
2.
1

M
ar

io
 G

ar
ci

a-
Sa

nz

M
ar

io
 G

ar
ci

a-
Sa

nz
A

ut
om

at
ic

 C
on

tro
l &

 C
om

pu
te

r S
ci

en
ce

 D
ep

ar
tm

en
t

Pu
bl

ic
 U

ni
ve

rs
ity

 o
f N

av
ar

ra
31

00
6 

Pa
m

pl
on

a,
 S

pa
in

(E
m

ai
l: 

m
gs

an
z@

un
av

ar
ra

.e
s)

N
A

T
O

.  
R

T
O

-L
S-

SC
I-

19
5,

 M
ay

-J
un

e 
20

08

B
ey

on
d 

th
e 

C
la

ss
ic

al
 P

er
fo

rm
an

ce
 

L
im

ita
tio

ns
 C

on
tr

ol
lin

g 
U

nc
er

ta
in

 M
IM

O
 

Sy
st

em
s:

 U
A

V
 A

pp
lic

at
io

ns
2nd

Se
ss

io
n



Report Documentation Page Form Approved
OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number. 

1. REPORT DATE 
MAY 2008 2. REPORT TYPE 

3. DATES COVERED 
  00-00-2008 to 00-00-2008  

4. TITLE AND SUBTITLE 
Beyond the Classical Performance Limitations Controlling Uncertain
MIMO Systems: UAV Applications 

5a. CONTRACT NUMBER 

5b. GRANT NUMBER 

5c. PROGRAM ELEMENT NUMBER 

6. AUTHOR(S) 5d. PROJECT NUMBER 

5e. TASK NUMBER 

5f. WORK UNIT NUMBER 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
Public University of Navarra,Automatic Control & Computer Science
Department,31006 Pamplona Spain, 

8. PERFORMING ORGANIZATION
REPORT NUMBER 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S) 

11. SPONSOR/MONITOR’S REPORT 
NUMBER(S) 

12. DISTRIBUTION/AVAILABILITY STATEMENT 
Approved for public release; distribution unlimited 

13. SUPPLEMENTARY NOTES 
See also ADM002223. Presented at the NATO/RTO Systems Concepts and Integration Panel Lecture
Series SCI-195 on Advanced Autonomous Formation Control and Trajectory Management Techniques for
Multiple Micro UAV Applications held in Glasgow, United Kingdom on 19-21 May 2008. 

14. ABSTRACT 
 

15. SUBJECT TERMS 

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 
ABSTRACT 
Same as

Report (SAR) 

18. NUMBER
OF PAGES 

86 

19a. NAME OF
RESPONSIBLE PERSON 

a. REPORT 
unclassified 

b. ABSTRACT 
unclassified 

c. THIS PAGE 
unclassified 

Standard Form 298 (Rev. 8-98) 
Prescribed by ANSI Std Z39-18 



2.
2

M
ar

io
 G

ar
ci

a-
Sa

nz

O
ut

lin
e

1.
-

Q
FT

 C
on

tro
lle

r D
es

ig
n 

Te
ch

ni
qu

e 
Fu

nd
am

en
ta

ls

2.
-

R
ea

l-w
or

ld
 Q

FT
 c

on
tro

l a
pp

lic
at

io
ns

 a
nd

 e
xa

m
pl

es
 

3.
-

N
on

-d
ia

go
na

l M
IM

O
 Q

FT
 c

on
tro

lle
r d

es
ig

n 
m

et
ho

do
lo

gi
es

4.
-A

pp
lic

at
io

n:
 R

ob
us

t Q
FT

 c
on

tro
l f

or
 a

 M
IM

O
 S

pa
ce

cr
af

t w
ith

 fl
ex

ib
le

 su
ns

hi
el

d 

5.
-S

w
itc

hi
ng

 ro
bu

st
 c

on
tro

l: 
B

ey
on

d 
th

e 
lin

ea
r l

im
ita

tio
ns

.

6.
-E

xa
m

pl
e:

 S
w

itc
hi

ng
 c

on
tro

l f
or

 U
nm

an
ne

d 
V

eh
ic

le
s



2.
3

M
ar

io
 G

ar
ci

a-
Sa

nz

N
on

-d
ia

go
na

l M
IM

O
 Q

FT
 C

on
tro

lle
r 

D
es

ig
n 

fo
r a

 D
ar

wi
n-

ty
pe

 S
pa

ce
cr

af
t w

ith
 

la
rg

e 
fli

m
sy

 a
pp

en
da

ge
s.

ES
A

-E
ST

EC
,

N
oo

rd
w

ijk
(H

ol
la

nd
)

4.
-A

pp
lic

at
io

n:
 R

ob
us

t Q
FT

 
co

nt
ro

l f
or

 a
 M

IM
O

 S
pa

ce
cr

af
t 

wi
th

 fl
ex

ib
le

 su
ns

hi
el

d

R
es

ea
rc

h
Pr

oj
ec

t



2.
4

M
ar

io
 G

ar
ci

a-
Sa

nz

H
ub

bl
e:

 a
 te

le
sc

op
e 

in
 s

pa
ce

(1
99

0)

(H
ub

bl
e 

 S
pa

ce
 T

el
es

co
pe

,H
ST

):
-R

ef
ra

ct
or

 te
le

sc
op

e.
 A

pe
rtu

re
 o

f 2
.4

 m
. 

-M
ag

ni
fic

at
io

n 
po

w
er

 m
uc

h 
hi

gh
er

 th
an

th
e

on
e 

al
lo

w
ed

 o
n 

Ea
rth

. 
-O

rb
it:

 6
00

 k
m

 a
bo

ve
 E

ar
th

’s
su

rfa
ce

.

D
is

co
ve

rie
s 

of
 F

irs
t M

ag
ni

tu
de

 

Te
le

sc
op

es
: 

Fr
om

 G
re

ek
’s

 G
no

m
on

, 
Ty

ch
o’

s
Q

ua
dr

an
ts

, 
Ke

pl
er

’s
an

d 
G

al
ile

o’
s 

R
ef

ra
ct

or
, 

or
 N

ew
to

n’
s 

R
ef

le
ct

or
. 

To
 M

od
er

n 
te

le
sc

op
es

 / 
R

ad
io

-te
le

sc
op

es
 o

n 
Ea

rth
: 

M
au

na
 K

ea
, M

on
te

 P
al

om
ar

, C
er

ro
 P

ar
an

al
, 

A
re

ci
bo

, e
tc

).

4.
1.

-I
nt

ro
du

ct
io

n



2.
5

M
ar

io
 G

ar
ci

a-
Sa

nz

N
on

-d
ia

go
na

l M
IM

O
 Q

F
T 

C
on

tr
ol

le
r 

D
es

ig
n 

fo
r 

a 
D

ar
w

in
-t

yp
e 

Sp
ac

ec
ra

ft 
w

ith
 

la
rg

e 
fli

m
sy

 a
pp

en
da

ge
s.

ES
A

-E
ST

EC
,

N
oo

rd
w

ijk
(H

ol
la

nd
)

4.
2.

-C
on

tr
ol

 o
f D

ar
w

in
-ty

pe
 S

pa
ce

cr
af

t 
w

ith
 L

ar
ge

 F
le

xi
bl

e 
A

pp
en

da
ge

s.

M
. G

ar
ci

a-
S

an
z,

 I.
 E

gu
in

oa
, 

M
. B

ar
re

ra
s,

 S
. B

en
na

ni

“N
on

-d
ia

go
na

l M
IM

O
 Q

FT
 C

on
tro

lle
r D

es
ig

n 
fo

r 
D

ar
w

in
-ty

pe
 S

pa
ce

cr
af

t w
ith

 la
rg

e 
fli

m
sy

 
ap

pe
nd

ag
es

”. 

Jo
ur

na
l o

f D
yn

am
ic

 S
ys

te
m

s,
 M

ea
su

re
m

en
t a

nd
 

C
on

tro
l,

A
SM

E,
 U

S
A

. 
V

ol
. 1

30
, J

an
ua

ry
 2

00
8.

R
ef

:



2.
6

M
ar

io
 G

ar
ci

a-
Sa

nz

Li
m

ita
tio

n 
of

 
Ea

rt
h 

ba
se

d 
 

Te
le

sc
op

esO
B

JE
C

TI
VE

:

To
 s

tu
dy

 e
xo

-p
la

ne
ts

 a
nd

 li
fe

 

It 
is

 n
ec

es
sa

ry

In
fra

re
d 

an
al

ys
is

In
st

ru
m

en
ts

 th
at

 w
or

k 
at

 
te

m
pe

ra
tu

re
 n

ea
r z

er
o 

K
el

vi
n

A
tm

os
ph

er
e 

ab
so

rb
s 

in
fra

re
d



2.
7

M
ar

io
 G

ar
ci

a-
Sa

nz

D
ar

w
in

 M
is

si
on

D
es

cr
ip

tio
n

(I)

•E
SA

co
rn

er
st

on
e

m
is

si
on

-S
ch

ed
ul

ed
la

un
ch

in
 2

01
5

-O
bj

ec
tiv

es
:

Fi
nd

Ea
rth

-li
ke

E
xo

-p
la

ne
ts

A
na

ly
se

th
ei

ra
tm

os
ph

er
e

to
de

te
ct

si
gn

so
fl

ife

• N
ul

lin
g

in
te

rf
er

om
et

ry
: 

-t
he

lig
ht

co
lle

ct
ed

by
 th

e
fly

in
g

te
le

sc
op

es
is

re
co

m
bi

ne
d

in
si

de
a 

ce
nt

ra
l h

ub
fr

om
th

e
st

ar
in

te
rf

er
e

de
st

ru
ct

iv
el

y
fr

om
th

e
pl

an
et

in
te

rf
er

e
co

ns
tru

ct
iv

el
y

• C
on

st
el

la
tio

n
of

3 
to

6 
D

ar
w

in
-ty

pe
sa

te
lli

te
s



2.
8

M
ar

io
 G

ar
ci

a-
Sa

nz

•E
xo

-p
la

ne
ts

.
Th

e
fir

st
on

e
w

as
di

sc
ov

er
ed

by
 L

at
ha

m
et

 a
l. 

in
 1

98
9.

an
d

M
ay

or
 a

nd
Q

ue
lo

z
(1

99
5)

, B
ut

le
ry

 M
ar

cy
(1

99
6)

.
N

ow
ad

ay
s(

20
07

) w
e

kn
ow

 m
or

e 
th

an
20

0 
ex

o-
pl

an
et

s
in

 1
40

 e
xt

er
na

ls
ys

te
m

s.

Cu
rr

en
tly

we
do

 n
ot

kn
ow

 
ex

o-
pl

an
en

ts
wi

th
si

gn
so

r
po

ss
ib

ili
tie

so
fl

ife
.

Ve
r d

iff
ic

ul
tt

o
ob

se
rv

e.
 

Th
e

ne
ar

st
ar

sh
id

es
th

e
ex

o-
pl

an
et

s. 

•

•D
es

tr
uc

tiv
e

In
te

rf
er

om
et

ry

C
om

bi
ni

ng
lig

ht
fro

m
th

e
te

le
sc

op
es

In
 th

e
H

ub

D
ar

w
in

 M
is

si
on

D
es

cr
ip

tio
n

(II
)



2.
9

M
ar

io
 G

ar
ci

a-
Sa

nz

H
ig

h 
ac

cu
ra

cy
 

st
ar

 tr
ac

ke
rs

La
rg

e 
sh

ie
ld

s p
ar

al
le

ls
 to

 (X
,Y

) p
la

ne

Te
le

sc
op

e
D

ar
w

in
 S

at
el

lit
e

(I)



2.
10

M
ar

io
 G

ar
ci

a-
Sa

nz

T
hr

us
te

rs
 a

nd
 m

ic
ro

-a
ct

ua
to

rs
6D

 (F
EE

PS
) 

–m
ic

ro
 N

ew
to

n 
io

n 
th

ru
st

er
s +

 M
ag

ne
tic

 fi
el

d 
th

ru
st

er
s

Fi
ne

 P
oi

nt
in

g 
M

et
ro

lo
gy

(F
PM

) f
or

 3
D

 fi
ne

 a
tti

tu
de

O
PD

 (O
pt

ic
al

 
Pa

th
le

ng
th

D
iff

er
en

ce
) F

rin
ge

 
Tr

ac
ke

r f
or

 fi
ne

 
po

si
tio

n 
m

ea
su

re
s

D
ar

w
in

 S
at

el
lit

e
(II

)



2.
11

M
ar

io
 G

ar
ci

a-
Sa

nz

D
ar

w
in

 sa
te

lli
te

 (C
ol

le
ct

or
)

H
ub

 sa
te

lli
te

 (C
om

bi
na

to
r)

D
ar

w
in

 S
at

el
lit

e
(II

I)



2.
12

M
ar

io
 G

ar
ci

a-
Sa

nz

La
un

ch
er

La
un

ch
er

A
R

IA
N

E 
V

A
R

IA
N

E 
V

w
ith

4 
D

ar
w

in
 sa

tte
lit

es
an

d
a 

hu
b

sa
te

lli
te

H
ei

gh
: u

p 
to

52
 m

D
ia

m
et

er
: u

p 
to

5.
4 

m
 

M
ax

. L
ift

of
fm

as
s:

 7
46

 to
nn

es
M

ax
. P

ay
lo

ad
m

as
s:

 9
.5

 to
nn

es



2.
13

M
ar

io
 G

ar
ci

a-
Sa

nz

Su
n

Ea
rt

h

θ.

LI
SA

D
A

R
W

IN
L 1

L 2

L 3

L 4 L 5

La
gr

an
ge

 
eq

ui
lib

ri
um

 
po

in
ts

Su
n-

Ea
rth

D
is

ta
nc

e
= 

1 
A

U
 =

 1
50

 m
ill

io
n

km



2.
14

M
ar

io
 G

ar
ci

a-
Sa

nz

•T
he

la
rg

e
su

n-
sh

ie
ld

pr
ot

ec
tt

he
in

st
ru

m
en

ts
fro

m
th

e
su

n-
lig

ht

•S
un

-s
hi

el
d

ch
ar

ac
te

ris
tic

s:
–

P
ar

al
le

lt
o

(X
,Y

) p
la

n
–

M
od

el
le

d
w

ith
6 

la
rg

e
fle

xi
bl

e 
be

am
s

at
ta

ch
ed

to
th

e
rig

id
st

ru
ct

ur
e

FL
IM

S
Y

 A
PP

E
N

D
A

G
E

S

Sa
te

lli
te

D
es

cr
ip

tio
n

(I)



2.
15

M
ar

io
 G

ar
ci

a-
Sa

nz

•S
at

el
lit

e
di

m
en

si
on

s
-b

od
y

m
as

s
: 5

00
 k

g
-c

yl
in

de
rw

ith
Zc

on
ta

s 
re

vo
lu

tio
n

ax
is

. 
2 

m
 d

ia
m

et
er

an
d

2 
m

 h
ei

gh
t

-b
ea

m
m

as
s

: 7
 k

g
* 

6 
be

am
s

= 
42

 k
g

-l
en

gt
h

of
si

m
pl

e 
be

am
: 4

 m

•F
le

xi
bl

e 
m

od
es

-V
al

id
at

ed
w

ith
fin

ite
el

em
en

ts
m

et
ho

ds
-

1st
fle

xi
bl

e 
m

od
e

ha
s 

be
en

co
ns

id
er

ed
fo

re
ac

h
be

am
an

d
al

on
g

its
X

 a
nd

Y 
ax

es

S
YS

TE
M

 D
YN

A
M

IC
S

 U
N

C
E

R
TA

IN
TY

Th
e

sa
te

lli
te

pa
ra

m
et

er
s

va
ry

w
ith

in
a 

 
ce

rta
in

ra
ng

e
of

un
ce

rta
in

ty

1 
%

In
er

tia

5 
%

M
as

s

[0
.1

  ,
  1

] %
D

am
pi

ng

[0
.0

5 
 , 

 0
.5

] H
z

Fr
eq

ue
nc

y

U
nc

er
ta

in
ty

ra
ng

e
Pa

ra
m

et
er

Sa
te

lli
te

D
es

cr
ip

tio
n

(II
)



2.
16

M
ar

io
 G

ar
ci

a-
Sa

nz

=

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

66
65

64
63

62
61

56
55

54
53

52
51

46
45

44
43

42
41

36
35

34
33

32
31

26
25

24
23

22
21

16
15

14
13

12
11

s
T

s
T

s
T

s
F

s
F

s
F

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

ssss
z

s
y

s
x

zyx ψθϕ

ψθϕ

P
os

iti
on

A
tti

tu
de

Fo
rc

e

To
rq

ue

w
he

re
ev

er
y

p i
j(s

), 
i, 

j =
 1

, 2
, …

6,
 

is
a 

50
 o

rd
er

La
pl

ac
e

tra
ns

fe
r

fu
nc

tio
n

w
ith

un
ce

rt
ai

nt
y.

