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Abstract 
With the increased emphasis on aircraft safety, enhanced performance and affordability, 
and the need to reduce the environmental impact of aircraft, there are many new 
challenges being faced by the designers of aircraft propulsion systems. The Controls and 
Dynamics Branch (CDB) at NASA (National Aeronautics and Space Administration) 
Glenn Research Center (GRC)  in Cleveland, Ohio, is leading and participating in various 
projects in partnership with other organizations within GRC and across NASA, the U.S. 
aerospace industry, and academia to develop advanced controls and health management  
technologies that will help meet these challenges through the concept of Intelligent 
Propulsion Systems. This presentation describes the current CDB activities in support of 
the NASA Aeronautics Research Mission, with an emphasis on activities under the 
Integrated Vehicle Health Management (IVHM) and Integrated Resilient Aircraft Control 
(IRAC) projects of the Aviation Safety Program. Under IVHM, CDB focus is on 
developing advanced techniques for monitoring the health of the aircraft engine gas path 
with a focus on reliable and early detection of sensor, actuator and engine component 
faults. Under IRAC, CDB focus is on developing adaptive engine control technologies 
which will increase the probability of survival of aircraft in the presence of damage to 
flight control surfaces or to one or more engines. The technology development plans are 
described as well as results from recent research accomplishments. 
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ŷy

v
w E
ng

. M
od

el

E
ng

. M
od

el

RE
F 

p 

FA
D

EC

u 

co
nt

ro
l

si
gn

al
s

Se
ns

or
ou

tp
ut

PL
A 

R
ea

l E
ng

in
e

C
lo

se
d 

Lo
op

 C
on

tro
l

NM
PC

m
in

 J

O
pt

im
iz

er

St
at

e/
Pa

ra
m

et
er

 E
st

.
+ -

x
P

ˆ ,

ŷy

v
w E
ng

. M
od

el

E
ng

. M
od

el

RE
F 



C
on

tro
ls

 a
nd

 D
yn

am
ic

s B
ra

nc
h

at
 L

ew
is

 F
ie

ld
G

le
nn

 R
es

ea
rc

h 
C

en
te

r

In
te

lli
ge

nt
 R

et
ro

fit
 A

rc
hi

te
ct

ur
e

In
te

lli
ge

nt
 R

et
ro

fit
 A

rc
hi

te
ct

ur
e



C
on

tro
ls

 a
nd

 D
yn

am
ic

s B
ra

nc
h

at
 L

ew
is

 F
ie

ld
G

le
nn

 R
es

ea
rc

h 
C

en
te

r

R
et

ro
fit

 A
rc

hi
te

ct
ur

e 
R

et
ro

fit
 A

rc
hi

te
ct

ur
e 

-- S
te

ad
y 

St
at

e 
Ev

al
ua

tio
n

St
ea

dy
 S

ta
te

 E
va

lu
at

io
n



C
on

tro
ls

 a
nd

 D
yn

am
ic

s B
ra

nc
h

at
 L

ew
is

 F
ie

ld
G

le
nn

 R
es

ea
rc

h 
C

en
te

r

•
O

bj
ec

tiv
e

–
To

 p
ro

vi
de

 a
da

pt
iv

e 
en

gi
ne

 c
on

tro
l t

o 
m

ax
im

iz
e 

th
e 

pr
ob

ab
ili

ty
 o

f 
su

rv
iv

al
 to

 d
am

ag
ed

 a
irc

ra
ft

•
A

pp
ro

ac
he

s:
–

D
am

ag
ed

 E
ng

in
e 

Sc
en

ar
io

:
•

da
m

ag
e 

de
te

ct
io

n 
an

d 
is

ol
at

io
n

•
da

m
ag

e 
m

iti
ga

tio
n 

an
d 

pa
rti

al
 p

ow
er

 re
co

ve
ry

–
D

am
ag

ed
 A

irc
ra

ft 
Sc

en
ar

io
:P

as
t r

es
ea

rc
h 

an
d 

ex
pe

rie
nc

e 
(e

g.
 

