0
5

1
0

1
5

2
0

2
5

3
0

0

0
.1

0
.2

0
.3

0
.4

0
.5

0
.6

0
.7

0
.8

0

1
2

34
56

789
1

01
11
21
31
41
51
61
71
81
92
0

n
b

 O
rd

e
r

Dynamic Pressure

n
a

 O
rd

e
r

0
5

1
0

1
5

2
0

2
5

3
0

0

0
.2

0
.4

0
.6

0
.81

1
.2

1
.4

1
.6

1
.8

0
1

2

3 456 7 8 91
01
11
21
3 1
4 1
51
61
71
8 1
92
0

n
b

 O
rd

e
r

Dynamic Pressure

n
a

 O
rd

e
r

0
1

0
2

0
3

0
4

0
5

0
6

0
0

0
.1

0
.2

0
.3

0
.4

0
.5

0
.6

0
.7

0
.8

0
.9

0

1 234567891
01
11
21
31
41
51
61
71
81
92
0

n
b

 O
rd

e
r

Dynamic Pressure

n
a

 O
rd

e
r

0
5

1
0

1
5

2
0

2
5

3
0

0

0
.1

0
.2

0
.3

0
.4

0
.5

0
.6

0
.7

0
.8

0
.9

0

1

2

34
56

78 91
0

n
b

 O
rd

e
r

Dynamic Pressure

n
a

 O
rd

e
r

C
h

ir
p

D
C

 C
h

ir
p

D
C

 C
h

ir
p

La
rg

e 
A

m
p

lit
u

d
e

M
u

lt
is

te
p

Fr
es

n
el

 w
it

h
 

St
at

e 
Sp

ac
e 

Sp
ec

ifi
ca

ti
o

n
Sc

h
ro

ed
er



A
G

A
RD

 4
45

.6

0
.4

0
.5

0
.6

0
.7

0
.8

0
.9

1
1

.1
1

.2
0

0
.2

0
.4

0
.6

0
.81

1
.2

1
.4

1
.6

1
.8

M
a

ch
 N

u
m

b
e

r

Dynamic Pressure [psi ]

St
ab

ili
ty

 B
o

u
n

d
ar

y



A
G

A
RD

 4
45

.6
 S

en
si

ti
vi

ty
 S

tu
d

ie
s

E
ig

en
va

lu
es

 in
 z

-p
lan

e 
at

 M
ac

h 
0.

49
9

U
ni

t C
irc

le,
  |

z|
=

1

M
od

e 
2

M
od

e 
1

In
cr

ea
sin

g
D

en
sit

y

In
cr

ea
sin

g
D

en
sit

y

|z
|=

1

1.
14

1
1.

07
2

0.
49

9

0.
67

8
0.

90
0

0.
96

0

D
en

sit
y 

Sw
ee

p
M

od
el 

Se
ns

iti
vi

ty
 S

tu
dy

0
.4

0
.5

0
.6

0
.7

0
.8

0
.9

1
1

.1
1

.2
0

0
.2

0
.4

0
.6

0
.81

1
.2

1
.4

1
.6

1
.82

M
a

ch
 N

u
m

b
e

r

S
ta

b
ili

ty
 B

o
u

n
d

a
ry

 [
p

si
]

+
10

%

-1
0%

A
s-

Is

S
tr

u
ct

u
ra

l F
re

q
u

e
n

cy

St
uc

tu
ra

l F
re

qu
en

cy
 S

tu
dy

0
2

4
6

8
1

0
1

2
1

4
1

6
0

.7

0
.7

5

0
.8

0
.8

5

0
.9

0
.9

51

1
.0

5

1
.1

D
a

m
p

in
g

 R
a

tio
 %

S
ta

b
ili

ty
 B

o
u

n
d

a
ry

 [
p

si
]