Sa
te

lli
te

 M
od

el
in

g 
(I)



2.
17

M
ar

io
 G

ar
ci

a-
Sa

nz

=

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

66
65

64
63

62
61

56
55

54
53

52
51

46
45

44
43

42
41

36
35

34
33

32
31

26
25

24
23

22
21

16
15

14
13

12
11

s
T

s
T

s
T

s
F

s
F

s
F

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

s
p

ssss
z

s
y

s
x

zyx ψθϕ

ψθϕ

D
ar

w
in

 F
ly

er
 

6D
O

F 
D

yn
am

ic
s

-4
00

-2
000

20
0

Fr
om

: I
n(

1)

To: Out(1)

-4
00

-2
000

20
0

To: Out(2)
-4

00
-2

000
20

0

To: Out(3)

-4
00

-2
000

20
0

To: Out(4)

-4
00

-2
000

20
0

To: Out(5)

10
0

-4
00

-2
000

20
0

To: Out(6)

Fr
om

: I
n(

2)

10
0

Fr
om

: I
n(

3)

10
0

Fr
om

: I
n(

4)

10
0

Fr
om

: I
n(

5)

10
0

Fr
om

: I
n(

6)

10
0

B
od

e 
pl

ot
s 

of
 

th
e 

pl
an

t 
m

at
rix

 
el

em
en

ts

Sa
te

lli
te

 
M

od
el

in
g 

(II
)



2.
18

M
ar

io
 G

ar
ci

a-
Sa

nz

 
O

b
je

ct
iv

e 
N

u
m

er
ic

al
 R

eq
u

ir
em

en
t 

M
ax

im
um

 a
bs

ol
ut

e 
va

lu
e:

  

1 
μ

m
 f

or
 a

ll
 a

xe
s 

 
P

os
it

io
n 

ac
cu

ra
cy

 
S

ta
nd

ar
d 

de
vi

at
io

n:
  

0.
33

 μ
m

 f
or

 a
ll

 a
xe

s 
 

M
ax

im
um

 a
bs

ol
ut

e 
va

lu
e:

  

25
.5

 m
as

 f
or

 a
ll

 a
xe

s 
(3

 σ
) 

A
st

ro
no

m
ic

al
 

R
eq

ui
re

m
en

ts
 

P
oi

nt
in

g 
ac

cu
ra

cy
 

S
ta

nd
ar

d 
de

vi
at

io
n:

  

8.
5 

m
as

 f
or

 a
ll

 a
xe

s 
(1

 σ
) 

B
an

dw
id

th
 

∼
 0

.0
1 

H
z 

fo
r 

al
l a

xe
s 

S
at

ur
at

io
n 

li
m

it
s 

M
ax

im
um

 f
or

ce
: 1

50
 μ

N
 

M
ax

im
um

 to
rq

ue
: 1

50
 μ

N
m

  
E

ng
in

ee
ri

ng
 

R
eq

ui
re

m
en

ts
 

R
ej

ec
ti

on
 o

f 
hi

gh
 f

re
qu

en
cy

 
no

is
es

 (
fr

om
 m

ea
su

re
m

en
t 

an
d 

ac
tu

at
io

n)
 

H
ig

h 
ro

ll
-o

ff
 a

ft
er

 th
e 

ba
nd

w
id

th
 

S
ta

bi
li

ty
 m

ar
gi

ns
 

(
)

(
)

22

<<

ωω

ωω

j
m

ax

j
m

ax

ST

L
oo

p 
in

te
ra

ct
io

n 
M

in
im

um
 

R
ej

ec
ti

on
 o

f 
fl

ex
ib

le
 m

od
es

  
M

ax
im

um
 

C
on

tr
ol

 R
eq

ui
re

m
en

ts
 

C
on

tr
ol

le
r 

co
m

pl
ex

it
y 

an
d 

or
de

r 
M

in
im

um
 

D
ar

w
in

-ty
pe

 F
ly

er
 

R
eq

ui
re

m
en

ts

Sp
ec

ifi
ca

ci
on

s



2.
19

M
ar

io
 G

ar
ci

a-
Sa

nz

•
A

na
ly

si
s

of
 th

e 
ne

w
 m

et
ho

do
lo

gy
: 

no
n-

di
ag

on
al

 M
IM

O
 Q

FT
 ro

bu
st

 c
on

tr
ol

 d
es

ig
n:

Pr
oj

ec
t O

bj
et

iv
es

•
G

ar
cí

a-
S

an
z 

M
., 

 E
ga

ña
 I.

 (2
00

2)
. 

Q
ua

nt
ita

tiv
e 

N
on

-d
ia

go
na

l C
on

tr
ol

le
r 

D
es

ig
n 

fo
r 

M
ul

tiv
ar

ia
bl

e 
Sy

st
em

s 
w

ith
 U

nc
er

ta
in

ty
.

In
t. 

J.
 R

ob
us

t N
on

lin
ea

r C
on

tro
l, 

Vo
l. 

12
, N

o.
 4

, p
p.

 3
21

-3
33

. 
•

G
ar

cí
a-

S
an

z 
M

., 
E

ga
ña

 I.
, B

ar
re

ra
s 

M
. (

20
05

). 
D

es
ig

n 
of

 q
ua

nt
ita

tiv
e 

fe
ed

ba
ck

 th
eo

ry
 n

on
-d

ia
go

na
l c

on
tr

ol
le

rs
 fo

r u
se

 
in

 u
nc

er
ta

in
 m

ul
tip

le
-in

pu
t m

ul
tip

le
-o

ut
pu

t s
ys

te
m

s.
IE

E
C

on
tro

l T
he

or
y 

an
d 

A
pp

lic
at

io
ns

. V
ol

. 1
52

, N
. 0

2,
 p

p.
 1

77
-1

87
.

•
G

ar
cí

a-
S

an
z 

M
., 

B
ar

re
ra

s 
M

. (
20

06
). 

N
on

-d
ia

go
na

l 
Q

FT
 c

on
tr

ol
le

r 
de

si
gn

 f
or

 a
 3

-in
pu

t 
3-

ou
tp

ut
 i

nd
us

tr
ia

l 
Fu

rn
ac

e.
J.

 o
f D

yn
am

ic
 S

ys
te

m
s,

 M
ea

su
re

m
en

t &
 C

on
tro

l, 
A

S
M

E
, V

ol
. 1

28
, p

p.
 3

19
-

32
9.

 U
SA

.
•

G
ar

ci
a-

S
an

z 
M

., 
E

gu
in

oa
 I.

, B
ar

re
ra

s 
M

., 
B

en
na

ni
 S

. (
20

08
). 

N
on

-d
ia

go
na

l M
IM

O
 Q

FT
 C

on
tr

ol
le

r 
D

es
ig

n 
fo

r 
D

ar
w

in
-ty

pe
 S

pa
ce

cr
af

t 
w

ith
 la

rg
e 

fli
m

sy
 a

pp
en

da
ge

s.
J.

D
yn

am
ic

 S
ys

te
m

s,
 M

ea
su

re
m

en
t &

C
on

tro
l, 

A
S

M
E

,U
SA

.V
ol

.1
30

, J
an

ua
ry

.
•

A
pp

lic
at

io
n:

 C
on

tro
l o

f P
os

iti
on

 +
 A

tti
tu

de
 o

f a
 D

ar
w

in
 s

pa
ce

cr
af

t w
ith

 fl
ex

ib
le

 a
pp

en
da

ge
s

•
C

om
pa

ris
on

w
ith

 p
re

vi
ou

s 
st

ud
ie

s 
(H

-in
fin

ity
 a

nd
 d

ia
go

na
l M

IM
O

 Q
FT

)



2.
20

M
ar

io
 G

ar
ci

a-
Sa

nz

AO
CS

 fo
r L

ar
ge

 F
lim

sy
 A

pp
en

da
ge

s
Be

nc
hm

ar
k 

6 
DO

F
UP

NA
 E

va
lu

at
io

n

7
te

m
ps6

tru
eP

os
iti

on
At

tit
ud

eE
rro

r

5
ac

tu
at

or
Fo

rc
eT

or
qu

e

4
po

sit
io

nA
ng

le
Co

m
m

an
d

3
po

sit
io

nA
tti

tu
de

Er
ro

r

2
ap

pl
ie

dF
or

ce
To

rq
ue

1
po

sit
io

nA
ng

le

C
om

m
an

d

co
m

m
an

d 
ge

ne
ra

tio
n

Po
sit

io
n 

an
d

At
tit

ud
e

M
ea

su
re

m
en

t

Se
ns

or

pe
rtu

rb
at

io
n 

fo
rc

e 
an

d 
to

rq
ue

Ex
te

rn
al

 p
er

tu
rb

at
io

ns
Da

rw
in

 F
ly

er
 6

DO
F 

Dy
na

m
ic

s

Co
nt

ro
lle

r

Co
nt

ro
lle

r
Tr

an
sfe

r F
un

ct
io

n 
M

at
rix

Cl
oc

k

FE
EP

 T
hr

us
te

r

Ac
tu

at
or

ap
pl

ie
d

fo
rc

e 
an

d
to

rq
ue

ex
te

rn
al

pe
rtu

rb
at

io
n

fo
rc

e 
an

d 
to

rq
ue

po
si

tio
n 

an
d 

at
tit

ud
e 

m
ea

su
re

d

co
m

m
an

de
d 

po
si

tio
n

an
d 

at
tit

ud
e

co
m

m
an

de
d 

po
si

tio
n

an
d 

at
tit

ud
e

po
si

tio
n 

an
d

at
tit

ud
e

po
si

tio
n 

an
d

at
tit

ud
e

po
si

tio
n 

an
d

at
tit

ud
e 

er
ro

r

co
m

m
an

de
d

to
rq

ue

B
E

N
C

H
M

A
R

K
 S

IM
U

LA
TO

R
B

E
N

C
H

M
A

R
K

 S
IM

U
LA

TO
R

D
ev

el
op

ed
by

 A
st

riu
m

S
pa

ce
fo

rE
S

A
-E

S
TE

C
 (H

ol
la

nd
)

30
0 

di
ffe

re
nt

pl
an

ts
du

e
to

un
ce

rta
in

ty
.  

   
M

on
te

-C
ar

lo
an

al
ys

is



2.
21

M
ar

io
 G

ar
ci

a-
Sa

nz

T

nn
n

n

nn

j
j

j

))
(

(
)

(

)
(

1
2

1

2
22

21

1
12

11

ω
ω

λ
λ

λ

λ
λ

λ
λ

λ
λ

ω

−
⊗

=

=
=

= P
P

RG
A

10
-1

10
0

10
1

-505

10
-1

10
0

10
1

-505

10
-1

10
0

10
1

-505

10
-1

10
0

10
1

-505

10
-1

10
0

10
1

-505

10
-1

10
0

10
1

-505

10
-1

10
0

10
1

-505

10
-1

10
0

10
1

-505

10
-1

10
0

10
1

-505

10
-1

10
0

10
1

-505

10
-1

10
0

10
1

-505

10
-1

10
0

10
1

-505

10
-1

10
0

10
1

-505

10
-1

10
0

10
1

-505

10
-1

10
0

10
1

-505

10
-1

10
0

10
1

-505

10
-1

10
0

10
1

-505

10
-1

10
0

10
1

-505

10
-1

10
0

10
1

-505

10
-1

10
0

10
1

-505

10
-1

10
0

10
1

-505

10
-1

10
0

10
1

-505

10
-1

10
0

10
1

-505

10
-1

10
0

10
1

-505

10
-1

10
0

10
1

-505

10
-1

10
0

10
1

-505

10
-1

10
0

10
1

-505

10
-1

10
0

10
1

-505

10
-1

10
0

10
1

-505

10
-1

10
0

10
1

-505

10
-1

10
0

10
1

-505

10
-1

10
0

10
1

-505

10
-1

10
0

10
1

-505

10
-1

10
0

10
1

-505

10
-1

10
0

10
1

-505

10
-1

10
0

10
1

-505

C
O

U
P

LI
N

G
 A

N
A

LY
S

IS
 A

N
D

 C
O

N
TR

O
LL

E
R

 S
TR

U
C

TU
R

E
 (I

)
C

O
U

P
LI

N
G

 A
N

A
LY

S
IS

 A
N

D
 C

O
N

TR
O

LL
E

R
 S

TR
U

C
TU

R
E

 (I
)

R
G

A
 a

na
ly

si
s

of
th

e
D

ar
w

in
-ty

pe
sa

te
llit

e
dy

na
m

ic
m

od
el

pe
rfo

rm
ed

fo
r

di
ffe

re
nt

fre
qu

en
ci

es



2.
22

M
ar

io
 G

ar
ci

a-
Sa

nz

Fr
om

lo
w

 fr
eq

ue
nc

y 
up

 to
 0

.1
9 

ra
d/

se
c 

A
nd

fro
m

3.
51

 ra
d/

se
c 

to
in

fin
ity

R
es

ul
ts

of
th

e
R

G
A

 m
at

rix
fo

rv
ar

io
us

fre
qu

en
ci

es
(s

ig
ni

fic
an

tv
al

ue
s

in
 b

ol
d)

 

C
O

U
P

LI
N

G
 A

N
A

LY
S

IS
 A

N
D

 C
O

N
TR

O
LL

E
R

 S
TR

U
C

TU
R

E
 (I

I)
C

O
U

P
LI

N
G

 A
N

A
LY

S
IS

 A
N

D
 C

O
N

TR
O

LL
E

R
 S

TR
U

C
TU

R
E

 (I
I)

(
)=

−
⋅

=

1
1.

00
64

0.
00

64
1.

00
64

0.
00

64
1

0.
00

64
1.

00
64

0.
00

64
1.

00
64

RG
A

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

ra
d/

se
c

10
28.6

  
4

ω

(
)

=
=

1.
00

09
7.

24
70

2.
38

65
4.

14
56

2.
38

65
3.

20
30

4.
14

56
4.

85
92

1.
01

80
1.

16
74

R
G

A

0.
00

08
0.

00
06

00
00

.0
0.

00
04

0.
00

01
0.

00
08

0.
00

13
37

20
.0

0.
00

06
34

68
.0

03
05

.0
0.

00
12

00
00

.0
34

68
.0

0.
00

00
0.

00
00

0.
00

04
0.

00
13

03
05

.0
0.

00
00

0.
00

01
0.

00
01

37
20

.0
0.

00
12

0.
00

00
0.

00
01

ra
d/

se
c

 8.0
ω (

)
=

=

0.
79

70
10

.2
04

2
9.

46
13

9.
46

13
12

.5
67

4
2.

33
73

2.
33

73
3.

13
07

0.
90

82
0.

98
99

RG
A

03
02

.0
06

90
.0

00
00

.0
09

63
.0

01
02

.0
03

02
.0

11
10

.0
00

09
.0

00
03

.0
06

90
.0

00
50

.0
0.

00
01

00
00

.0
11

10
.0

0.
00

00
0.

00
00

09
63

.0
00

09
.0

00
50

.0
0.

00
00

0.
00

02
01

02
.0

00
03

.0
0.

00
01

0.
00

00
0.

00
02

ra
d/

se
c

 1
ω

O
th

er
re

su
lts



2.
23

M
ar

io
 G

ar
ci

a-
Sa

nz

Fi
rs

tc
ho

ic
e

To
rq

ue
 X

 →
Po

si
tio

n 
Y

g 24

Fo
rc

e 
Y

→
A

tti
tu

de
X

g 42

To
rq

ue
 X

→
A

tti
tu

de
 X

g 44

Fo
rc

e 
Y

→
Po

si
tio

n 
Y

g 22

2x
2 

M
IM

O
: 

lo
op

s 2
 a

nd
 4

To
rq

ue
 Y

→
Po

si
tio

n 
X

g 15

Fo
rc

e 
X

→
A

tti
tu

de
 Y

g 51

To
rq

ue
 Y

→
A

tti
tu

de
Y

g 55

Fo
rc

e 
X

→
Po

si
tio

n 
X

g 11

2x
2 

M
IM

O
: 

lo
op

s 1
 a

nd
 5

To
rq

ue
 Z

→
A

tti
tu

de
 Z

g 66
SI

SO
: l

oo
p 

6

Fo
rc

e 
Z

→
Po

si
tio

n 
Z

g 33
SI

SO
: l

oo
p 

3

C
or

re
sp

on
di

ng
Pl

an
t D

es
cr

ip
tio

n
C

on
tr

ol
le

r 
El

em
en

t
C

on
tr

ol
 S

ub
sy

st
em

C
O

U
P

LI
N

G
 A

N
A

LY
S

IS
 A

N
D

 C
O

N
TR

O
LL

ER
 S

TR
U

C
TU

R
E

 (I
II)

C
O

U
P

LI
N

G
 A

N
A

LY
S

IS
 A

N
D

 C
O

N
TR

O
LL

ER
 S

TR
U

C
TU

R
E

 (I
II)

(
)=

−
⋅

=

1
1.

00
64

0.
00

64
1.

00
64

0.
00

64
1

0.
00

64
1.

00
64

0.
00

64
1.

00
64

RG
A

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

ra
d/

se
c

10
28.6

  
4

ω

=

)
(

0
0

0
0

0
0

)
(

0
0

0
)

(
0

0
)

(
0

)
(

0
0

0
0

)
(

0
0

0
0

)
(

0
)

(
0

0
)

(
0

0
0

)
(

)
(

66

55
51

44
42

33

24
22

15
11

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
G



2.
24

M
ar

io
 G

ar
ci

a-
Sa

nz

If
re

qu
ire

m
en

ts
ar

e 
no

tf
ul

fil
le

d,
 S

ec
on

d
ch

oi
ce

: 

=

)
(

0
0

0
0

0
0

)
(

)
(

)
(

0
)

(
0

)
(

)
(

)
(

)
(

0
0

)
(

)
(

)
(

0
0

0
0

)
(

0
)

(
0

0
)

(
0

0
0

)
(

)
(

66

55
54

53
51

45
44

43
42

35
34

33

24
22

15
11

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
G

C
O

U
P

LI
N

G
 A

N
A

LY
S

IS
 A

N
D

 C
O

N
TR

O
LL

E
R

 S
TR

U
C

TU
R

E
 (I

V
)

C
O

U
P

LI
N

G
 A

N
A

LY
S

IS
 A

N
D

 C
O

N
TR

O
LL

E
R

 S
TR

U
C

TU
R

E
 (I

V
)

A
cc

or
di

ng
to

: 
(

)
=

=

1.
00

09
7.

24
70

2.
38

65
4.

14
56

2.
38

65
3.

20
30

4.
14

56
4.

85
92

1.
01

80
1.

16
74

R
G

A

0.
00

08
0.

00
06

00
00

.0
0.

00
04

0.
00

01
0.

00
08

0.
00

13
37

20
.0

0.
00

06
34

68
.0

03
05

.0
0.

00
12

00
00

.0
34

68
.0

0.
00

00
0.

00
00

0.
00

04
0.

00
13

03
05

.0
0.

00
00

0.
00

01
0.

00
01

37
20

.0
0.

00
12

0.
00

00
0.

00
01

ra
d/

se
c

 8.0
ω

(
)

=
=

0.
79

70
10

.2
04

2
9.

46
13

9.
46

13
12

.5
67

4
2.

33
73

2.
33

73
3.

13
07

0.
90

82
0.

98
99

RG
A

03
02

.0
06

90
.0

00
00

.0
09

63
.0

01
02

.0
03

02
.0

11
10

.0
00

09
.0

00
03

.0
06

90
.0

00
50

.0
0.

00
01

00
00

.0
11

10
.0

0.
00

00
0.

00
00

09
63

.0
00

09
.0

00
50

.0
0.

00
00

0.
00

02
01

02
.0

00
03

.0
0.

00
01

0.
00

00
0.

00
02

ra
d/

se
c

 1
ω

(
)=

−
⋅

=

1
1.

00
64

0.
00

64
1.

00
64

0.
00

64
1

0.
00

64
1.

00
64

0.
00

64
1.