TO
C

 –
Th

ru
st

 o
nl

y 
C

on
tro

l) 
sh

ow
ed

 th
at

 p
ro

pu
ls

io
n 

sy
st

em
s 

ca
n 

be
 v

er
y 

ef
fe

ct
iv

e 
to

ol
s 

to
 s

av
e 

ai
rp

la
ne

s 
fro

m
 a

dv
er

se
 c

on
di

tio
ns

. 
Th

is
 c

ap
ab

ili
ty

 c
an

 b
e 

fu
rth

er
 e

nh
an

ce
d 

by
:

•
In

de
pe

nd
en

t e
ng

in
e 

th
ru

st
 c

on
tro

l c
ap

ab
ili

ty
•

O
ve

r-t
he

-li
m

it 
en

gi
ne

 o
pe

ra
tio

n 
fo

r m
ax

im
um

 th
ru

st
 a

nd
 

re
sp

on
se

IR
A

C
 

IR
A

C
 ––

R
es

ili
en

t P
ro

pu
ls

io
n 

C
on

tr
ol

R
es

ili
en

t P
ro

pu
ls

io
n 

C
on

tr
ol



C
on

tro
ls

 a
nd

 D
yn

am
ic

s B
ra

nc
h

at
 L

ew
is

 F
ie

ld
G

le
nn

 R
es

ea
rc

h 
C

en
te

r

Ty
pi

ca
l E

ng
in

e 
Pr

ot
ec

tio
n 

Li
m

its
Ty

pi
ca

l E
ng

in
e 

Pr
ot

ec
tio

n 
Li

m
its

•
FA

D
E

C
 s

ys
te

m
 a

dj
us

ts
 fu

el
 fl

ow
 to

 s
et

 p
ow

er
 

m
an

ag
em

en
t

-S
pe

ed
 C

on
tro

l l
im

its
-A

cc
el

er
at

io
n/

D
ec

el
er

at
io

n 
sp

ee
d 

lim
its

-F
ue

l F
lo

w
 li

m
its

-P
re

ss
ur

e 
C

on
tro

l 

C
or

e
S

pe
ed

P
S

3
Li

m
its

A
cc

el
/

D
ec

el
Fa

n

A
cc

el
/

D
ec

el
C

or
e

A
cc

el
/

D
ec

el
P

S
3

Fu
el

Fl
ow

O
ve

r
S

pe
ed

P
ow

er
M

an
ag

em
en

t
S

ch
ed

ul
e

Fu
el

C
on

tro
l

D
es

ig
ne

d 
Li

m
its

:
B

ur
ne

r P
re

ss
ur

e,
 

Te
m

pe
ra

tu
re

s,
S

pe
ed

 R
ed

 L
in

e

M
an

y 
of

 th
es

e 
lim

its
 c

an
 b

e 
re

la
xe

d 
to

 
en

ha
nc

e 
th

e 
pe

rf
or

m
an

ce
 a

t t
he

 c
os

t o
f 

sh
or

te
ne

d 
op

er
at

in
g 

lif
e.



C
on

tro
ls

 a
nd

 D
yn

am
ic

s B
ra

nc
h

at
 L

ew
is

 F
ie

ld
G

le
nn

 R
es

ea
rc

h 
C

en
te

r
E

xa
m

pl
e 

: T
hr

us
t  

   
  S

ta
tio

n 
Te

m
pe

ra
tu

re
   

   
 S

us
ta

in
ab

le
 T

im
e 

D
ur

at
io

n 
S

ta
tio

n 
Te

m
pe

ra
tu

re
 [°

F]

Sc
en

ar
io

 
R

eq
ui

re
m

en
ts

Thrust [lb]

40
,0

00

45
,0

00

55
,0

00

60
,0

00

65
,0

00

70
,0

00

75
,0

00

Time before failure  [min]