M
a

ch
 0

.4
9

9

M
ach

 1
.0

72

St
uc

tu
ra

l D
am

pi
ng

 S
tu

dy



W
in

g
/F

la
p

 C
o

n
tr

o
l

U

θ
δ

D
e

L

Sc
h

em
at

ic

C
FD

 G
ri

d

0
5

1
0

1
5

2
0

2
5

3
0

3
5

0

0
.51

1
.52

D
is

p
la

ce
m

e
n

t

1 2

0
5

1
0

1
5

2
0

2
5

3
0

3
5

2
0

1
0

0

1
0

2
0

V
e

lo
ci

ty

1 2

0
5

1
0

1
5

2
0

2
5

3
0

3
5

0
.0

1

0
.0

0
50

0
.0

0
5

0
.0

1
F

o
rc

e
s

12

0
5

1
0

1
5

2
0

2
5

3
0

3
5

0

0
.51

1
.52

D
is

p
la

ce
m

e
n

t

12

0
5

1
0

1
5

2
0

2
5

3
0

3
5

2
0

1
0

0

1
0

2
0

V
e

lo
ci

ty

12

0
5

1
0

1
5

2
0

2
5

3
0

3
5

2024
x 

1
0

4
F

o
rc

e
s

1 2

Tr
ai

n
in

g
 S

ig
n

al
s



W
in

g
/F

la
p

 C
o

n
tr

o
l

O
p

en
 L

o
o

p

0
0

.0
1

0
.0

2
0

.0
3

0
.0

4
0

.0
5

0
.0

6
0

.0
7

0
.0

8
0

.0
9

0
.1

4
0

2
0

0

2
0

4
0

D
is

p
la

ce
m

e
n

t

12

0
0

.0
1

0
.0

2
0

.0
3

0
.0

4
0

.0
5

0
.0

6
0

.0
7

0
.0

8
0

.0
9

0
.1

2101
x 

1
0

4
V

e
lo

ci
ty

12

0
0

.0
1

0
.0

2
0

.0
3

0
.0

4
0

.0
5

0
.0

6
0

.0
7

0
.0

8
0

.0
9

0
.1

5
00

5
0

F
o

rc
e

s

1 2

0
0

.1
0

.2
0

.3
0

.4
0

.5
0

.6
0

.7
0

.8
5

05
D

is
p

la
ce

m
e

n
t

12

0
0

.1
0

.2
0

.3
0

.4
0

.5
0

.6
0

.7
0

.8
1

0
0

0

5
0

00

5
0

0

1
0

0
0

V
e

lo
ci

ty

1 2

0
0

.1
0

.2
0

.3
0

.4
0

.5
0

.6
0

.7
0

.8
2024

F
o

rc
e

s

12

C
lo

se
d

 L
o

o
p

k=
{3

.5
, 0

, -
0.

01
, -

0.
04

}

C
lo

se
d

 L
o

o
p

k=
{3

.5
, 0

, -
0.

01
, -

0.
05

}

C
lo

se
d

 L
o

o
p

 E
ig

en
va

lu
es

k=
{3

.5
, 0

, -
0.

01
, -

0.
05

}

Ei
g

en
va

lu
es

 n
ea

r t
h

e
u

n
it

 c
ir

cl
e 

ar
e 

ca
u

si
n

g
a 

n
o

n
-p

h
ys

ic
al

 in
st

ab
ili

ty
.



C
o

n
cl

u
si

o
n

s
Im

p
ro

ve
m

en
ts

 w
er

e 
m

ad
e 

in
 t

h
e 

sy
st

em
 i

d
en

ti
fi

ca
ti

o
n

 
ro

u
ti

n
e.

A
 c

o
m

p
ar

is
o

n
 o

f c
la

ss
ic

al
 u

n
st

ea
d

y 
ae

ro
d

yn
am

ic
 s

o
lu

ti
o

n
s 

w
as

 p
er

fo
rm

ed
. T

h
e 

A
R

M
A

 f
o

rm
 r

em
ai

n
s 

th
e 

p
re

fe
rr

ed
 

sy
st

em
 re

p
re

se
n

ta
ti

o
n

.  

A
 p

ar
al

le
l t

ra
in

in
g

 m
et

h
o

d
 w

as
 d

ev
el

o
p

ed
. P

ar
al

le
l t

ra
in

in
g

 
al

lo
w

s 
fo

r 
d

ec
o

u
p

le
d

 e
xc

it
at

io
n

 a
n

d
 y

ie
ld

s 
b

et
te

r 
sy

st
em

 
m

o
d

el
s.

A
n

 e
xc

it
at

io
n

 s
ig

n
al

 s
u

rv
ey

 w
as

 c
o

n
d

u
ct

ed
. T

h
e 

D
C

-C
h

ir
p

 
g

av
e 

th
e 

m
o

st
 

co
n

si
st

en
t 

re
su

lt
s.

 
H

ig
h

 
fr

eq
u

en
cy

 
lim

it
at

io
n

s 
o

f 
th

e 
cu

rr
en

t 
si

g
n

al
s 

w
er

e 
id

en
ti

fi
ed

 a
n

d
 

ev
al

u
at

ed
. 

M
o

d
el

 
q

u
al

it
y 

"E
va

lu
at

io
n

 
cr

it
er

ia
" 

w
er

e 
te

st
ed

. 
Th

e 
co

u
p

le
d

 s
ta

b
ili

ty
 p

re
d

ic
ti

o
n

 e
va

lu
at

io
n

 a
p

p
ea

rs
 to

 g
iv

e 
th

e 
b

es
t 

"m
o

d
el

 q
u

al
it

y"
 in

d
ic

at
io

n
.