00
64

RG
A

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

ra
d/

se
c

10
28.6

  
4

ω



2.
25

M
ar

io
 G

ar
ci

a-
Sa

nz

G
(s

)
F

(s
)

P(
s)

V 
(s

) 
D

(s
) 

R
(s

) 

N
(s

) 

Y (
s)

U
(s

) 

E (
s)

 
+ −

+
+

+
+

+
+

Pr
e-

fil
te

r
C

on
tro

lle
r

Pl
an

t w
ith

un
ce

rta
in

ty

W
(s

) 

+
+

Tr
an

sfe
r f

un
cti

on
s a

nd
 sp

ec
ifi

ca
tio

n m
od

els
 

Ty
pe

 
De

sc
rip

tio
n 

1
1

1
),

(
)

(
)

(
)

(
)

(
)

(
)

(
)

(
1

)
(

)
(

WY
NY

VU
LL

T
∈

≤
=

=
=

+
=

jj
jj

jj
jj

j
1 

-
Ro

bu
st 

sta
bil

ity
 

-
Se

ns
or

 no
ise

 at
ten

ua
tio

n 
-

At
ten

ua
tio

n o
f e

xte
rn

al 
pe

rtu
rb

ati
on

s a
nd

 fl
ex

ibl
e 

mo
de

s 

2
),

( 2
)

(

)
(

)
(

)
(

)
(

1

1
)

( 2
NE

DY

L
T

∈
≤

=
=

+
=

jj

jj

j
j

2 
-

Ro
bu

st 
se

ns
iti

vit
y 

-
Se

ns
or

 no
ise

 at
ten

ua
tio

n 

3
),

( 3
)

(

)
(

)
(

)
(

)
(

1

)
(

3
VE

VY

LP
T

∈
≤

=
=

+
=

jj

jj

jj
)

j(
ω

3 
-

Ro
bu

st 
dis

tur
ba

nc
e r

eje
cti

on
 at

 
pla

nt 
inp

ut 

4
4

4
),

(
)

(
)

(
)

(
)

(
)

(
)

(
)

(
)

(
)

)
(

1
)

(
)

(
F

R
U

WU
NU

DU
LG

T
∈

≤
=

=
=

=
+

=
j

j
j

jj
jj

j(j
jj

j
4 

-
Ro

bu
st 

co
ntr

ol 
eff

or
t 

att
en

ua
tio

n o
f a

ctu
ato

r n
ois

e, 
se

ns
or

 no
ise

 an
d e

xte
rn

al 
pe

rtu
rb

ati
on

s 

R
O

B
U

S
T 

S
P

EC
IF

IC
AT

IO
N

S
 (I

)
R

O
B

U
S

T 
S

P
EC

IF
IC

AT
IO

N
S

 (I
)



2.
26

M
ar

io
 G

ar
ci

a-
Sa

nz

10
-3

10
-2

10
-1

10
0

10
1

-1
50

-1
00-5
005010
0

Bo
de

 P
33

Fr
eq

ue
nc

y 
(r

ad
/s

ec
)

Magnitude (dB)

G
(s

)
F

(s
)

P(
s)

V 
(s

) 
D

(s
) 

R
(s

) 

N
(s

) 

Y (
s)

U
(s

) 

E (
s)

 
+ −

+
+

+
+

+
+

Pr
e-

fil
te

r
C

on
tro

lle
r

Pl
an

t w
ith

un
ce

rta
in

ty

W
(s

) 

+
+ lo

gs
pa

ce
(-

0.
25

, 1
, 3

)
fr

eq
3

lo
gs

pa
ce

(-
1.

5,
 -0

.2
5,

 1
2)

fr
eq

2
(P

ro
bl

em
at

ic
 ra

ng
e 

of
 fr

eq
ue

nc
ie

s)

lo
gs

pa
ce

(-
4,

 -1
.5

, 4
)

fr
eq

1

F
re

qu
en

ci
es

of
in

te
re

st
(H

z)

10
-4

= 
0.

00
01

 H
z

= 
0.

00
06

2 
ra

d/
s

10
-1

.5
= 

0.
03

16
 H

z
= 

0.
2 

ra
d/

s

10
-0

.2
5

= 
0.

56
2 

H
z

= 
3.

53
 ra

d/
s

10
1

= 
10

 H
z

= 
62

.8
 ra

d/
s

R
O

B
U

S
T 

S
P

EC
IF

IC
AT

IO
N

S
 (I

I)
R

O
B

U
S

T 
S

P
EC

IF
IC

AT
IO

N
S

 (I
I)



2.
27

M
ar

io
 G

ar
ci

a-
Sa

nz

A
na

ly
se

 D
at

a 
P

ro
bl

em
 

&
 D

ef
in

e 
co

nt
ro

lle
r 

st
ru

ct
ur

e

D
ef

in
e 

pr
ob

le
m

 d
at

a

D
es

ig
n 

an
d 

E
va

lu
at

io
n

m
y_

R
G

A
_p

lo
ts

.m
(v

ie
w

 R
G

A
 p

lo
ts

)
(v

ie
w

 p
la

nt
 b

od
e 

pl
ot

s)

M
IM

O
SI

SO

•
ge

t_
pl

an
t3

00
.m

   
 C

om
pu

te
 d

if
fe

re
nt

 p
la

nt
s 

ge
ne

ra
te

d 
du

e 
to

 
   

  u
nc

er
ta

in
ty

•
ge

ne
ra

te
_a

lld
at

a.
m

-  
D

ef
in

e 
fr

eq
ue

nc
ie

s 
(m

yf
re

qu
en

cy
.m

)
-  

C
re

at
e 

fr
eq

ue
nc

y 
re

sp
on

se
 d

at
a:

  (
Pc

om
pu

te
ij.

m
 &

 in
ve

rs
e_

co
m

pu
ta

tio
n.

m
)

T
yp

e
 o

f 
co

nt
ro

lle
r 

to
be

 d
es

ig
ne

d?

M
IM

O
_ 

St
ep

1.
m

-
Q

FT
 d

es
ig

n 
of

 th
e

co
m

pe
ns

at
or

 e
le

m
en

t g
ii

A

A

T
oo

lb
ox

 F
lo

w
 C

ha
rt

m
y_

R
G

A
.m

 
(R

G
A

 A
na

ly
si

s
)

C
he

ck
in

g.
m

(C
om

pa
re

 d
es

ig
n

 to
sp

ec
if

ic
at

io
ns

)

Sp
c.

fu
lf

ill
ed

?
N

O

Y
E

S

Sp
c.

fu
lf

ill
ed

?
N

O

Y
E

S

A

C
he

ck
in

g.
m

(C
om

pa
re

 d
es

ig
n 

to
sp

ec
if

ic
at

io
ns

)

Y
E

S

SI
SO

_D
es

ig
n.

m
-

Q
FT

 d
es

ig
n 

of
 th

e
co

m
pe

ns
at

or
 e

le
m

en
t g

ii

F
IN

A
L

V
E

R
IF

IC
A

T
IO

N

Su
cc

es
s?

N
O

E
nd

Y
E

S

M
IM

O
_ 

St
ep

2.
m

-
Q

FT
 d

es
ig

n 
of

 th
e

co
m

pe
ns

at
or

 e
le

m
en

t g
ji

M
IM

O
_ 

St
ep

3.
m

-
Q

FT
 d

es
ig

n 
of

 th
e

co
m

pe
ns

at
or

 e
le

m
en

t g
jj

Sp
c.

fu
lf

ill
ed

?
N

O

C
he

ck
in

g.
m

(C
om

pa
re

 d
es

ig
n 

to
sp

ec
if

ic
at

io
ns

)

M
IM

O
_ 

St
ep

4.
m

-
Q

FT
 d

es
ig

n 
of

 th
e

co
m

pe
ns

at
or

 e
le

m
en

t g
ij

B

St
ep

s
1a

 a
nd

1b

S
IS

O
 D

E
S

IG
N

S
S

IS
O

 D
E

S
IG

N
S

C
la

ss
ic

al
Q

FT
 ro

bu
st

co
nt

ro
l d

es
ig

n
fo

rS
IS

O
 

su
bs

ys
te

m
s:

–
Lo

op
3

–
Lo

op
6



2.
28

M
ar

io
 G

ar
ci

a-
Sa

nz

St
ep

 1
a)

 : 
de

si
gn

 o
f t

he
 d

ia
go

na
l c

on
tr

ol
le

r g
33

(s
)

R
ob

us
ts

ta
bi

lit
y

(T
yp

e
1)

85
1

1
.

)s(
)s(

)s(
)s(

)s(
≤

=
+

T
G

P
G

P

R
ob

us
ts

en
si

tiv
ity

(T
yp

e
2)

2
1

1
≤

=
+

)s(
)s(

)s(
S

G
P

R
ob

us
td

is
tu

rb
an

ce
re

je
ct

io
n

at
pl

an
ti

np
ut

(T
yp

e
3)

R
ob

us
tc

on
tro

l e
ffo

rt
at

te
nu

at
io

n
(T

yp
e

4)
 

10
-4

10
-3

10
-2

10
-1

10
0

-3
5

-3
0

-2
5

-2
0

-1
5

-1
0-5

Bo
de

 D
ia

gr
am

. F
ilte

r F
3b

 - 
δ 3b

. L
oo

p 
3.

Fr
eq

ue
nc

y 
(r

ad
/s

ec
)

Magnitude (dB)

10
-2

10
-1

10
0

10
1

10
2

05101520253035
Bo

de
 D

ia
gr

am
. F

ilte
r F

4
b - 

δ 4b
. L

oo
p 

3.

Fr
eq

un
cy

 (r
ad

/s
ec

)

Magnitude (dB)

R
ob

us
t P

er
fo

rm
an

ce
 S

pe
ci

fic
at

io
ns

S
IS

O
 D

E
S

IG
N

S
S

IS
O

 D
E

S
IG

N
S



2.
29

M
ar

io
 G

ar
ci

a-
Sa

nz

Te
m

pl
at

es
 o

f t
he

 p
la

nt
 p

33
(s

)

-3
60

-3
15

-2
70

-2
25

-1
80

-1
35

-9
0

-4
5

0

-1
00-5
005010
0

O
pe

n-
Lo

op
 P

ha
se

 (d
eg

)

Open-Loop Gain (dB)

Lo
op

-s
ha

pi
ng

 L
33

B 
(j 

0.
03

)

B 
(j 

4.
3 

10
-3

)

B 
(j 

6.
3 

10
-4

) B 
(j 

0.
2)

B 
(j 

0.
26

)

B 
(j 

0.
33

5)

B 
(j 

0.
43

5)

B 
(j 

3.
53

)

B 
(j 

15
)

B 
(j 

62
.8

2)

B 
(j 

0.
56

6)
 

B 
(j 

0.
73

)

B 
(j 

0.
95

)

B 
(j 

1.
24

)

B 
(j 

1.
61

)

B 
(j 

2.
1)B 
(j 

2.
72

)

L 33
 (j

 0
.4

35
) 

L 33
 (j

 0
.2

) 
L 33

 (j
 0

.2
6)

 

L 33
 (j

 0
.3

35
) 

L 33
 (j

 6
.3

 1
0-4

) 
L 33

 (j
 4

.3
 1

0-3
) 

L 33
 (j

 0
.0

3)
 

L 33
 (j

 6
2.

82
) 

L 33
 (j

 1
5)

 

L 33
 (j

 3
.5

3)
 

L 33
 (j

 0
.5

66
) 

L 33
 (j

 0
.7

3)
 

L 33
 (j

 0
.9

55
) 

L 33
 (j

 1
.2

4)
 

L 33
 (j

 1
.6

1)
 

L 33
 (j

 2
.1

) 
L 33

 (j
 2

.7
2)

 
-2

25
-1

80
-1

35
-9

0

-1
20

-1
00-8
0

-6
0

-4
0

-2
00204060

0.
00

06
28

32

0.
00

42
80

7

0.
02

91
64

0.
19

86
9

0.
19

86
9

0.
25

81
2

0.
33

53
1

0.
43

56
0.

56
58

8
0.

73
51

3
0.

95
49

9
1.

24
06

1.
61

17
2.

09
37

2.
71

98
3.

53
33

3.
53

33

14
.8

99
8

62
.8

31
9

O
pe

n-
Lo

op
 P

ha
se

 (d
eg

)

Open-Loop Gain (dB)

P 33
  P

la
nt

 T
em

pl
at

es

Lo
op

-s
ha

pi
ng

 L
33

(s
)=

p 3
3(

s)
 g

33
(s

)

St
ep

 1
a)

 : 
de

si
gn

 o
f t

he
 d

ia
go

na
l c

on
tr

ol
le

r g
33

(s
)

S
IS

O
 D

E
S

IG
N

S
S

IS
O

 D
E

S
IG

N
S

Th
e 

su
bs

ys
te

m
 is

 fo
un

d 
to

 b
e 

st
ab

le
ac

co
rd

in
g 

to
 th

e 
su

ffi
ci

en
t s

ta
bi

lit
y 

co
nd

iti
on

s 
(a

 a
nd

 b
).



2.
30

M
ar

io
 G

ar
ci

a-
Sa

nz
10

-2
10

-1
10

0
10

1
-2

0

-1
0010203040

Magnitude (dB)

2
1

1
≤

=
+

)s(
)s(

)s(
S

G
P

10
-2

10
-1

10
0

10
1

-6
0

-5
0

-4
0

-3
0

-2
0

-1
0010

Bo
de

 D
ia

gr
am

. F
ilte

r F
1- δ

1.  
Lo

op
s 

4,
 5

, 6

Fr
eq

ue
nc

y 
(r

ad
/s

ec
)

Magnitude (dB)

10
-4

10
-3

10
-2

10
-1

10
0

-2
0

-1
5

-1
0-505

Bo
de

 D
ia

gr
am

. F
ilt

er
 F

3
c - 

δ 3
c. L

oo
ps

 4
, 5

, 6
.

Fr
eq

ue
nc

y 
(r

ad
/s

ec
)

Magnitude (dB)

St
ep

 1
b)

 : 
de

si
gn

 o
f t

he
 d

ia
go

na
l c

on
tr

ol
le

r g
66

(s
)

S
IS

O
 D

E
S

IG
N

S
S

IS
O

 D
E

S
IG

N
S

R
ob

us
t P

er
fo

rm
an

ce
 S

pe
ci

fic
at

io
ns

R
ob

us
ts

ta
bi

lit
y

(T
yp

e
1)

R
ob

us
ts

en
si

tiv
ity

(T
yp

e
2)

R
ob

us
td

is
tu

rb
an

ce
re

je
ct

io
n

at
pl

an
ti

np
ut

(T
yp

e
3)

R
ob

us
tc

on
tro

l e
ffo

rt
at

te
nu

at
io

n
(T

yp
e

4)
 



2.
31

M
ar

io
 G

ar
ci

a-
Sa

nz

Te
m

pl
at

es
 o

f t
he

 p
la

nt
 p

66
(s

)
Lo

op
-s

ha
pi

ng
 L

66
(s

)=
p 6

6(
s)

 g
66

(s
)

-2
25

-1
80

-1
35

-9
0

-4
5

0

-1
20

-1
00-8
0

-6
0

-4
0

-2
00204060

0.
00

06
28

32

0.
00

42
80

7

0.
02

91
64

0.
19

86
9

0.
19

86
9

0.
25

81
2

0.
33

53
1

0.
43

56
0.

56
58

8
0.

73
51

3
0.

95
49

9
1.

24
06

1.
61

17
2.

09
37

2.
71

98
3.

53
33

3.
53

33

14
.8

99
8

62
.8

31
9

O
pe

n-
Lo

op
 P

ha
se

 (d
eg

)

Open-Loop Gain (dB)

P 66
  P

la
nt

 T
em

pl
at

es

-3
60

-3
15

-2
70

-2
25

-1
80

-1
35

-9
0

-4
5

0

-1
50

-1
00-5
0050

O
pe

n-
Lo

op
 P

ha
se

 (d
eg

)

Open-Loop Gain (dB)

Lo
op

-s
ha

pi
ng

 L
66

B 
(j 

0.
03

)

B 
(j 

4.
3 

10
-3

)

B 
(j 

6.
3 

10
-4

)

B 
(j 

0.
33

5)
B 

(j 
0.

43
5)B 

(j 
0.

2)

B 
(j 

0.
26

)

B 
(j 

0.
56

6) B 
(j 

62
.8

2)

B 
(j 

15
)

B 
(j 

3.
53

)

B 
(j 

0.
95

)

B 
(j 

1.
24

)

B 
(j 

1.
61

)

B 
(j 

2.
1)

L 66
(j 

62
.8

2)
 

L 66
 (j

 1
5)

 

L 66
 (j

 3
.5

3)
 

L 66
 (j

 2
.7

2)
 

L 66
 (j

 2
.1

) 

L 66
 (j

 1
.6

1)
 

L 66
 (j

 1
.2

4)
 

L 66
 (j

 0
.9

55
) 

L 66
 (j

 0
.7

3)
 

L 66
 (j

 0
.5

66
) 

L 66
 (j

 0
.4

35
) 

L 66
 (j

 0
.3

35
) 

L 66
 (j

 0
.2

6)
 

L 66
 (j

 0
.2

) 

L 66
 (j

 6
.3

 1
0-4

) 

L 66
 (j

 4
.3

 1
0-3

) 

L 66
 (j

 0
.0

3)
 

St
ep

 1
b)

 : 
de

si
gn

 o
f t

he
 d

ia
go

na
l c

on
tr

ol
le

r g
66

(s
)

S
IS

O
 D

E
S

IG
N

S
S

IS
O

 D
E

S
IG

N
S

Th
e 

su
bs

ys
te

m
 is

 fo
un

d 
to

 b
e 

st
ab

le
ac

co
rd

in
g 

to
 th

e 
su

ffi
ci

en
t s

ta
bi

lit
y 

co
nd

iti
on

s 
(a

 a
nd

 b
).



2.
32

M
ar

io
 G

ar
ci

a-
Sa

nz

A
na

ly
se

 D
at

a 
P

ro
bl

em
 

&
 D

ef
in

e 
co

nt
ro

lle
r 

st
ru

ct
ur

e

D
ef

in
e 

pr
ob

le
m

 d
at

a

D
es

ig
n 

an
d 

E
va

lu
at

io
n

m
y_

R
G

A
_p

lo
ts

.m
(v

ie
w

 R
G

A
 p

lo
ts

)
(v

ie
w

 p
la

nt
 b

od
e 

pl
ot

s)

M
IM

O
SI

SO

•
ge

t_
pl

an
t3

00
.m

   
 C

om
pu

te
 d

if
fe

re
nt

 p
la

nt
s 

ge
ne

ra
te

d 
du

e 
to

 
   

  u
nc

er
ta

in
ty

•
ge

ne
ra

te
_a

lld
at

a.
m

-  
D

ef
in

e 
fr

eq
ue

nc
ie

s 
(m

yf
re

qu
en

cy
.m

)
-  

C
re

at
e 

fr
eq

ue
nc

y 
re

sp
on

se
 d

at
a:

  (
Pc

om
pu

te
ij.

m
 &

 in
ve

rs
e_

co
m

pu
ta

tio
n.

m
)

T
yp

e
 o

f 
co

nt
ro

lle
r 

to
be

 d
es

ig
ne

d?

M
IM

O
_ 

St
ep

1.
m

-
Q

FT
 d

es
ig

n 
of

 th
e

co
m

pe
ns

at
or

 e
le

m
en

t g
ii

A

A

T
oo

lb
ox

 F
lo

w
 C

ha
rt

m
y_

R
G

A
.m

 
(R

G
A

 A
na

ly
si

s
)

C
he

ck
in

g.
m

(C
om

pa
re

 d
es

ig
n

 to
sp

ec
if

ic
at

io
ns

)

Sp
c.

fu
lf

ill
ed

?
N

O

Y
E

S

Sp
c.

fu
lf

ill
ed

?
N

O

Y
E

S

A

C
he

ck
in

g.
m

(C
om

pa
re

 d
es

ig
n 

to
sp

ec
if

ic
at

io
ns

)

Y
E

S

SI
SO

_D
es

ig
n.

m
-

Q
FT

 d
es

ig
n 

of
 th

e
co

m
pe

ns
at

or
 e

le
m

en
t g

ii

F
IN

A
L

V
E

R
IF

IC
A

T
IO

N

Su
cc

es
s?