10
0

908070605040302010

30
00

35
00

40
00

45
00

Th
ru

st
 

Th
ru

st
 v

svs
Li

fe
 T

ra
de

Li
fe

 T
ra

de
-- O

ff
O

ff



C
on

tro
ls

 a
nd

 D
yn

am
ic

s B
ra

nc
h

at
 L

ew
is

 F
ie

ld
G

le
nn

 R
es

ea
rc

h 
C

en
te

r

-E
ng

in
e 

D
am

ag
e 

A
ss

es
sm

en
t

-S
ur

vi
va

l O
pe

ra
tio

n 
M

od
e 

fo
r D

am
ag

ed
 E

ng
in

e
-O

pt
io

na
l O

pe
ra

tio
n 

B
ey

on
d 

D
es

ig
ne

d 
En

ve
lo

pe

En
gi

ne
 S

ta
tu

s 
R

ep
or

t
-E

ng
in

e 
D

am
ag

e 
C

on
di

tio
n

-E
ng

in
e 

Pe
rf

or
m

an
ce

 L
im

its
-P

er
fo

rm
an

ce
/L

ife
 T

ra
de

-o
ff 

C
ur

ve

11010
0

10
00

10
00

0

90
%

10
0%

11
0%

12
0%

Fl
ig

ht
 C

on
tr

ol
 C

om
m

an
ds

-E
ng

in
e 

O
pe

ra
tio

n 
M

od
e

-E
ng

in
e 

Pe
rf

or
m

an
ce

 R
eq

ui
re

m
en

ts

A
da

pt
iv

e 
Fl

ig
ht

 C
on

tr
ol

-D
ec

is
io

n 
B

as
ed

 o
n 

D
am

ag
e,

 E
ng

in
e 

ca
pa

bi
lit

ie
s,

 R
is

ks

IR
A

C
 

IR
A

C
 ––

A
irf

ra
m

e 
Pr

op
ul

si
on

 C
on

tr
ol

 In
te

gr
at

io
n

A
irf

ra
m

e 
Pr

op
ul

si
on

 C
on

tr
ol

 In
te

gr
at

io
n



C
on

tro
ls

 a
nd

 D
yn

am
ic

s B
ra

nc
h

at
 L

ew
is

 F
ie

ld
G

le
nn

 R
es

ea
rc

h 
C

en
te

r

–
E

xt
en

de
d 

E
ng

in
e 

C
on

tro
l D

ev
el

op
m

en
t:

•
B

as
el

in
e 

E
ng

in
e 

an
d 

C
on

tro
l M

od
el

s
•

H
ig

h 
Le

ve
l R

eq
ui

re
m

en
ts

•
E

ng
in

e 
M

od
el

 Im
pr

ov
em

en
ts

•
E

ng
in

e 
D

yn
am

ic
 M

od
el

s
•

O
pe

ra
bi

lit
y 

S
tu

dy
 fo

r E
xt

en
de

d 
O

pe
ra

tio
n

•
Fa

ilu
re

 M
od

e 
S

tu
dy

•
Li

fe
 M

od
el

in
g

•
E

nh
an

ce
d 

E
ng

in
e 

C
on

tro
l D

ev
el

op
m

en
t

•
Fl

ig
ht

 S
im

ul
at

or
 T

es
tin

g
•

TO
C

/P
C

A
 T

es
tin

g

R
es

ili
en

t P
ro

pu
ls

io
n 

C
on

tr
ol

 
R

es
ili

en
t P

ro
pu

ls
io

n 
C

on
tr

ol
 ––

R
es

ea
rc

h 
Ta

sk
s

R
es

ea
rc

h 
Ta

sk
s



Sy
st

em
at

ic
 S

en
so

r S
el

ec
tio

n 
St

ra
te

gy
 (S

4)
Sy

st
em

at
ic

 S
en

so
r S

el
ec

tio
n 

St
ra

te
gy

 (S
4)

M
er

it 
A

lg
or

ith
m

En
gi

ne
 

In
v 

M
od

el
(P

ar
am

et
er

 O
pt

)

Se
le

ct
io

n 
A

lg
or

ith
m

 
(C

om
bi

na
to

ria
l O

pt
)

St
at

is
tic

al
 

Ev
al

ua
tio

n 
A

lg
or

ith
m

M
er

it 
Fu

nc
tio

n

Pr
ed

ic
te

d 
St

at
es

Ta
rg

et
ed

 F
au

lt 
Sc

en
ar

io
s

Ta
rg

et
ed

 
Fa

ul
ts

 
Li

st

Tr
ue

 
St

at
es

Fa
ul

t R
is

ks
 +

   
 

D
et

ec
tio

n 
Li

m
its

C
an

di
da

te
  

Se
ns

or
sC
an

di
da

te
 

Se
ns

or
s 

Li
st

Ev
ol

ve
d 

Se
ns

or
 

Su
ite

s

Ye
s

N
o

Ev
ol

ut
io

n 
C

om
pl

et
e

O
pt

im
al

 
Se

ns
or

 
Su

iteG
oo

d 
Se

ns
or

 
Su

ite
s

Ev
ol

ve
d 

Se
ns

or
 S

ui
te

s

M
er

it 
Va

lu
es

M
er

it 
A

lg
or

ith
m

En
gi

ne
 

In
v 

M
od

el
(P

ar
am

et
er

 O
pt

)

Se
le

ct
io

n 
A

lg
or

ith
m

 
(C

om
bi

na
to

ria
l O

pt
)

St
at

is
tic

al
 

Ev
al

ua
tio

n 
A

lg
or

ith
m

M
er

it 
Fu

nc
tio

n

Pr
ed

ic
te

d 
St

at
es

Ta
rg

et
ed

 F
au

lt 
Sc

en
ar

io
s

Ta
rg

et
ed

 F
au

lt 
Sc

en
ar

io
s

Ta
rg

et
ed

 
Fa

ul
ts

 
Li

st

Tr
ue

 
St

at
es

Fa
ul

t R
is

ks
 +

   
 

D
et

ec
tio

n 
Li

m
its

C
an

di
da

te
  

Se
ns

or
sC
an

di
da

te
 

Se
ns

or
s 

Li
st

Ev
ol

ve
d 

Se
ns

or
 

Su
ite

s

Ye
s

N
o

Ev
ol

ut
io

n 
C

om
pl

et
e

O
pt

im
al

 
Se

ns
or

 
Su

iteG
oo

d 
Se

ns
or

 
Su

ite
s

Ev
ol

ve
d 

Se
ns

or
 S

ui
te

s

M
er

it 
Va

lu
es

B
ac

kg
ro

un
d:

 D
ev

el
op

ed
 u

nd
er

 N
A

S
A

 S
pa

ce
 IV

H
M

 e
ffo

rts
A

pp
ro

ac
h:

•S
el

ec
ts

 s
en

so
rs

 (t
yp

e/
lo

ca
tio

n)
 to

 o
pt

im
iz

e 
th

e 
fid

el
ity

 a
nd

 re
sp

on
se

 
of

 e
ng

in
e 

he
al

th
 d

ia
gn

os
tic

s
•T

ar
ge

ts
 h

ig
h 

ris
k 

en
gi

ne
 a

no
m

al
y 

ty
pe

s/
cl

as
se

s 
at

 d
et

ec
tio

n 
th

re
sh

ol
ds

 a
nd

 a
ss

ig
ns

 q
ua

nt
ita

tiv
e 

se
ns

or
 s

ui
te

 v
al

ue
 b

as
ed

 o
n

–O
ve

ra
ll 

ris
k 

re
du

ct
io

n
–D

ia
gn

os
tic

 s
pe

ed
–P

ro
ba

bi
lit

y 
of

 c
or

re
ct

 ty
pe

/c
la

ss
 is

ol
at

io
n 

•A
cc

om
m

od
at

es
 v

ar
io

us
 ty

pe
s 

of
 m

od
el

s/
ph

ys
ic

al
 in

pu
ts

 