N
O

E
nd

Y
E

S

M
IM

O
_ 

St
ep

2.
m

-
Q

FT
 d

es
ig

n 
of

 th
e

co
m

pe
ns

at
or

 e
le

m
en

t g
ji

M
IM

O
_ 

St
ep

3.
m

-
Q

FT
 d

es
ig

n 
of

 th
e

co
m

pe
ns

at
or

 e
le

m
en

t g
jj

Sp
c.

fu
lf

ill
ed

?
N

O

C
he

ck
in

g.
m

(C
om

pa
re

 d
es

ig
n 

to
sp

ec
if

ic
at

io
ns

)

M
IM

O
_ 

St
ep

4.
m

-
Q

FT
 d

es
ig

n 
of

 th
e

co
m

pe
ns

at
or

 e
le

m
en

t g
ij

B

St
ep

s
2 

a 
an

d
2 

b

M
IM

O
 D

E
S

IG
N

S
M

IM
O

 D
E

S
IG

N
S

N
on

-d
ia

go
na

l M
IM

O
 

Q
FT

 d
es

ig
n

m
et

ho
do

lo
gy

fo
r

M
IM

O
 s

ub
sy

st
em

s:

–
Lo

op
s

1 
an

d
5

–
Lo

op
s

2 
an

d
4



2.
33

M
ar

io
 G

ar
ci

a-
Sa

nz

St
ep

 2
a)

 : 
M

IM
O

 s
ub

sy
st

em
 lo

op
s 

1 
an

d 
5

2
1

1
≤

=
+

)s(
)s(

)s(
S

G
P

R
ob

us
t P

er
fo

rm
an

ce
 S

pe
ci

fic
at

io
ns

D
es

ig
n 

of
 th

e 
di

ag
on

al
 c

on
tr

ol
le

r g
11

(s
)

=
55

51

15
11

5111

00
g

g
g

g
gg

G

85
1

1
.

)s(
)s(

)s(
)s(

)s(
≤

=
+

T
G

P
G

P

10
-3

10
-2

10
-1

10
0

10
1

10
2

-1
20

-1
00-8
0

-6
0

-4
0

-2
0

Bo
de

 D
ia

gr
am

. F
ilte

r F
3a

 - 
δ 3a

. L
oo

ps
 1

, 2
.

Fr
eq

ue
nc

y 
(r

ad
/s

ec
)

Magnitude (dB)

10
-1

10
0

10
1

10
2

10152025303540455055
Bo

de
 D

ia
gr

am
. F

ilte
r F

4a
 - 

δ 4a
. L

oo
ps

 1
, 2

.

Fr
eq

ue
nc

y 
(r

ad
/s

ec
)

Magnitude (dB)

M
IM

O
 D

E
S

IG
N

S
M

IM
O

 D
E

S
IG

N
S

R
ob

us
ts

ta
bi

lit
y

(T
yp

e
1)

R
ob

us
ts

en
si

tiv
ity

(T
yp

e
2)

R
ob

us
td

is
tu

rb
an

ce
re

je
ct

io
n

at
pl

an
ti

np
ut

(T
yp

e
3)

R
ob

us
tc

on
tro

l e
ffo

rt
at

te
nu

at
io

n
(T

yp
e

4)
 



2.
34

M
ar

io
 G

ar
ci

a-
Sa

nz

Te
m

pl
at

es
 o

f t
he

 p
la

nt
 (p

11
*e

(s
))-1

Lo
op

-s
ha

pi
ng

 L
11

(s
)=

 (p
11

*e
(s

))-1
g 1

1(
s)

-2
25

-1
80

-1
35

-9
0

-1
20

-1
00-8
0

-6
0

-4
0

-2
00204060

0.
00

06
28

32

0.
00

42
80

7

0.
02

91
64

0.
19

86
9

0.
19

86
9

0.
25

81
2

0.
33

53
1

0.
43

56
0.

56
58

8
0.

73
51

3
0.

95
49

9
1.

24
06 1.
61

17
2.

09
37

2.
71

98
3.

53
33

3.
53

33

14
.8

99
8

62
.8

31
9

O
pe

n-
Lo

op
 P

ha
se

 (d
eg

)

Open-Loop Gain (dB)

(P
11*

)-1
  P

la
nt

 T
em

pl
at

es

-3
60

-3
15

-2
70

-2
25

-1
80

-1
35

-9
0

-4
5

0

-1
00-8
0

-6
0

-4
0

-2
002040608010
0

O
pe

n-
Lo

op
 P

ha
se

 (d
eg

)

Open-Loop Gain (dB)

Lo
op

-s
ha

pi
ng

 L
11

B 
(j 

62
.8

2)

B 
(j 

6.
3 

10
-4

)

B 
(j 

0.
03

)

B 
(j 

4.
3 

10
-3

)

B 
(j 

0.
95

)

B 
(j 

1.
24

)

B 
(j 

3.
53

)

B 
(j 

15
)

B 
(j 

0.
26

)

B 
(j 

0.
33

5)
B 

(j 
0.

43
5)

B 
(j 

1.
61

)

B 
(j 

2.
1) B 

(j 
2.

72
)

B 
(j 

0.
2)

B 
(j 

0.
56

6)
B 

(j 
0.

73
)

L 11
 (j

 6
.3

 1
0-4

) 

L 11
 (j

 4
.3

 1
0-3

) 

L 11
 (j

 0
.0

3)
 

L 11
 (j

 0
.2

) 

L 11
 (j

 0
.2

6)
 

L 11
 (j

 0
.3

35
) 

L 11
 (j

 0
.4

35
) 

L 11
 (j

 0
.5

66
) 

L 11
 (j

 0
.7

3)
 

L 11
 (j

 0
.9

55
) 

L 11
 (j

 1
.2

4)
 

L 11
 (j

 1
.6

1)
 

L 11
(j 

62
.8

2)
 L 11

 (j
 1

5)
 

L 11
 (j

 3
.5

3)
 

L 11
 (j

 2
.7

2)
 

L 11
 (j

 2
.1

) 

St
ep

 2
a)

 : 
M

IM
O

 s
ub

sy
st

em
 lo

op
s 

1 
an

d 
5

D
es

ig
n 

of
 th

e 
di

ag
on

al
 c

on
tr

ol
le

r g
11

(s
)

=
55

51

15
11

5111

00
g

g
g

g
gg

G

M
IM

O
 D

E
S

IG
N

S
M

IM
O

 D
E

S
IG

N
S

Th
e 

su
bs

ys
te

m
 is

 fo
un

d 
to

 b
e 

st
ab

le
ac

co
rd

in
g 

to
 th

e 
su

ffi
ci

en
t s

ta
bi

lit
y 

co
nd

iti
on

s 
(a

 a
nd

 b
).



2.
35

M
ar

io
 G

ar
ci

a-
Sa

nz

•E
le

m
en

td
es

ig
ne

d
to

re
du

ce
 th

e
co

up
lin

g
•C

al
cu

la
te

d
ac

co
rd

in
g

to
th

e
ex

pr
es

si
on

:

St
ep

 2
a)

 : 
M

IM
O

 s
ub

sy
st

em
 lo

op
s 

1 
an

d 
5

D
es

ig
n 

th
e 

of
f-d

ia
go

na
l c

on
tr

ol
le

r g
51

(s
)

=
55

51

15
11

5111

00
g

g
g

g
gg

G

M
IM

O
 D

E
S

IG
N

S
M

IM
O

 D
E

S
IG

N
S

()
()s

p
s

g
*

op
t

N
51

51
−

=

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

-1
50

-1
00-5
005010
0

15
0

M
ag

ni
tu

de
 p

lo
t o

f g
51

(s
)

Fr
eq

ue
nc

y 
(ra

d/
se

c)

Magnitude (dB)

() s
p* 51

−

() s
g 5

1



2.
36

M
ar

io
 G

ar
ci

a-
Sa

nz

2
1

1
≤

=
+

)s(
)s(

)s(
S

G
P

10
-2

10
-1

10
0

10
1

-6
0

-5
0

-4
0

-3
0

-2
0

-1
0010

Bo
de

 D
ia

gr
am

. F
ilte

r F
1- δ

1.  
Lo

op
s 

4,
 5

, 6

Fr
eq

ue
nc

y 
(r

ad
/s

ec
)

Magnitude (dB)C
on

tro
lle

re
le

m
en

td
es

ig
ne

d
fo

rt
he

eq
ui

va
le

nt
pl

an
t c

om
pu

te
d

w
ith

:

St
ep

 2
a)

 : 
M

IM
O

 s
ub

sy
st

em
 lo

op
s 

1 
an

d 
5

D
es

ig
n 

th
e 

di
ag

on
al

 c
on

tr
ol

le
r g

55
(s

)

=
55

51

15
11

5111

00
g

g
g

g
gg

G

M
IM

O
 D

E
S

IG
N

S
M

IM
O

 D
E

S
IG

N
S

()
[

]
()

[
]

()
[

]
()

[
]

(
)

()
[

]
(

)
()

[
]

()
[

] 1
11

1

e * 11

1

e * 51
1

15
1

e * 15
1 

e * 55
2

*e 55
s

g
s

p

s
p

s
g

s
p

s
p

s
p

+

+
−

=

R
ob

us
t P

er
fo

rm
an

ce
 S

pe
ci

fic
at

io
ns

R
ob

us
ts

ta
bi

lit
y

(T
yp

e
1)

R
ob

us
ts

en
si

tiv
ity

(T
yp

e
2)



2.
37

M
ar

io
 G

ar
ci

a-
Sa

nz

10
-4

10
-3

10
-2

10
-1

10
0

-2
0

-1
5

-1
0-505

Bo
de

 D
ia

gr
am

. F
ilte

r F
3

c - 
δ 3

c. L
oo

ps
 4

, 5
, 6

.

Fr
eq

ue
nc

y 
(r

ad
/s

ec
)

Magnitude (dB)

10
-2

10
-1

10
0

10
1

-2
0

-1
0010203040

Magnitude (dB)

St
ep

 2
a)

 : 
M

IM
O

 s
ub

sy
st

em
 lo

op
s 

1 
an

d 
5

D
es

ig
n 

th
e 

di
ag

on
al

 c
on

tr
ol

le
r g

55
(s

)

=
55

51

15
11

5111

00
g

g
g

g
gg

G

M
IM

O
 D

E
S

IG
N

S
M

IM
O

 D
E

S
IG

N
S

R
ob

us
td

is
tu

rb
an

ce
re

je
ct

io
n

at
pl

an
ti

np
ut

(T
yp

e
3)

R
ob

us
tc

on
tro

l e
ffo

rt
at

te
nu

at
io

n
(T

yp
e

4)
 



2.
38

M
ar

io
 G

ar
ci

a-
Sa

nz

Te
m

pl
at

es
 o

f t
he

 p
la

nt
 (p

55
*e

(s
))-1

Lo
op

-s
ha

pi
ng

 L
55

(s
)=

 (p
55

*e
(s

))-1
g 5

5(
s)

-2
25

-1
80

-1
35

-9
0

-4
5

0

-1
20

-1
00-8
0

-6
0

-4
0

-2
00204060

0.
00

06
28

32

0.
00

42
80

7

0.
02

91
64

0.
19

86
9

0.
19

86
9

0.
25

81
2

0.
33

53
1

0.
43

56

0.
56

58
8

0.
73

51
3

0.
95

49
9

1.
24

06
1.

61
17

2.
09

372
.7

19
8

3.
53

33
3.

53
33

14
.8

99
8

62
.8

31
9

O
pe

n-
Lo

op
 P

ha
se

 (d
eg

)

Open-Loop Gain (dB)

(P
55*

-e
q)-1

  P
la

nt
 T

em
pl

at
es

-3
60

-3
15

-2
70

-2
25

-1
80

-1
35

-9
0

-4
5

0

-1
50

-1
00-5
0050

O
pe

n-
Lo

op
 P

ha
se

 (d
eg

)

Open-Loop Gain (dB)

Lo
op

-s
ha

pi
ng

 L
55

B 
(j 

6.
3 

10
-4

)

B 
(j 

4.
3 

10
-3

)

B 
(j 

0.
03

)

B 
(j 

0.
33

5)
B 

(j 
0.

43
5)

L 55
 (j

 6
.3

 1
0-4

) 
L 55

 (j
 4

.3
 1

0-3
) 

B 
(j 

0.
2)

B 
(j 

0.
26

)

B 
(j 

0.
56

6)

B 
(j 

62
.8

2)

B 
(j 

15
)

B 
(j 

3.
53

)

B 
(j 

0.
95

)

B 
(j 

1.
24

)

B 
(j 

1.
61

)

B 
(j 

2.
1)

B 
(j 

0.
73

)

B 
(j 

2.
72

)

L 55
(j 

62
.8

2)
 

L 55
 (j

 1
5)

 

L 55
 (j

 3
.5

3)
 

L 55
 (j

 2
.7

2)
 

L 55
 (j

 2
.1

) 

L 55
 (j

 1
.6

1)
 

L 55
 ( 

j 1
.2

4)
 

L 55
 (j

 0
.9

55
) 

L 55
 (j

 0
.7

3)
 

L 55
 (j

 0
.5

66
) 

L 55
 (j

 0
.4

35
) 

L 55
 (j

 0
.3

35
) 

L 55
 (j

 0
.0

3)
 

L 55
 (j

 0
.2

) 

St
ep

 2
a)

 : 
M

IM
O

 s
ub

sy
st

em
 lo

op
s 

1 
an

d 
5

D
es

ig
n 

th
e 

di
ag

on
al

 c
on

tr
ol

le
r g

55
(s

)

=
55

51

15
11

5111

00
g

g
g

g
gg

G

M
IM

O
 D

E
S

IG
N

S
M

IM
O

 D
E

S
IG

N
S

Th
e 

su
bs

ys
te

m
 is

 fo
un

d 
to

 b
e 

st
ab

le
ac

co
rd

in
g 

to
 th

e 
su

ffi
ci

en
t s

ta
bi

lit
y 

co
nd

iti
on

s 
(a

 a
nd

 b
).



2.
39

M
ar

io
 G

ar
ci

a-
Sa

nz

•E
le

m
en

td
es

ig
ne

d
to

re
du

ce
 th

e
co

up
lin

g
•C

al
cu

la
te

d
ac

co
rd

in
g

to
th

e
ex

pr
es

si
on

:

St
ep

 2
a)

 : 
M

IM
O

 s
ub

sy
st

em
 lo

op
s 

1 
an

d 
5

D
es

ig
n 

th
e 

of
f-d

ia
go

na
l c

on
tr

ol
le

r g
15

(s
)

=
55

51

15
11

5111

00
g

g
g

g
gg

G

M
IM

O
 D

E
S

IG
N

S
M

IM
O

 D
E

S
IG

N
S

(
)

(
)s

p
s

g
op

t
N

* 15
15

−
= (

)
0

15
=

s
g

B
ut

du
e

to
re

qu
ire

m
en

t o
f 

m
in

im
um

 c
on

tro
lle

r c
om

pl
ex

ity
 

an
d 

or
de

r

Th
e 

2x
2 

M
IM

O
 s

ub
sy

st
em

 is
 fo

un
d 

to
 b

e 
st

ab
le

ac
co

rd
in

g 
to

 th
e 

su
ffi

ci
en

t s
ta

bi
lit

y 
co

nd
iti

on
s 

(c
 a

nd
 d

). 

Fi
na

lly
, i

t i
s 

al
so

 c
he

ck
ed

 th
at

 n
o 

ad
di

tio
na

l R
H

P 
ze

ro
s

ha
ve

 b
ee

n 
in

tro
du

ce
d 

by
 th

e 
co

m
pe

ns
at

or



2.
40

M
ar

io
 G

ar
ci

a-
Sa

nz

=
44

42

24
22

4222

00
g

g
g

g
gg

G

St
ep

 2
b)

 : 
M

IM
O

 s
ub

sy
st

em
 lo

op
s 

2 
an

d 
4

2
1

1
≤

=
+

)s(
)s(

)s(
S

G
P

R
ob

us
t P

er
fo

rm
an

ce
 S

pe
ci

fic
at

io
ns

D
es

ig
n 

of
 th

e 
di

ag
on

al
 c

on
tr

ol
le

r g
22

(s
)

85
1

1
.

)s(
)s(

)s(
)s(

)s(
≤

=
+

T
G

P
G

P

10
-3

10
-2

10
-1

10
0

10
1

10
2

-1
20

-1
00-8
0

-6
0

-4
0

-2
0

Bo
de

 D
ia

gr
am

. F
ilte

r F
3a

 - 
δ 3a

. L
oo

ps
 1

, 2
.

Fr
eq

ue
nc

y 
(r

ad
/s

ec
)

Magnitude (dB)

10
-1

10
0

10
1

10
2

10152025303540455055
Bo

de
 D

ia
gr

am
. F

ilte
r F

4a
 - 

δ 4a
. L

oo
ps

 1
, 2

.

Fr
eq

ue
nc

y 
(r

ad
/s

ec
)

Magnitude (dB)

M
IM

O
 D

E
S

IG
N

S
M

IM
O

 D
E

S
IG

N
S

R
ob

us
ts

ta
bi

lit
y

(T
yp

e
1)

R
ob

us
ts

en
si

tiv
ity

(T
yp

e
2)

R
ob

us
td

is
tu

rb
an

ce
re

je
ct

io
n

at
pl

an
ti

np
ut

(T
yp

e
3)

R
ob

us
tc

on
tro

l e
ffo

rt
at

te
nu

at
io

n
(T

yp
e

4)
 



2.
41

M
ar

io
 G

ar
ci

a-
Sa

nz

Te
m

pl
at

es
 o

f t
he

 p
la

nt
 (p

22
*e

(s
))-1

Lo
op

-s
ha

pi
ng

 L
22

(s
)=

 (p
22

*e
(s

))-1
g 2

2(
s)

-2
25

-1
80

-1
35

-9
0

-1
20

-1
00-8
0

-6
0

-4
0

-2
00204060

0.
00

06
28

32

0.
00

42
80

7

0.
02

91
64

0.
19

86
9

0.
19

86
9

0.
25

81
2

0.
33

53
1

0.
43

56
0.

56
58

8
0.

73
51

3
0.

95
49

9
1.

24
06

1.
61

17
2.

09
37

2.
71

98

3.
53

33
3.

53
33

14
.8

99
8

62
.8

31
9

O
pe

n-
Lo

op
 P

ha
se

 (d
eg

)

Open-Loop Gain (dB)

(P
22*

)-1
  P

la
nt

 T
em

pl
at

es

-3
60

-3
15

-2
70

-2
25

-1
80

-1
35

-9
0

-4
5

0

-1
00-8
0

-6
0

-4
0

-2
002040608010
0

O
pe

n-
Lo

op
 P

ha
se

 (d
eg

)

Open-Loop Gain (dB)

Lo
op

-s
ha

pi
ng

 L
22

B 
(j 

0.
03

)

B 
(j 

4.
3 

10
-3

)

B 
(j 

6.
3 

10
-4

)

B 
(j 

0.
2)

B 
(j 

0.
26

)

B 
(j 

0.
33

5)
B 

(j 
0.

43
5)

B 
(j 

0.
73

)

B 
(j 

0.
95

)

B 
(j 

1.
24

)

B 
(j 

1.
61

)

B 
(j 

2.
1) B 

(j 
2.

72
)

B 
(j 

3.
53

)

B 
(j 

15
)

B 
(j 

62
.8

2)
L 22

(j 
62

.8
2)

 
L 22

 (j
 1

5)
 

L 22
 (j

 3
.5

3)
 L 22

 (j
 2

.1
) L 22

 (j
 2

.7
2)

 

L 22
 (j

 0
.9

55
) 

L 22
 (j

 1
.2

4)
 

L 22
 (j

 1
.6

1)
 

L 22
 (j

 0
.4

35
) 

L 22
 (j

 0
.5

66
) 

L 22
 (j

 0
.7

3)
 

L 22
 (j

 0
.2

) 

L 22
 (j

 0
.2

6)
 

L 22
 (j

 0
.3

35
) 

L 22
 (j

 6
.3

 1
0-4

) 

L 22
 (j

 4
.3

 1
0-3

) 

L 22
 (j

 0
.0

3)
 

=
44

42

24
22

4222

00
g

g
g

g
gg

G

St
ep

 2
b)

 : 
M

IM
O

 s
ub

sy
st

em
 lo

op
s 

2 
an

d 
4

D
es

ig
n 

of
 th

e 
di

ag
on

al
 c

on
tr

ol
le

r g
22

(s
)

M
IM

O
 D

E
S

IG
N

S
M

IM
O

 D
E

S
IG

N
S

Th
e 

su
bs

ys
te

m
 is

 fo
un

d 
to

 b
e 

st
ab

le
ac

co
rd

in
g 

to
 th

e 
su

ffi
ci

en
t s

ta
bi

lit
y 

co
nd

iti
on

s 
(a

 a
nd

 b
).



2.
42

M
ar

io
 G

ar
ci

a-
Sa

nz

=
44

42

24
22

4222

00
g

g
g

g
gg

G

St
ep

 2
b)

 : 
M

IM
O

 s
ub

sy
st

em
 lo

op
s 

2 
an

d 
4

M
IM

O
 D

E
S

IG
N

S
M

IM
O

 D
E

S
IG

N
S

•E
le

m
en

td
es

ig
ne

d
to

re
du

ce
 th

e
co

up
lin

g
•C

al
cu

la
te

d
ac

co
rd

in
g

to
th

e
ex

pr
es

si
on

:

D
es

ig
n 

th
e 

of
f-d

ia
go

na
l c

on
tr

ol
le

r g
42

(s
)

(
)

(
)s

p
s

g
op

t
N

* 42
42

−
=

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

-1
50

-1
00-5
005010
0

15
0

Fr
eq

ue
nc

y 
(ra

d/
se

c)

Magnitude (dB)

() s
p* 42

−

() s
g 4

2



2.
43

M
ar

io
 G

ar
ci

a-
Sa

nz

2
1

1
≤

=
+

)s(
)s(

)s(
S

G
P

10
-2

10
-1

10
0

10
1

-6
0

-5
0

-4
0

-3
0

-2
0

-1
0010

Bo
de

 D
ia

gr
am

. F
ilte

r F
1- δ

1.  
Lo

op
s 

4,
 5

, 6

Fr
eq

ue
nc

y 
(r

ad
/s

ec
)

Magnitude (dB)C
on

tro
lle

re
le

m
en

td
es

ig
ne

d
fo

rt
he

eq
ui

va
le

nt
pl

an
t c

om
pu

te
d

w
ith

:
(

)
[

]
(

)
[

]
(

)
[

]
(

)
[

]
(

)
(

)
[

]
(

)
(

)
[

]
(

)
[

] 1
22

1

e * 22

1
e * 24

1
42

1
e * 42

1 
e * 44

2

*e 44
s

g
s

p

s
p

s
g

s
p

s
p

s
p

+

+
−

=

R
ob

us
t P

er
fo

rm
an

ce
 S

pe
ci

fic
at

io
ns

R
ob

us
ts

ta
bi

lit
y

(T
yp

e
1)

R
ob

us
ts

en
si

tiv
ity

(T
yp

e
2)=

44
42

24
22

4222

00
g

g
g

g
gg

G

St
ep

 2
b)

 : 
M

IM
O

 s
ub

sy
st

em
 lo

op
s 

2 
an

d 
4

D
es

ig
n 

of
 th

e 
di

ag
on

al
 c

on
tr

ol
le

r g
44

(s
)

M
IM

O
 D

E
S

IG
N

S
M

IM
O

 D
E

S
IG

N
S



2.
44

M
ar

io
 G

ar
ci

a-
Sa

nz

=
44

42

24
22

4222

00
g

g
g

g
gg

G

St
ep

 2
b)

 : 
M

IM
O

 s
ub

sy
st

em
 lo

op
s 

2 
an

d 
4

D
es

ig
n 

of
 th

e 
di

ag
on

al
 c

on
tr

ol
le

r g
44

(s
)

M
IM

O
 D

E
S

IG
N

S
M

IM
O

 D
E

S
IG

N
S

10
-4

10
-3

10
-2

10
-1

10
0

-2
0

-1
5

-1
0-505

Bo
de

 D
ia

gr
am

. F
ilte

r F
3

c - 
δ 3

c. L
oo

ps
 4

, 5
, 6

.

Fr
eq

ue
nc

y 
(r

ad
/s

ec
)

Magnitude (dB)

10
-2

10
-1

10
0

10
1

-2
0

-1
0010203040

Magnitude (dB)

R
ob

us
td

is
tu

rb
an

ce
re

je
ct

io
n

at
pl

an
ti

np
ut

(T
yp

e
3)

R
ob

us
tc

on
tro

l e
ffo

rt
at

te
nu

at
io

n
(T

yp
e

4)
 



2.
45

M
ar

io
 G

ar
ci

a-
Sa

nz

Te
m

pl
at

es
 o

f t
he

 p
la

nt
 (p

44
*e

(s
))-1

Lo
op

-s
ha

pi
ng

 L
44

(s
)=

 (p
44

*e
(s

))-1
g 4

4(
s)

-2
25

-1
80

-1
35

-9
0

-4
5

0

-1
20

-1
00-8
0

-6
0

-4
0

-2
00204060

0.
00

06
28

32

0.
00

42
80

7

0.
02

91
64

0.
19

86
9

0.
19

86
9

0.
25

81
2

0.
33

53
1

0.
43

56
0.

56
58

8

0.
73

51
3

0.
95

49
9

1.
24

06
1.

61
17

2.
09

37
2.

71
98

3.
53

33
3.

53
33

14
.8

99
8

62
.8

31
9

O
pe

n-
Lo

op
 P

ha
se

 (d
eg

)

Open-Loop Gain (dB)

(P
44*

-e
q)-1

  P
la

nt
 T

em
pl

at
es

-3
60

-3
15

-2
70

-2
25

-1
80

-1
35

-9
0

-4
5

0

-1
50

-1
00-5
0050

O
pe

n-
Lo

op
 P

ha
se

 (d
eg

)

Open-Loop Gain (dB)

Lo
op

-s
ha

pi
ng

 L
44

B 
(j 

0.
03

)

B 
(j 

4.
3 

10
-3

)

B 
(j 

6.
3 

10
-4

)
B 

(j 
0.

2)
B 

(j 
0.

26
)

B 
(j 

0.
33

5)

B 
(j 

0.
43

5)

B 
(j 

0.
56

6)

B 
(j 

0.
73

)

B 
(j 

0.
95

)

B 
(j 

1.
24

)

B 
(j 

1.
61

)

B 
(j 

2.
1)

B 
(j 

2.
72

)

B 
(j 

62
.8

2)

B 
(j 

15
)

B 
(j 

3.
53

)

L 44
 (j

 0
.2

) 

L 44
 (j

 6
.3

 1
0-4

) 

L 44
 (j

 4
.3

 1
0-3

) 

L 44
 (j

 0
.0

3)
 

L 44
 (j

 0
.2

6)
 

L 44
 (j

 0
.3

35
) 

L 44
 (j

 0
.4

35
) 

L 44
 (j

 0
.9

55
) 

L 44
 (j

 0
.5

66
) 

L 44
 (j

 2
.7

2)
 

L 44
 (j

 1
.2

4)
 

L 44
 (j

 1
.6

1)
 

L 44
 (j

 2
.1

) 
L 44

 (j
 1

5)
 

L 44
(j 

62
.8

2)
 

L 44
 (j

 3
.5

3)
 

L 44
 (j

 1
.2

4)
 

L 44
 (j

 1
.2

4)
 L 44

 (j
 0

.7
3)

 

=
44

42

24
22

4222

00
g

g
g

g
gg

G

St
ep

 2
b)

 : 
M

IM
O

 s
ub

sy
st

em
 lo

op
s 

2 
an

d 
4

D
es

ig
n 

of
 th

e 
di

ag
on

al
 c

on
tr

ol
le

r g
44

(s
)

M
IM

O
 D

E
S

IG
N

S
M

IM
O

 D
E

S
IG

N
S

Th
e 

su
bs

ys
te

m
 is

 fo
un

d 
to

 b
e 

st
ab

le
ac

co
rd

in
g 

to
 th

e 
su

ffi
ci

en
t s

ta
bi

lit
y 

co
nd

iti
on

s 
(a

 a
nd

 b
).



2.
46

M
ar

io
 G

ar
ci

a-
Sa

nz

=
44

42

24
22

4222

00
g

g
g

g
gg

G

St
ep

 2
b)

 : 
M

IM
O

 s
ub

sy
st

em
 lo

op
s 

2 
an

d 
4

M
IM

O
 D

E
S

IG
N

S
M

IM
O

 D
E

S
IG

N
S

•E
le

m
en

td
es

ig
ne

d
to

re
du

ce
 th

e
co

up
lin

g
•C

al
cu

la
te

d
ac

co
rd

in
g

to
th

e
ex

pr
es

si
on

:

D
es

ig
n 

th
e 

of
f-d

ia
go

na
l c

on
tr

ol
le

r g
24

(s
)

(
)

(
)s

p
s

g
op

t
N

* 24
24

−
= (

)
0

24
=

s
g

B
ut

du
e

to
re

qu
ire

m
en

t o
f 

m
in

im
um

 c
on

tro
lle

r c
om

pl
ex

ity
 

an
d 

or
de

r

Th
e 

2x
2 

M
IM

O
 s

ub
sy

st
em

 is
 fo

un
d 

to
 b

e 
st

ab
le

ac
co

rd
in

g 
to

 th
e 

su
ffi

ci
en

t s
ta

bi
lit

y 
co

nd
iti

on
s 

(c
 a

nd
 d

). 

Fi
na

lly
, i

t i
s 

al
so

 c
he

ck
ed

 th
at

 n
o 

ad
di

tio
na

l R
H

P 
ze

ro
s

ha
ve

 b
ee

n 
in

tro
du

ce
d 

by
 th

e 
co

m
pe

ns
at

or

11
.3

0



2.
47

M
ar

io
 G

ar
ci

a-
Sa

nz

B
od

e 
D

ia
gr

am
 C

om
pe

ns
at

or
s:

 
N

on
-d

ia
go

na
l a

nd
 D

ia
go

na
l M

IM
O

 Q
FT

 in
 s

ol
id

 li
ne

, 
H

-in
fin

ity
 in

 d
as

he
d 

lin
e.

 
(a

) g
33

(s
), 

(b
) g

66
(s

)

g 3
3(

s)
g 6

6(
s)

-1
001020304050

Magnitude (dB)

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

-9
0

-4
504590

Phase (deg)

D
ar

w
in

 C
on

tro
lle

rs
 C

om
pa

ris
on

 : 
G

(3
,3

)

Fr
eq

ue
nc

y 
 (r

ad
/s

ec
)

-5
0

-3
0

-1
0103050

Magnitude (dB)

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

-5
40

-4
50

-3
60

-2
70

-1
80-9
0090

Phase (deg)

D
ar

w
in

 C
on

tro
lle

rs
 C

om
pa

ris
on

 : 
G

(6
,6

)

Fr
eq

ue
nc

y 
 (r

ad
/s

ec
)

•N
on

-d
ia

go
na

lM
IM

O
Q

FT
 (i

nt
ro

du
ce

d
he

re
)

•
H

-in
fin

ity
(p

ro
vi

de
d

by
 E

SA
)

•D
ia

go
na

lM
IM

O
Q

FT
 (f

or
co

m
pa

ris
io

n)

C
on

tr
ol

le
r e

va
lu

at
io

n 
an

d 
co

m
pa

ris
on

 (I
)



2.
48

M
ar

io
 G

ar
ci

a-
Sa

nz

B
od

e 
D

ia
gr

am
 

C
om

pe
ns

at
or

s:
 

N
on

-d
ia

go
na

l M
IM

O
 

Q
FT

 in
 s

ol
id

 li
ne

 

[a
ls

o 
di

ag
on

al
 M

IM
O

 
Q

FT
 fo

r g
11

(s
) a

nd
 

g5
5(

s)
], 

H
-in

fin
ity

 in
 d

as
he

d 
lin

e.
 

(a
)g

11
(s

), 
(b

) g
15

(s
), 

(c
) g

51
(s

), 
(d

) g
55

(s
)

g 1
1(

s)

g 5
5(

s)

01020304050

Magnitude (dB)

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

-9
0

-4
504590

Phase (deg)

D
ar

w
in

 C
on

tro
lle

rs
 C

om
pa

ris
on

 : 
G

(1
,1

)

Fr
eq

ue
nc

y 
 (r

ad
/s

ec
)

-3
0

-2
0

-1
001020

Magnitude (dB)

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

-9
0

-4
50459013
5

Phase (deg)

D
ar

w
in

 C
on

tro
lle

rs
 C

om
pa

ris
on

 : 
G

(1
,5

)

Fr
eq

ue
nc

y 
 (r

ad
/s

ec
)

-1
50

-1
00-5
0050

Magnitude (dB)

10
-3

10
-2

10
-1

10
0

10
1

10
2

-9
009018
0

27
0

Phase (deg)

D
ar

w
in

 C
on

tro
lle

rs
 C

om
pa

ris
on

 : 
G

(5
,1

)

Fr
eq

ue
nc

y 
 (r

ad
/s

ec
)

-6
0

-4
0

-2
00204060

Magnitude (dB)

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

-4
50

-3
60

-2
70

-1
80-9
0090

Phase (deg)
D

ar
w

in
 C

on
tro

lle
rs

 C
om

pa
ris

on
 : 

G
(5

,5
)

Fr
eq

ue
nc

y 
 (r

ad
/s

ec
)

g 5
1(

s)

g 1
5(

s)

•N
on

-d
ia

go
na

lM
IM

O
Q

FT
 (i

nt
ro

du
ce

d
he

re
)

•
H

-in
fin

ity
(p

ro
vi

de
d

by
 E

SA
)

•D
ia

go
na

lM
IM

O
Q

FT
 (f

or
co

m
pa

ris
io

n)

C
on

tr
ol

le
r e

va
lu

at
io

n 
an

d 
co

m
pa

ris
on

 (I
I)



2.
49

M
ar

io
 G

ar
ci

a-
Sa

nz

B
od

e 
D

ia
gr

am
 

C
om

pe
ns

at
or

s:
 

N
on

-d
ia

go
na

l M
IM

O
 

Q
FT

 in
 s

ol
id

 li
ne

 

[a
ls

o 
di

ag
on

al
 M

IM
O

 
Q

FT
 fo

r g
22

(s
) a

nd
 

g4
4(

s)
], 

H
-in

fin
ity

 in
 d

as
he

d 
lin

e.
 

(a
)g

22
(s

), 
(b

) g
24

(s
), 

(c
) g

42
(s

), 
(d

) g
44

(s
)

-2
0

-1
001020304050

Magnitude (dB)

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

-9
0

-4
504590

Phase (deg)

D
ar

w
in

 C
on

tro
lle

rs
 C

om
pa

ris
on

 : 
G

(2
,2

)

Fr
eq

ue
nc

y 
 (r

ad
/s

ec
)

-4
0

-3
0

-2
0

-1
001020

Magnitude (dB)

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

9018
0

27
0

36
0

Phase (deg)

D
ar

w
in

 C
on

tro
lle

rs
 C

om
pa

ris
on

 : 
G

(2
,4

)

Fr
eq

ue
nc

y 
 (r

ad
/s

ec
)

-1
50

-1
00-5
0050

Magnitude (dB)

10
-3

10
-2

10
-1

10
0

10
1

10
2

-3
60

-1
800

18
0

36
0

Phase (deg)

D
ar

w
in

 C
on

tro
lle

rs
 C

om
pa

ris
on

 : 
G

(4
,2

)

Fr
eq

ue
nc

y 
 (r

ad
/s

ec
)

-6
0

-4
0

-2
00204060

Magnitude (dB)

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

-4
50

-3
60

-2
70

-1
80-9
0090

Phase (deg)
D

ar
w

in
 C

on
tro

lle
rs

 C
om

pa
ris

on
 : 

G
(4

,4
)

Fr
eq

ue
nc

y 
 (r

ad
/s

ec
)

g 2
2(

s)

g 4
4(

s)
g 4

2(
s)

g 2
4(

s)

•N
on

-d
ia

go
na

lM
IM

O
Q

FT
 (i

nt
ro

du
ce

d
he

re
)

•
H

-in
fin

ity
(p

ro
vi

de
d

by
 E

SA
)

•D
ia

go
na

lM
IM

O
Q

FT
 (f

or
co

m
pa

ris
io

n)

C
on

tr
ol

le
r e

va
lu

at
io

n 
an

d 
co

m
pa

ris
on

 (I
II)



2.
50

M
ar

io
 G

ar
ci

a-
Sa

nz

10
-3

10
-2

10
-1

10
0

10
1

-1
80

-1
60

-1
40

-1
20

-1
00-8
0

-6
0

-4
0

-2
00

C
ou

pl
in

g 
m

at
rix

 fo
r d

is
tu

rb
an

ce
 re

je
ct

io
n 

at
 p

la
nt

 in
pu

t: 
C

2(5
,1

)

Fr
eq

ue
nc

y 
(ra

d/
se

c)

Magnitude (dB)

E
le

m
en

t (
5,

1)
 

of
 th

e 
co

up
lin

g 
m

at
rix

 C
2:

 

no
n-

di
ag

on
al

 M
IM

O
 Q

FT
 in

 s
ol

id
 li

ne

di
ag

on
al

 M
IM

O
 Q

FT
 in

 d
ot

te
d 

lin
e 

H
-in

fin
ity

 in
 d

as
he

d 
lin

e

Fo
r ω

∈
[0

, 0
.1

] r
ad

/s
ec

: C
2(

5,
1)

no
n-

di
ag

Q
FT

< 
C

2(
5,

1)
di

ag
Q

FT
< 

C
2(

5,
1)

H
-in

fin
ity

, 

w
hi

ch
 e

xp
la

in
s 

re
su

lts
 u

nd
er

 lo
w

 fr
eq

ue
nc

y 
ex

te
rn

al
 d

is
tu

rb
an

ce
s

ij
ij

ij2c
=

=
op

t
ijg

ijg

(
)

jj
N* jj

jj

*N ij
ij

g
p

1

p

+
+

=

•N
on

-d
ia

go
na

lM
IM

O
Q

FT
 (i

nt
ro

du
ce

d
he

re
)

•
H

-in
fin

ity
(p

ro
vi

de
d

by
 E

SA
)

•D
ia

go
na

lM
IM

O
Q

FT
 (f

or
co

m
pa

ris
io

n)

C
on

tr
ol

le
r e

va
lu

at
io

n 
an

d 
co

m
pa

ris
on

 (I
V)



2.
51

M
ar

io
 G

ar
ci

a-
Sa

nz

N
on

-d
ia

go
na

l M
IM

O
 Q

FT
ha

s
8

el
em

en
ts

of
or

de
r:

 fr
om

3 
to

14
.