Sy
st

em
at

iz
es

 U
se

 o
f D

es
ig

n 
an

d 
H

er
ita

ge
 E

xp
er

ie
nc

e 
B

as
e:

•U
se

s 
cr

iti
ca

l F
M

E
A

 id
en

tif
ie

d 
m

od
es

 a
nd

 ri
sk

 a
ss

es
sm

en
ts

•C
on

si
de

rs
 s

en
so

r r
es

po
ns

e 
an

d 
sy

st
em

/s
ig

na
l n

oi
se

 e
ffe

ct
s

•A
cc

om
m

od
at

es
 fa

ul
t s

ce
na

rio
s 

fro
m

 c
or

re
la

te
d 

te
st

 d
at

a 
an

d/
or

 m
od

el
 s

im
ul

at
io

ns



C
on

tro
ls

 a
nd

 D
yn

am
ic

s B
ra

nc
h

at
 L

ew
is

 F
ie

ld
G

le
nn

 R
es

ea
rc

h 
C

en
te

r

•C
on

tro
ls

 a
nd

 h
ea

lth
 m

an
ag

em
en

t t
ec

hn
ol

og
ie

s 
pl

ay
 a

 
cr

iti
ca

l r
ol

e 
in

 m
ak

in
g 

“In
te

lli
ge

nt
 E

ng
in

es
”a

 re
al

ity
.

•N
A

S
A

 h
as

 a
 w

el
l d

ef
in

ed
 re

se
ar

ch
 p

ro
gr

am
 to

 a
dv

an
ce

 
th

e 
st

at
e-

of
-th

e-
ar

t i
n 

ai
rc

ra
ft 

en
gi

ne
 c

on
tro

l a
nd

 
di

ag
no

st
ic

s 
to

 e
na

bl
e:

–
S

af
er

 a
irc

ra
ft 

op
er

at
io

n 
th

ro
ug

h 
en

ha
nc

ed
 e

ng
in

e 
ca

pa
bi

lit
ie

s 
an

d 
hi

gh
er

 c
on

fid
en

ce
 fa

ul
t d

et
ec

tio
n 

an
d 

is
ol

at
io

n
–

R
ed

uc
ed

 li
fe

 c
yc

le
 c

os
t t

hr
ou

gh
 im

pr
ov

ed
 d

ia
gn

os
tic

s 
an

d 
pr

og
no

st
ic

s 
re

su
lti

ng
 in

 c
on

di
tio

n-
ba

se
d 

m
ai

nt
en

an
ce

 a
nd

 
in

cr
ea

se
d 

on
-w

in
g 

en
gi

ne
 li

fe
.

•A
 m

ul
tid

is
ci

pl
in

ar
y 

cr
os

s-
or

ga
ni

za
tio

na
l c

ol
la

bo
ra

tiv
e 

ap
pr

oa
ch

 is
 e

ss
en

tia
l f

or
 s

uc
ce

ss
fu

l d
ev

el
op

m
en

t a
nd

 
de

m
on

st
ra

tio
n 

of
 In

te
lli

ge
nt

 E
ng

in
e 

te
ch

no
lo

gi
es

–
N

A
SA

 is
 w

or
ki

ng
 c

ol
la

bo
ra

tiv
el

y 
w

ith
 in

du
st

ry
/a

ca
de

m
ia

/D
oD

•I
t i

s 
es

se
nt

ia
l t

ha
t t

he
 c

on
tro

ls
 a

nd
 d

ia
gn

os
tic

s 
ex

pe
rti

se
 

be
 in

te
gr

at
ed

 e
ar

ly
 in

to
 th

e 
sy

st
em

 c
on

ce
pt

 d
ev

el
op

m
en

t 
to

 e
na

bl
e 

sy
st

em
 in

te
lli

ge
nc

e 
in

 th
e 

de
si

gn
.

C
on

cl
us

io
n

C
on

cl
us

io
n