H
-in

fin
ity

ex
pr

es
se

d
as

 tr
an

sf
er

fu
nc

tio
ns

ha
s

36
el

em
en

ts
of

or
de

r
42

. 

D
ia

go
na

l M
IM

O
 Q

FT
ha

s
6

el
em

en
ts

of
or

de
r:

 fr
om

5 
to

14
. 

•N
on

-d
ia

go
na

lM
IM

O
Q

FT
 (i

nt
ro

du
ce

d
he

re
)

•
H

-in
fin

ity
(p

ro
vi

de
d

by
 E

SA
)

•D
ia

go
na

lM
IM

O
Q

FT
 (f

or
co

m
pa

ris
io

n)

=

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

)
(

66
65

64
63

62
61

56
55

54
53

52
51

46
45

44
43

42
41

36
35

34
33

32
31

26
25

24
23

22
21

16
15

14
13

12
11

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
G

11
0

11
6

D
ia

go
na

l M
IM

O
 Q

FT

29
88

29
94

H
-in

fin
ity

12
4

13
0

N
on

-d
ia

go
na

l M
IM

O
 Q

FT

N
um

be
r 

of
 S

um
s

N
um

be
r

of
M

ul
tip

lic
at

io
ns

C
on

tr
ol

le
r

C
on

tr
ol

le
r e

va
lu

at
io

n 
an

d 
co

m
pa

ris
on

 (V
)

=

)
(

0
0

0
0

0
0

)
(

0
0

0
)

(
0

0
)

(
0

)
(

0
0

0
0

)
(

0
0

0
0

0
0

)
(

0
0

0
0

0
0

)
(

)
(

66

55
51

44
42

33

22

11

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
g

s
G =

)
(

0
0

0
0

0
0

)
(

0
0

0
0

0
0

)
(

0
0

0
0

0
0

)
(

0
0

0
0

0
0

)
(

0
0

0
0

0
0

)
(

)
(

66

55

44

33

22

11

s
g

s
g

s
g

s
g

s
g

s
g

s
G



2.
52

M
ar

io
 G

ar
ci

a-
Sa

nz

AO
CS

 fo
r L

ar
ge

 F
lim

sy
 A

pp
en

da
ge

s
Be

nc
hm

ar
k 

6 
DO

F
UP

NA
 E

va
lu

at
io

n

7
te

m
ps6

tru
eP

os
iti

on
At

tit
ud

eE
rro

r

5
ac

tu
at

or
Fo

rc
eT

or
qu

e

4
po

sit
io

nA
ng

le
Co

m
m

an
d

3
po

sit
io

nA
tti

tu
de

Er
ro

r

2
ap

pl
ie

dF
or

ce
To

rq
ue

1
po

sit
io

nA
ng

le

C
om

m
an

d

co
m

m
an

d 
ge

ne
ra

tio
n

Po
sit

io
n 

an
d

At
tit

ud
e

M
ea

su
re

m
en

t

Se
ns

or

pe
rtu

rb
at

io
n 

fo
rc

e 
an

d 
to

rq
ue

Ex
te

rn
al

 p
er

tu
rb

at
io

ns
Da

rw
in

 F
ly

er
 6

DO
F 

Dy
na

m
ic

s

Co
nt

ro
lle

r

Co
nt

ro
lle

r
Tr

an
sfe

r F
un

ct
io

n 
M

at
rix

Cl
oc

k

FE
EP

 T
hr

us
te

r

Ac
tu

at
or

ap
pl

ie
d

fo
rc

e 
an

d
to

rq
ue

ex
te

rn
al

pe
rtu

rb
at

io
n

fo
rc

e 
an

d 
to

rq
ue

po
si

tio
n 

an
d 

at
tit

ud
e 

m
ea

su
re

d

co
m

m
an

de
d 

po
si

tio
n

an
d 

at
tit

ud
e

co
m

m
an

de
d 

po
si

tio
n

an
d 

at
tit

ud
e

po
si

tio
n 

an
d

at
tit

ud
e

po
si

tio
n 

an
d

at
tit

ud
e

po
si

tio
n 

an
d

at
tit

ud
e 

er
ro

r

co
m

m
an

de
d

to
rq

ue

30
0 

di
ffe

re
nt

pl
an

ts
du

e
to

un
ce

rta
in

ty
.  

   
M

on
te

-C
ar

lo
an

al
ys

is
S

am
pl

in
g 

fre
qu

en
cy

: 1
 H

z

Tw
o 

be
nc

hm
ar

k:

B
1.

-D
ev

el
op

ed
 b

y 
A

st
riu

m
S

pa
ce

 fo
r 

E
S

A
-E

S
TE

C

B
2.

-B
1 

+ 
Lo

w
 fr

eq
. d

is
tu

rb
an

ce
s

B
en

ch
m

ar
k

Si
m

ul
at

or
 (I

)
•N

on
-d

ia
go

na
lM

IM
O

Q
FT

 (i
nt

ro
du

ce
d

he
re

)

•
H

-in
fin

ity
(p

ro
vi

de
d

by
 E

SA
)

•D
ia

go
na

lM
IM

O
Q

FT
 (f

or
co

m
pa

ris
io

n)



2.
53

M
ar

io
 G

ar
ci

a-
Sa

nz

Po
si

tio
n 

an
d 

at
tit

ud
e 

se
ns

or
s

S
am

pl
in

g 
fre

qu
en

cy
: 1

 H
z

Po
sit

io
n 

an
d

At
tit

ud
e

M
ea

su
re

m
en

t

Se
ns

or

po
si

tio
n 

an
d 

at
tit

ud
e 

m
ea

su
re

d
po

si
tio

n 
an

d
at

tit
ud

e
1

O
ut

1

P
os

iti
on

_t
ru

e
P

os
iti

on
_r

ea
l

O
P

D
 F

rin
ge

 T
ra

ck
er

A
ng

le
_t

ru
e

An
gl

e_
re

al

Fi
ne

 P
oi

nt
in

g 
M

et
ro

lo
gy

em
1 In
1

1
An

gl
e_

re
al

Ze
ro

-O
rd

er
Ho

ld

FP
M

 ra
nd

om
no

ise
 (Z

-a
xi

s)

FP
M

 ra
nd

om
no

ise
 (Y

-a
xi

s)

FP
M

 ra
nd

om
no

ise
 (X

-a
xi

s)

FP
M

Sa
tu

ra
tio

n2

FP
M

Sa
tu

ra
tio

n1

FP
M

Sa
tu

ra
tio

n

em
1

An
gl

e_
tru

e

FP
M

 (a
tti

tu
de

)

O
PD

 (p
os

iti
on

)

1
P

os
iti

on
_r

ea
l

Ze
ro

-O
rd

er
H

ol
d

O
P

D
 S

at
ur

at
io

n2

O
P

D
 S

at
ur

at
io

n1

O
P

D
 S

at
ur

at
io

n

O
P

D
ra

nd
om

 n
oi

se
 (Z

-a
xi

s)

O
P

D
ra

nd
om

 n
oi

se
 (Y

-a
xi

s)

O
P

D
ra

nd
om

 n
oi

se
 (X

-a
xi

s)
em

1
P

os
iti

on
_t

ru
eB

en
ch

m
ar

k
Si

m
ul

at
or

 (I
I)

•N
on

-d
ia

go
na

lM
IM

O
Q

FT
 (i

nt
ro

du
ce

d
he

re
)

•
H

-in
fin

ity
(p

ro
vi

de
d

by
 E

SA
)

•D
ia

go
na

lM
IM

O
Q

FT
 (f

or
co

m
pa

ris
io

n)



2.
54

M
ar

io
 G

ar
ci

a-
Sa

nz

FE
EP

 T
hr

us
te

rs
 A

ct
ua

to
rs

FE
EP

 T
hr

us
te

r

Ac
tu

at
or

1
O

ut
1

T_
tr

ue
T_

re
al

T
or

qu
e 

ac
tu

at
io

n

F_
tr

ue
F_

re
al

Fo
rc

e 
ac

tu
at

io
n

em
1 In
1

tr
ue

 F
or

ce
 c

om
m

an
de

d
re

al
 F

or
ce

 c
om

m
an

de
d

tr
ue

 T
or

qu
e 

co
m

m
an

de
d

re
al

 T
or

qu
e 

co
m

m
an

de
d

1
F_

re
al

Ze
ro

-O
rd

er
H

ol
d1

FE
EP

 fo
rc

e 
S

at
ur

at
io

n2

FE
EP

 fo
rc

e 
S

at
ur

at
io

n1

FE
EP

 fo
rc

e 
S

at
ur

at
io

n

FE
EP

 fo
rc

e
ra

nd
om

 n
oi

se
 (Z

-a
xi

s)

FE
EP

 fo
rc

e
ra

nd
om

 n
oi

se
 (Y

-a
xi

s)

FE
EP

 fo
rc

e
ra

nd
om

 n
oi

se
 (X

-a
xi

s)
em

u
1

F_
tru

e

Fo
rc

e
ac

tu
at

or

1
T_

re
al

Ze
ro

-O
rd

er
H

ol
d1

FE
EP

 to
rq

ue
 S

at
ur

at
io

n2

FE
EP

 to
rq

ue
 S

at
ur

at
io

n1

FE
EP

 to
rq

ue
 S

at
ur

at
io

n

FE
EP

 to
rq

ue
ra

nd
om

 n
oi

se
 (Z

-a
xi

s)

FE
EP

 to
rq

ue
ra

nd
om

 n
oi

se
 (Y

-a
xi

s)

FE
EP

 to
rq

ue
ra

nd
om

 n
oi

se
 (X

-a
xi

s)
em

u
1

T_
tru

e

To
rq

ue
ac

tu
at

or

S
am

pl
in

g 
fre

qu
en

cy
: 1

 H
z

B
en

ch
m

ar
k

Si
m

ul
at

or
 (I

II)
•N

on
-d

ia
go

na
lM

IM
O

Q
FT

 (i
nt

ro
du

ce
d

he
re

)

•
H

-in
fin

ity
(p

ro
vi

de
d

by
 E

SA
)

•D
ia

go
na

lM
IM

O
Q

FT
 (f

or
co

m
pa

ris
io

n)



2.
55

M
ar

io
 G

ar
ci

a-
Sa

nz

Ex
te

rn
al

 P
er

tu
rb

at
io

ns
 

at
 th

e 
pl

an
t i

np
ut

1
S

ol
ar

 P
re

ss
ur

e
Fo

rc
e

S
ol

ar
 P

re
ss

ur
e 

fo
rc

e
ra

nd
om

 n
oi

se
 (Z

-a
xi

s)

S
ol

ar
 P

re
ss

ur
e 

fo
rc

e
ra

nd
om

 n
oi

se
 (Y

-a
xi

s)

S
ol

ar
 P

re
ss

ur
e 

fo
rc

e
ra

nd
om

 n
oi

se
 (X

-a
xi

s)

-C
-

S
ol

ar
 P

re
ss

ur
e 

fo
rc

e
bi

as
 (Z

-a
xi

s)

-C
-

S
ol

ar
 P

re
ss

ur
e 

fo
rc

e
bi

as
 (Y

-a
xi

s)

-C
-

S
ol

ar
 P

re
ss

ur
e 

fo
rc

e
bi

as
 (X

-a
xi

s)

1
S

ol
ar

 P
re

ss
ur

e
T

or
qu

e

S
ol

ar
 P

re
ss

ur
e 

to
rq

ue
ra

nd
om

 n
oi

se
 (Z

-a
xi

s)

S
ol

ar
 P

re
ss

ur
e 

to
rq

ue
ra

nd
om

 n
oi

se
 (Y

-a
xi

s)

S
ol

ar
 P

re
ss

ur
e 

to
rq

ue
ra

nd
om

 n
oi

se
 (X

-a
xi

s)

-C
-

S
ol

ar
 P

re
ss

ur
e 

to
rq

ue
bi

as
 (Z

-a
xi

s)

-C
-

S
ol

ar
 P

re
ss

ur
e 

to
rq

ue
bi

as
 (Y

-a
xi

s)

-C
-

S
ol

ar
 P

re
ss

ur
e 

to
rq

ue
bi

as
 (X

-a
xi

s)

So
la

r
pr

es
su

re
G

ra
vi

ty
gr

ad
ie

nt
1

G
ra

vi
ty

 G
ra

di
en

t
Fo

rc
e

-C
-

G
ra

vi
ty

 G
ra

di
en

t f
or

ce
bi

as
 (Z

-a
xi

s)

-C
-

G
ra

vi
ty

 G
ra

di
en

t f
or

ce
bi

as
 (Y

-a
xi

s)

-C
-

G
ra

vi
ty

 G
ra

di
en

t f
or

ce
bi

as
 (X

-a
xi

s)

1
G

ra
vi

ty
 G

ra
di

en
t

To
rq

ue

-C
-

G
ra

vi
ty

 G
ra

di
en

t t
or

qu
e

-C
-

G
ra

vi
ty

 G
ra

di
en

t t
or

qu
e

bi
as

 (Y
-a

xi
s)

-C
-

G
ra

vi
ty

 G
ra

di
en

t t
or

qu
e

bi
as

 (X
-a

xi
s)

1
O

ut
1

S
ol

ar
 P

re
ss

ur
e

S
ol

ar
 p

re
ss

ur
e 

pe
rtu

rb
at

io
n

G
ra

vi
ty

 G
ra

di
en

t

G
ra

vi
ty

 g
ra

di
en

t p
er

tu
rb

at
io

n

pe
rtu

rb
at

io
n 

fo
rc

e 
an

d 
to

rq
ue

Ex
te

rn
al

 p
er

tu
rb

at
io

ns

B
2

= 
B

1 
+ 

lo
w

 
fre

qu
en

cy
 

di
st

ur
ba

nc
e 

fo
rc

e 
at

 p
la

nt
 

in
pu

t a
lo

ng
 

th
e 

X
-a

xi
s 

2 
μN

,  
   

   
   

0.
05

 ra
d/

se
c

B
en

ch
m

ar
k

Si
m

ul
at

or
 (I

V)
•N

on
-d

ia
go

na
lM

IM
O

Q
FT

 (i
nt

ro
du

ce
d

he
re

)

•
H

-in
fin

ity
(p

ro
vi

de
d

by
 E

SA
)

•D
ia

go
na

lM
IM

O
Q

FT
 (f

or
co

m
pa

ris
io

n)



2.
56

M
ar

io
 G

ar
ci

a-
Sa

nz

P
os

iti
on

ou
tp

ut
s

fo
rs

ev
er

al
ru

n
ca

se
s

A
tti

tu
de

ou
tp

ut
s

fo
rs

ev
er

al
ru

n
ca

se
s

Po
si

tio
n

an
d

at
tit

ud
e

re
sp

on
se

s

•N
on

-d
ia

go
na

lM
IM

O
Q

FT
 (i

nt
ro

du
ce

d
he

re
)

•
H

-in
fin

ity
(p

ro
vi

de
d

by
 E

SA
)

•D
ia

go
na

lM
IM

O
Q

FT
 (f

or
co

m
pa

ris
io

n)

Ti
m

e-
do

m
ai

n
A

na
ly

si
s.

 R
es

ul
ts

(I)



2.
57

M
ar

io
 G

ar
ci

a-
Sa

nz

Ev
al

ua
tio

n
C

rit
er

ia

Fo
r e

ac
h 

co
nt

ro
lle

r:

th
e 

gr
ea

te
st

 v
al

ue
ov

er
 th

e 
30

0 
un

ce
rta

in
 c

as
es

 is
 s

ho
w

n 
fo

r:

-P
os

iti
on

er
ro

rs
:  

th
e 

m
ax

im
um

th
e 

st
an

da
rd

 d
ev

ia
tio

n

-
A

tti
tu

de
er

ro
rs

:  
th

e 
m

ax
im

um

th
e 

st
an

da
rd

 d
ev

ia
tio

n

-A
ct

ua
to

rc
om

m
an

ds
:  

th
e

m
ax

im
um

in
 a

ll 
ax

es
.

•N
on

-d
ia

go
na

lM
IM

O
Q

FT
 (i

nt
ro

du
ce

d
he

re
)

•
H

-in
fin

ity
(p

ro
vi

de
d

by
 E

SA
)

•D
ia

go
na

lM
IM

O
Q

FT
 (f

or
co

m
pa

ris
io

n)

Ti
m

e-
do

m
ai

n
A

na
ly

si
s.

 R
es

ul
ts

(II
)



2.
58

M
ar

io
 G

ar
ci

a-
Sa

nz

Ti
m

e-
do

m
ai

n
A

na
ly

si
s.

 R
es

ul
ts

(II
I)

Sp
ec

if
ic

at
io

n 
R

eq
ui

re
m

en
t

B
en

ch
m

ar
k

N
on

-
di

ag
on

al
 

M
IM

O
 

Q
F

T
 

C
on

tr
ol

le
r

D
ia

go
na

l 
M

IM
O

 
Q

F
T

 
C

on
tr

ol
le

r

H
-i

nf
in

it
y 

C
on

tr
ol

le
r

1 
M

ax
im

um
 

P
os

it
io

n 
E

rr
or

 X
 

(μ
m

) 
<

 1
 μ

m
 

B
1 

B
2 

0.
01

31
 

0.
08

16
 

0.
01

31
 

0.
08

16

0.
02

93
 

0.
51

1 

2 
M

ax
im

um
 

P
os

it
io

n 
E

rr
or

 Y
 

(μ
m

) 
<

 1
 μ

m
 

B
1 

B
2 

0.
01

20
 

0.
01

20
 

0.
01

20
 

0.
01

20
 

0.
02

99
 

0.
02

99
 

3 
M

ax
im

um
 

P
os

it
io

n 
E

rr
or

 Z
 

(μ
m

) 
<

 1
 μ

m
 

B
1 

B
2 

0.
02

88
 

0.
02

88
 

0.
02

88
 

0.
02

88
 

0.
02

92
 

0.
02

92
 

4 
M

ax
im

um
 

A
tt

it
ud

e 
E

rr
or

 X
 

(m
as

) 
<

 2
5.

5 
m

as
 

B
1 

B
2 

25
.2

7 

25
.2

7 

25
.3

1 

25
.3

1 

25
.9

5 

25
.9

5 

5 
M

ax
im

um
 

A
tt

it
ud

e 
E

rr
or

 Y
 

(m
as

) 
<

 2
5.

5 
m

as
 

B
1 

B
2 

22
.9

1 

22
.5

5 

22
.9

9 

23
.7

5 

23
.2

1 

28
.9

1 

6 
M

ax
im

um
 

A
tt

it
ud

e 
E

rr
or

 Z
 

(m
as

) 
<

 2
5.

5 
m

as
 

B
1 

B
2 

21
.1

5 

21
.1

5 

21
.1

5 

21
.1

5 

22
.8

4 

22
.8

4 



2.
59

M
ar

io
 G

ar
ci

a-
Sa

nz

Ti
m

e-
do

m
ai

n
A

na
ly

si
s.

R
es

ul
ts

(IV
)

Sp
ec

if
ic

at
io

n 
R

eq
ui

re
m

en
t

B
en

ch
m

ar
k

N
on

-
di

ag
on

al
 

M
IM

O
 

Q
F

T
 

C
on

tr
ol

le
r

D
ia

go
na

l 
M

IM
O

 
Q

F
T

 
C

on
tr

ol
le

r

H
-i

nf
in

it
y 

C
on

tr
ol

le
r

7 
S

td
. D

ev
ia

ti
on

 
of

 P
os

it
io

n 
E

rr
or

 X
 (
μ

m
) 

<
 0

.3
3 
μ

m
 

B
1 

B
2 

0.
00

27
5 

0.
05

11
 

0.
00

27
6 

0.
05

11
 

0.
00

68
6 

0.
34

1 

8 
S

td
. D

ev
ia

ti
on

 
of

 P
os

it
io

n 
E

rr
or

 Y
 (
μ

m
) 

<
 0

.3
3 
μ

m
 

B
1 

B
2 

0.
00

26
5 

0.
00

26
5 

0.
00

26
6 

0.
00

26
6 

0.
00

72
2 

0.
00

72
2 

9 
S

td
. D

ev
ia

ti
on

 
of

 P
os

it
io

n 
E

rr
or

 Z
 (
μ

m
) 

<
 0

.3
3 
μ

m
 

B
1 

B
2 

0.
00

66
8 

0.
00

66
8 

0.
00

66
8 

0.
00

66
8 

0.
00

69
1 

0.
00

69
1 

10
S

td
. D

ev
ia

ti
on

 
of

 A
tt

it
ud

e 
E

rr
or

 X
 (

m
as

) 
<

 8
.5

 m
as

 
B

1 

B
2 

5.
57

 

5.
57

 

5.
57

 

5.
57

 

5.
68

 

5.
68

 

11
S

td
. D

ev
ia

ti
on

 
of

 A
tt

it
ud

e 
E

rr
or

 Y
 (

m
as

) 
<

 8
.5

 m
as

 
B

1 

B
2 

5.
76

 

5.
80

 

5.
76

 

5.
85

 

6.
01

 

8.
23

 

12
S

td
. D

ev
ia

ti
on

 
of

 A
tt

it
ud

e 
E

rr
or

 Z
 (

m
as

) 
<

 8
.5

 m
as

 
B

1 

B
2 

4.
83

 

4.
83

4.
83

 

4.
83

5.
00

 

5.
00

 



2.
60

M
ar

io
 G

ar
ci

a-
Sa

nz

Ti
m

e-
do

m
ai

n
A

na
ly

si
s.

R
es

ul
ts

(V
)

Sp
ec

if
ic

at
io

n 
R

eq
ui

re
m

en
t

B
en

ch
m

ar
k

N
on

-
di

ag
on

al
 

M
IM

O
 

Q
F

T
 

C
on

tr
ol

le
r

D
ia

go
na

l 
M

IM
O

 
Q

F
T

 
C

on
tr

ol
le

r

H
-i

nf
in

it
y 

C
on

tr
ol

le
r

13
M

ax
. A

ct
ua

to
r 

F
or

ce
 

C
om

m
an

d 
X

 
(N

) 

<
 1

.5
e-

4 
N

 
B

1 

B
2 

1.
94

e-
6 

3.
94

e-
6 

1.
94

e-
6 

3.
94

e-
6 

7.
42

e-
7 

3.
31

e-
6 

14
M

ax
. A

ct
ua

to
r 

F
or

ce
 

C
om

m
an

d 
Y

 
(N

) 

<
 1

.5
e-

4 
N

 
B

1 

B
2 

1.
86

e-
6 

1.
86

e-
6 

1.
86

e-
6 

1.
86

e-
6 

6.
68

e-
7 

6.
68

e-
7 

15
M

ax
. A

ct
ua

to
r 

F
or

ce
 

C
om

m
an

d 
Z

 
(N

) 

<
 1

.5
e-

4 
N

 
B

1 

B
2 

5.
94

e-
7 

5.
94

e-
7 

5.
94

e-
7 

5.
94

e-
7 

5.
61

e-
7 

5.
61

e-
7 

16
M

ax
. A

ct
ua

to
r 

T
or

qu
e 

C
om

m
an

d 
X

 
(N

m
) 

<
 1

.5
e-

4 
N

 
m

 
B

1 

B
2 

8.
68

e-
7 

8.
68

e-
7 

8.
71

e-
7 

8.
71

e-
7 

1.
03

e-
6 

1.
03

e-
6 

17
M

ax
. A

ct
ua

to
r 

T
or

qu
e 

C
om

m
an

d 
Y

 
(N

m
) 

<
 1

.5
e-

4 
N

 
m

 
B

1 

B
2 

1.
05

e-
6 

1.
06

e-
6 

1.
05

e-
6 

1.
06

e-
6 

1.
15

e-
6 

1.
16

e-
6 

18
M

ax
. A

ct
ua

to
r 

T
or

qu
e 

C
om

m
an

d 
Z

 
(N

m
) 

<
 1

.5
e-

4 
N

 
m

 
B

1 

B
2 

1.
08

e-
6 

1.
08

e-
6 

1.
08

e-
6 

1.
08

e-
6

1.
27

e-
6 

1.
27

e-
6 



2.
61

M
ar

io
 G

ar
ci

a-
Sa

nz

•
A

 N
on

-d
ia

go
na

l M
IM

O
 Q

FT
C

on
tro

lle
r D

es
ig

n 
m

et
ho

do
lo

gy
 

to
 d

es
ig

n 
fu

lly
 p

op
ul

at
ed

 m
at

rix
 c

on
tro

lle
rs

 

to
 so

lv
e:

  

th
e 

re
fe

re
nc

e 
tra

ck
in

g 
pr

ob
le

m

th
e 

ex
te

rn
al

 d
is

tu
rb

an
ce

 re
je

ct
io

n 
pr

ob
le

m
 a

t b
ot

h,
 p

la
nt

 in
pu

t a
nd

 o
ut

pu
t, 

in
 th

e 
pr

es
en

ce
 o

f m
od

el
 p

la
nt

 u
nc

er
ta

in
ty

, 

ha
s b

ee
n 

pr
es

en
te

d.
 

•
Th

e 
te

ch
ni

qu
e 

ha
s b

ee
n 

va
lid

at
ed

w
ith

a 
D

ar
w

in
-ty

pe
sp

ac
ec

ra
ft

w
ith

fle
xi

bl
e 

ap
pe

nd
ag

es

4.
3.

-C
on

cl
us

io
ns



2.
62

M
ar

io
 G

ar
ci

a-
Sa

nz

ES
A

-E
ST

EC
N

oo
rd

w
ijk

(H
ol

la
nd

)

4.
4.

-S
om

e 
R

ef
er

en
ce

s

R
ef

:

C
om

pl
ex

M
IM

O
 m

od
el

D
em

an
di

ng
S

pe
c.

C
om

pa
ris

on
: H

-in
fin

ity
, 

D
ia

go
na

l M
IM

O
 Q

FT
,

N
on

-d
ia

go
na

l M
IM

O
 Q

FT

M
. G

ar
ci

a-
S

an
z,

 I.
 E

gu
in

oa
, 

M
. B

ar
re

ra
s,

 S
. B

en
na

ni

“N
on

-d
ia

go
na

l M
IM

O
 Q

FT
 C

on
tro

lle
r D

es
ig

n 
fo

r 
D

ar
w

in
-ty

pe
 S

pa
ce

cr
af

t w
ith

 la
rg

e 
fli

m
sy

 
ap

pe
nd

ag
es

”. 

Jo
ur

na
l o

f D
yn

am
ic

 S
ys

te
m

s,
 M

ea
su

re
m

en
t a

nd
 

C
on

tro
l,

A
SM

E,
 U

S
A

. 
V

ol
. 1

30
, J

an
ua

ry
 2

00
8.



2.
63

M
ar

io
 G

ar
ci

a-
Sa

nz

LO
AD

-S
H

AR
IN

G
 R

O
BU

ST
 C

O
N

TR
O

L 
O

F 
SP

AC
EC

RA
FT

 F
O

RM
AT

IO
N

S:
 D

ee
p 

Sp
ac

e 
an

d 
Lo

w 
Ea

rth
 E

lli
pt

ic
 O

rb
its

M
. G

ar
ci

a-
Sa

nz
, F

. Y
. H

ad
ae

gh
IE

T 
Co

nt
ro

l T
he

or
y 

an
d 

Ap
pl

ic
at

io
ns

, V
ol

. 1
, I

ss
ue

 2
 , 

pp
. 4

75
-4

84
,M

ar
ch

 2
00

7,
 U

K

Sp
ec

ia
l I

ss
ue

: C
O

O
PE

RA
TI

VE
 C

O
N

TR
O

L 
O

F 
M

U
LT

IP
LE

 
SP

AC
EC

RA
FT

 F
LY

IN
G

 IN
 F

O
RM

AT
IO

N

M
. G

ar
ci

a-
Sa

nz
(G

ue
st

Ed
ito

r)

IE
T 

Co
nt

ro
l T

he
or

y 
an

d 
Ap

pl
ic

at
io

ns
, V

ol
. 1

, I
ss

ue
 2

 ,
M

ar
ch

 2
00

7,
 U

K
.



2.
64

M
ar

io
 G

ar
ci

a-
Sa

nz

O
ut

lin
e

1.
-

Q
FT

 C
on

tro
lle

r D
es

ig
n 

Te
ch

ni
qu

e 
Fu

nd
am

en
ta

ls

2.
-

R
ea

l-w
or

ld
 Q

FT
 c

on
tro

l a
pp

lic
at

io
ns

 a
nd

 e
xa

m
pl

es
 

3.
-

N
on

-d
ia

go
na

l M
IM

O
 Q

FT
 c

on
tro

lle
r d

es
ig

n 
m

et
ho

do
lo

gi
es

4.
-A

pp
lic

at
io

n:
 R

ob
us

t Q
FT

 c
on

tro
l f

or
 a

 M
IM

O
 S

pa
ce

cr
af

t w
ith

 fl
ex

ib
le

 su
ns

hi
el

d

5.
-S

w
itc

hi
ng

 ro
bu

st
 c

on
tro

l: 
B

ey
on

d 
th

e 
lin

ea
r l

im
ita

tio
ns

.

6.
-E

xa
m

pl
e:

 S
w

itc
hi

ng
 c

on
tro

l f
or

 U
nm

an
ne

d 
V

eh
ic

le
s



2.
65

M
ar

io
 G

ar
ci

a-
Sa

nz

5.
-S

w
itc

hi
ng

 r
ob

us
t c

on
tr

ol
: 

B
ey

on
d 

th
e 

lin
ea

r 
lim

ita
tio

ns

C
la

ss
ic

al
 li

ne
ar

 li
m

ita
tio

ns
 o

f 
fe

ed
ba

ck
 s

ys
te

m
s

-
B

od
e 

in
te

gr
al

s 
19

45
, 

-
Fr

eu
de

nb
er

g,
 L

oo
ze

80
…

(
)

2
1

1
1

1
1

2
2

0

1
lo

g
i

e
v

z
C

R
H

P
i

T
j

d
K

z
π

ω
ω

ω
τ

∞
−

∈
=

−
+

+

{
}

0
lim

(
)

(
)

v
s

K
sC

s
P

s
→

=
w

he
re

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
 is

 th
e 

sy
st

em
ve

lo
ci

ty
 c

on
st

an
t, 

τ
is

 th
e 

tim
e 

de
la

y 
in

 th
e 

lo
op

, a
nd

 z
i
ar

e 
th

e 
ze

ro
s 

in
 th

e 
lo

op
.

0

lo
g

(
)

2
i

e
i

H
F

p
C

R
H

P

S
j

d
p

k
ω ω

π
ω

ω
π

=∞

∈
=

=
−

{
}

lim
(

)
H

F
s

k
sL

s
→

∞
=

ip
C

R
H

P
∈

w
he

re
   

   
   

   
   

   
   

   
  a

re
 th

e 
po

le
s o

f L
(s

)=
C

(s
)P

(s
) i

n 
th

e 
cl

os
ed

 ri
gh

t h
al

f p
la

ne
 

(w
ith

 u
ni

ts
 o

f r
ad

ia
ns

/s
ec

), 
an

d 

Se
ns

iti
vi

ty
“w

at
er

be
d 

ef
fe

ct
”

C
om

pl
em

en
ta

ry
 

Se
ns

iti
vi

tyam
pl

ifi
ca

tio
n

at
te

nu
at

io
n

(
)

(
)

(
)

1
(

)
1

(
)

(
)

C
s

P
s

T
s

S
s

C
s

P
s

=
−

=
+

)
(

)
(

1
1

)
(

s
P

s
C

s
S

+
=

C
P



2.
66

M
ar

io
 G

ar
ci

a-
Sa

nz

U
ns

ta
bl

e
(p

ol
e 

R
H

P
)

N
on

-m
in

im
um

 p
ha

se
(z

er
o 

R
H

P
)

Li
ne

ar
 li

m
ita

tio
ns

In
 p

ra
ct

ic
e:

-O
bj

ec
tiv

e 
P

ha
se

 M
ar

gi
n 

= 
45

º

-R
es

ul
t O

N
LY

 P
ha

se
 M

ar
gi

n 
= 

39
º

Ex
am

pl
e:

 X
-2

9



2.
67

M
ar

io
 G

ar
ci

a-
Sa

nz

Pr
ob

le
m

to
 b

e 
so

lv
ed

:

sy
st

em
 s

ta
bi

lit
y

is
 n

ot
 a

ss
ur

ed
 a

 p
rio

ri,
 

ev
en

 if
 th

e 
sw

itc
hi

ng
 is

 m
ad

e 
be

tw
ee

n 
st

ab
le

 c
on

tro
lle

rs

G
ar

cí
a-

Sa
nz

 M
., 

El
so

J. 
(2

00
8)

. B
ey

on
d 

th
e 

lin
ea

r 
lim

ita
tio

ns
 b

y 
co

m
bi

ni
ng

 sw
itc

hi
ng

 a
nd

 Q
FT

: 
A

pp
lic

at
io

n 
to

 w
in

d 
tu

rb
in

es
 p

itc
h 

co
nt

ro
l s

ys
te

m
s. 

In
t. 

J.
 R

ob
us

t N
on

lin
ea

r 
C

on
tr

ol
, V

ol
. 1

8,
 N

.1
2.

 

SW
IT

C
H

IN
G

N
on

lin
ea

rc
on

tr
ol

Ev
en

fo
rl

in
ea

r 
sy

st
em

s

To
 g

o 
be

yo
nd

 th
e 

lin
ea

r l
im

ita
tio

ns
: 



2.
68

M
ar

io
 G

ar
ci

a-
Sa

nz

{
}

H
ur

w
itz

,
   ,

,..
.,

)
(

   ),
(

)
(

)
(

1
i

m
t

t
x

t
t

x
A

A
A

A
A

=
∈

=

is
 e

xp
on

en
tia

lly
 st

ab
le

if 
th

er
e 

ex
is

ts
 a

 C
om

m
on

 L
ya

pu
no

v
Fu

nc
tio

n
(C

LF
) f

or
 a

ll 
A

i

SW
IT

C
H

IN
G

it 
ha

s b
ee

n 
pr

ov
ed

 th
at

 a
 sy

st
em

 

w
ith

 a
rb

itr
ar

y 
sw

itc
hi

ng
 w

ith
in

 th
e 

se
t o

f m
at

ric
es

 A

It 
ha

s a
ls

o 
be

en
 p

ro
ve

d 
th

at
 th

e 
ex

is
te

nc
e 

of
 a

 

C
om

m
on

 Q
ua

dr
at

ic
 L

ya
pu

no
v

Fu
nc

tio
n

(C
Q

LF
) f

or
 a

ll 
A

i

is
 a

 su
ff

ic
ie

nt
 c

on
di

tio
n

fo
r e

xp
on

en
tia

l s
ta

bi
lit

y

Sy
st

em
 s

ta
bi

lit
y 

an
al

ys
is

 (I
)



2.
69

M
ar

io
 G

ar
ci

a-
Sa

nz

SW
IT

C
H

IN
G

it 
ha

s b
ee

n 
pr

ov
ed

 th
at

 th
e 

ci
rc

le
 c

ri
te

ri
on

pr
ov

id
es

 

ne
ce

ss
ar

y 
an

d 
su

ff
ic

ie
nt

 c
on

di
tio

ns

fo
r t

he
 e

xi
st

en
ce

 o
f a

 C
Q

LF
fo

r t
w

o 
sy

st
em

s i
n 

co
m

pa
ni

on
 fo

rm

)(
)(

t
x

t
x

A
=

)
(

)
(

)
(

t
x

t
x

T
g

A
−

= ,

1
0

0
0

0

0
0

0
0

0
0

0
1

0
0

0
0

0
1

0

1
2

2
1

0
−

−
−

−
−

=

−
−

n
n

e
e

e
e

e

A
,

10000

=
g

ΔΔΔΔΔ

=

−− 12210 nn eeeee

ha
ve

 a
C

Q
L

F
if 

an
d 

on
ly

 if

ω
fr

eq
ue

nc
y 

al
l

fo
r 

 
,0

}
)

(
R

e{
1

1
,

=
>

−
+

−
j

s
s

T
g

A
I

In
 p

ar
tic

ul
ar

 th
e 

sy
st

em
s

bo
th

 H
ur

w
itz

,  
w

ith

Sy
st

em
 s

ta
bi

lit
y 

an
al

ys
is

 (I
I)



2.
70

M
ar

io
 G

ar
ci

a-
Sa

nz

)
(

)
(

...
...

)
(

0
1

1

0
1

1
1

s
D

s
N

a
s

a
s

b
s

b
s

L
n

n
n

n
n

=
+

+
+

+
+

=
−

−

−
−

. )
(

)
(

)
(

)
(

)
(

...
)

(
)

(
...

)
(

)
(

0
0

1
1

1

0
0

1
1

1
2

s
D

s
D

s
N

s
N

a
a

s
a

a
s

b
b

s
b

b
s

L
n

n
n

n

n
n

n

Δ
+

Δ
+

=

=
Δ

+
+

+
Δ

+
+

Δ
+

+
+

Δ
+

=
−

−
−

−
−

−

)
(

)
(

)
(

)
(

1
)

(
)

(
1

1
1

s
N

s
D

s
N

s
Ls

L
s

T
+

=
+

=

, )
(

)
(

)
(

)
(

)
(

)
(

)
(

1
)

(
)

(
2

2
2

s
N

s
N

s
D

s
D

s
N

s
N

s
L

s
L

s
T

Δ
+

+
Δ

+
Δ

+
=

+
=

SW
IT

C
H

IN
G

N
ow

 w
e 

co
ns

id
er

 st
ab

ili
ty

 fo
r a

rb
itr

ar
y 

sw
itc

hi
ng

 b
et

w
ee

n 
tw

o 
cl

os
ed

-lo
op

 sy
st

em
s

w
ith

 tr
an

sf
er

 fu
nc

tio
ns

w
he

re
: 

L 1(
s)

 =
 P

(s
)G

1(
s)

 a
nd

 
L 2(

s)
 =

 P
(s

)G
2(

s)
  

ar
e 

pr
op

er
, h

av
e 

th
e 

sa
m

e 
nu

m
be

r 
of

 p
ol

es
, a

nd
 th

e 
sa

m
e 

nu
m

be
r o

f 
ze

ro
s.

w
he

re
 th

e 
ch

ar
ac

te
ris

tic
 

eq
ua

tio
ns

 a
re

0
1

1
1

...

)
(

)
(

e
s

e
s

e
s

s
N

s
D

n
n

n
+

+
+

+
=

=
+

−
−

),
(

...
)

(

)
(

)
(

)
(

)
(

0
0

1
1

1
e

e
s

e
e

s

s
N

s
N

s
D

s
D

n
n

n
n

Δ
+

+
+

Δ
+

+
=

=
Δ

+
+

Δ
+

−
−

−

. i
i

i

i
i

i

b
a

e

b
a

e

Δ
+

Δ
=

Δ
+

=

Sy
st

em
 s

ta
bi

lit
y 

an
al

ys
is

 (I
II)



2.
71

M
ar

io
 G

ar
ci

a-
Sa

nz

fr
eq

ue
nc

y 
al

l
fo

r 
 ,0

...
...

R
e

1
0

1
1

1

0
1

1
1

,
=

>
+

+
+

+
Δ

+
Δ

+
+

Δ
+

−
−−

−
j

s
e

s
e

s
e

s

e
s

e
s

e
n

n
n

n
n

SW
IT

C
H

IN
G

N
ow

, t
he

 p
re

vi
ou

s s
ta

bi
lit

y 
co

nd
iti

on

ω
fr

eq
ue

nc
y 

al
l

fo
r 

 
,0

}
)

(
R

e{
1

1
,

=
>

−
+

−
j

s
s

T
g

A
I

be
co

m
es

an
d 

th
en

fr
eq

ue
nc

y 
al

l
fo

r 
,0

)
(

)
(

)
(

)
(

1
)

(
1

R
e

12
,

=
>

Δ
+

++
j

s
s

D
s

D
s

D
s

L
s

L

w
hi

ch
, d

ue
 to

 sy
m

m
et

ry
, i

s

0
al

l
fo

r 
2

)
(

)
(

)
(

ar
g

)}
(

1
ar

g{
)}

(
1

ar
g{

1
2

>
<

Δ
+

+
+

−
+

π
j

D
j

D
j

D
j

L
j

L

Sy
st

em
 s

ta
bi

lit
y 

an
al

ys
is

 (I
V)



2.
72

M
ar

io
 G

ar
ci

a-
Sa

nz

SW
IT

C
H

IN
G

0
al

l
fo

r 
2

)
(

)
(

)
(

ar
g

)}
(

1
ar

g{
)}

(
1

ar
g{

1
2

>
<

Δ
+

+
+

−
+

π
j

D
j

D
j

D
j

L
j

L

 ,
)}

(
1

ar
g{

)}
(

1
ar

g{
[d

eg
]

)
(

1
2

12
j

L
j

L
+

−
+

=

.
)

(
)

(
)

(
ar

g
[d

eg
]

)
(

Δ
+

=
j

D
j

D
j

D

de
no

tin
g

0
  

al
l

fo
r 

de
g

 )
(

90
)

(
12

≥
−

<

an
d 

ap
pl

yi
ng

 th
e 

tri
an

gl
e 

in
eq

ua
lit

y

Sy
st

em
 s

ta
bi

lit
y 

an
al

ys
is

 (V
)



2.
73

M
ar

io
 G

ar
ci

a-
Sa

nz

Th
e 

cr
ite

rio
n 

ca
n 

be
 a

pp
lie

d 
gr

ap
hi

ca
lly

 in
 th

e 
N

yq
ui

st
di

ag
ra

m

 ,
)}

(
1

ar
g{

)}
(

1
ar

g{
[d

eg
]

)
(

1
2

12
j

L
j

L
+

−
+

=

.
)

(
)

(
)

(
ar

g
[d

eg
]

)
(

Δ
+

=
j

D
j

D
j

D

0
  

al
l

fo
r 

de
g

 )
(

90
)

(
12

≥
−

<

SW
IT

C
H

IN
G

Fo
rs

ta
bl

e
sw

itc
hi

ng
: 

L 1(
j

) a
nd

 L
2(

j
) 

m
us

t b
e 

in
si

de
of

 a
n 

ar
c 

of
 [9

0 
–

(
)]

 d
eg

ar
ou

nd
 th

e 
po

in
t (

-1
,0

) a
t e

ac
h 

fr
eq

ue
nc

y

Sy
st

em
 s

ta
bi

lit
y 

an
al

ys
is

 (V
I)



2.
74

M
ar

io
 G

ar
ci

a-
Sa

nz

SW
IT

C
H

IN
G

Th
e 

cr
ite

rio
n 

ca
n 

be
 a

pp
lie

d 
gr

ap
hi

ca
lly

 in
 th

e 
N

ic
ho

ls
 d

ia
gr

am

 ,
)}

(
1

ar
g{

)}
(

1
ar

g{
[d

eg
]

)
(

1
2

12
j

L
j

L
+

−
+

=

.
)

(
)

(
)

(
ar

g
[d

eg
]

)
(

Δ
+

=
j

D
j

D
j

D

0
  

al
l

fo
r 

de
g

 )
(

90
)

(
12

≥
−

<

Fo
rs

ta
bl

e
sw

itc
hi

ng
: 

pl
ot

  [
1 

+ 
L 1(

j
)]

 a
nd

 [1
 +

 L
2(

j
)]

, 

th
e 

di
st

an
ce

 
12

(
) o

n 
th

e 
ho

riz
on

ta
l a

xi
s a

t 
ea

ch
 fr

eq
ue

nc
y 

m
us

t b
e 

le
ss

 th
an

 [9
0 

–
(

)]
 d

eg

Sy
st

em
 s

ta
bi

lit
y 

an
al

ys
is

 (V
II)



2.
75

M
ar

io
 G

ar
ci

a-
Sa

nz

SW
IT

C
H

IN
G

α(
ω)

 m
ay

 b
e 

co
ns

id
er

ed
 a

s a
 m

ea
su

re
m

en
t o

f 
th

e 
co

nt
ro

lle
r 

po
le

s c
ha

ng
e

 ,
)}

(
1

ar
g{

)}
(

1
ar

g{
[d

eg
]

)
(

1
2

12
j

L
j

L
+

−
+

=

.
)

(
)

(
)

(
ar

g
[d

eg
]

)
(

Δ
+

=
j

D
j

D
j

D

0
  

al
l

fo
r 

de
g

 )
(

90
)

(
12

≥
−

<

If
 th

er
e 

ar
en

’t 
m

ov
in

g 
po

le
s, 

th
e 

an
gl

e 
(

) i
s n

ul
l.

∏

∏

=

=

=

+
−

Δ
+

+
=

=
+

Δ
+

+
=

Δ
+

=

n j
j

j
j

n j
j

n j
j

j

p
j

p
p

j

p
j

p
p

j

j
D

j
D

j
D

1

1

1

}
ar

g{
}

ar
g{

)
(

)
(

ar
g

)
(

)
(

)
(

ar
g

)
(

Sy
st

em
 s

ta
bi

lit
y 

an
al

ys
is

 (V
III

)



2.
76

M
ar

io
 G

ar
ci

a-
Sa

nz

SW
IT

C
H

IN
G

N
ot

e 
1 :

 S
w

itc
hi

ng
 a

m
on

g 
an

 
in

fin
ite

 n
um

be
r o

f s
ys

te
m

s (
LP

V
)

Ea
sy

 if
 w

e 
on

ly
 m

ov
e 

ga
in

 a
nd

 
ze

ro
s 

(
) =

 0
 ,

)}
(

1
ar

g{
)}

(
1

ar
g{

[d
eg

]
)

(
1

2
12

j
L

j
L

+
−

+
=

.
)

(
)

(
)

(
ar

g
[d

eg
]

)
(

Δ
+

=
j

D
j

D
j

D

0
  

al
l

fo
r 

de
g

 )
(

90
)

(
12

≥
−

<

Sy
st

em
 s

ta
bi

lit
y 

an
al

ys
is

 (I
X)

th
e 

an
gl

e 
be

tw
ee

n 
an

y 
tw

o 
po

ss
ib

le
 sy

st
em

s 
L i(j

ω)
 (o

r [
1 

+ 
L 1(

j
)]

) 
is

 le
ss

 th
an

 9
0 

de
g



2.
77

M
ar

io
 G

ar
ci

a-
Sa

nz

SW
IT

C
H

IN
G

N
ot

e 
2 :

 T
o 

de
al

 w
ith

 U
nc

er
ta

in
ty

 ,
)}

(
1

ar
g{

)}
(

1
ar

g{
[d

eg
]

)
(

1
2

12
j

L
j

L
+

−
+

=

.
)

(
)

(
)

(
ar

g
[d

eg
]

)
(

Δ
+

=
j

D
j

D
j

D

0
  

al
l

fo
r 

de
g

 )
(

90
)

(
12

≥
−

<

Sy
st

em
 s

ta
bi

lit
y 

an
al

ys
is

 (X
)

sw
itc

hi
ng

 =
 m

od
ifi

es
 p

os
iti

on
 a

nd
 

sh
ap

e 
of

 te
m

pl
at

es
 o

f  
[1

 +
 L

i(j
)]

un
ce

rta
in

ty
 c

ha
ng

es
 th

e 
pl

an
t s

lo
w

ly
 in

 
co

m
pa

ris
on

 w
ith

 th
e 

sy
st

em
 d

yn
am

ic
s

cr
ite

ri
on

 a
pp

lie
d 

to

pa
th

fr
om

 e
ac

h 
po

in
t o

f t
he

 

de
pa

rt
ur

e 
te

m
pl

at
e

to
 

its
 c

or
re

sp
on

di
ng

 p
oi

nt
 in

 th
e 

ar
ri

va
l t

em
pl

at
e



2.
78

M
ar

io
 G

ar
ci

a-
Sa

nz

SW
IT

C
H

IN
G

Si
gn

al
: t

he
 e

rr
or

 a
m

pl
itu

de

Th
e 

sw
itc

hi
ng

 c
rit

er
io

n

C
ri

te
ri

a:

i)
La

rg
e 

er
ro

r: 
la

rg
e 

ba
nd

w
id

th
 (s

pe
ed

), 
lo

op
 

ga
in

 n
ot

 v
er

y 
hi

gh
 

ii)
Sm

al
l e

rr
or

s: 
re

du
ce

d 
ba

nd
w

id
th

 (n
oi

se
), 

in
cr

ea
se

d 
lo

w
 fr

eq
ue

nc
y 

ga
in

 (j
itt

er
, t

ra
ck

in
g 

er
ro

r)

Sw
itc

hi
ng

 F
un

ct
io

n:
 

fo
r e

xa
m

pl
e

LA
R

G
E 

ER
R

O
R

ST
A

B
IL

IT
Y

  
M

A
R

G
IN

S 
   

 
SP

EE
D

, 
PR

EC
IS

IO
N

SM
A

LL
 E

R
R

O
R

ST
A

B
IL

IT
Y

 M
A

R
G

IN
S 

   
  

LO
W

 F
R

EQ
U

EN
C

Y
 G

A
IN

  
(

PR
EC

IS
IO

N
 &

 
D

IS
TU

R
B

A
N

C
E 

R
EJ

EC
TI

O
N

)

-1
-0

.8
-0

.6
-0

.4
-0

.2
0

0.
2

0.
4

0.
6

0.
8

1
-0

.20

0.
2

0.
4

0.
6

0.
81

er
ro

r

parameter k



2.
79

M
ar

io
 G

ar
ci

a-
Sa

nz

SW
IT

C
H

IN
G

C
on

tr
ol

le
r D

es
ig

n 
M

et
ho

do
lo

gy

St
ep

 4
:

D
es

ig
n 

th
eS

w
itc

hi
ng

 fu
nc

tio
n.

-S
im

ul
at

io
ns

 o
f t

he
 sy

st
em

 g
ov

er
ne

d 
by

 e
ac

h 
ex

tre
m

e 
co

nt
ro

lle
r. 

-D
es

ig
n 

th
e 

fu
nc

tio
n 

th
at

 re
la

te
s t

he
 e

rr
or

 a
m

pl
itu

de
 w

ith
 th

e 
co

nt
ro

lle
r p

ar
am

et
er

s.

St
ep

 1
:

Pr
el

im
in

ar
y 

Q
FT

 li
ne

ar
 c

on
tr

ol
le

r 
de

si
gn

-p
ar

am
et

ric
 a

nd
/o

r n
on

-p
ar

am
et

ric
 u

nc
er

ta
in

ty
, 

-s
ta

bi
lit

y 
an

d 
pe

rf
or

m
an

ce
 sp

ec
ifi

ca
tio

ns
, 

-T
em

pl
at

es
 a

nd
 Q

FT
-b

ou
nd

s 
-d

es
ig

n 
a 

lin
ea

r c
on

tro
lle

r b
y 

lo
op

-s
ha

pi
ng

St
ep

 2
:

D
es

ig
n 

tw
o 

ex
tr

em
e 

co
nt

ro
lle

rs
 w

ith
 th

e 
sa

m
e 

st
ru

ct
ur

e.
-G

ai
n 

an
d 

ze
ro

s v
ar

y 
fr

ee
ly

, b
ut

 p
ol

es
 st

an
d 

st
ill

. 
-T

he
ir 

ch
ar

ac
te

ris
tic

s m
us

t b
e 

re
la

te
d 

w
ith

 th
e 

er
ro

r a
m

pl
itu

de
:  

  
i) 

L
ar

ge
 e

rr
or

: l
ar

ge
 b

an
dw

id
th

 (s
pe

ed
), 

lo
op

 g
ai

n 
no

t v
er

y 
hi

gh
 

ii)
 S

m
al

l e
rr

or
s:

 re
du

ce
d 

ba
nd

w
id

th
 (n

oi
se

), 
in

cr
ea

se
d 

lo
w

 fr
eq

.g
ai

n
(ji

tte
r, 

tra
ck

in
g 

er
ro

r)

St
ep

 3
:

C
he

ck
 S

ta
bi

lit
y.

-r
ob

us
t s

ta
bi

lit
y 

of
 e

xt
re

m
e 

de
si

gn
s g

ua
ra

nt
ee

d 
by

 Q
FT

. 
-s

ta
bi

lit
y 

w
ith

 sw
itc

hi
ng

 is
 a

ss
ur

ed
 b

y 
ne

w
 g

ra
ph

ic
al

 c
rit

er
io

n.



2.
80

M
ar

io
 G

ar
ci

a-
Sa

nz

R
em

ot
el

y 
C

on
tr

ol
le

d 
R

ec
on

na
is

sa
nc

e 
V

eh
ic

le
(D

or
f)

(
)

0
1

2

1
)

(
a

s
a

s
s

P
+

+
=

(D
es

ig
ne

d
by

 D
or

f)

(
)

(
) 12

10
)

(
0

++
=

ss
s

G

6.
-E

xa
m

pl
e:

 S
w

itc
hi

ng
 c

on
tr

ol
 fo

r 
U

nm
an

ne
d 

V
eh

ic
le

s

]4.4,6.3[
an

d
],2.2,8.1[

w
he

re
0

1
∈

∈
a

a

Pl
an

t &
 p

ar
am

et
ric

 u
nc

er
ta

in
ty

St
ep

 1
:

Pr
el

im
in

ar
y 

lin
ea

r 
co

nt
ro

lle
r 

de
si

gn



2.
81

M
ar

io
 G

ar
ci

a-
Sa

nz

(
)

(
) 1
3.2

15
)

( 1
++

=
ss

s
G

(
)

(
) 15.0

8
)

(
2

++
=

ss
s

G

St
ep

 2
:

D
es

ig
n 

tw
o 

ex
tr

em
e 

co
nt

ro
lle

rs
 w

ith
 th

e 
sa

m
e 

st
ru

ct
ur

e.
-G

ai
n 

an
d 

ze
ro

s v
ar

y 
fr

ee
ly

, b
ut

 p
ol

es
 st

an
d 

st
ill

. 
-T

he
ir 

ch
ar

ac
te

ris
tic

s m
us

t b
e 

re
la

te
d 

w
ith

 th
e 

er
ro

r a
m

pl
itu

de
:  

  

(
)

(
) 12

10
)

(
0

++
=

ss
s

G



2.
82

M
ar

io
 G

ar
ci

a-
Sa

nz

U
N

C
E

R
T

A
IN

T
Y

in
 th

e 
pa

th
 fr

om
 e

ac
h 

po
in

t o
f t

he
 fi

rs
t 

te
m

pl
at

e 
to

 it
s 

co
rr

es
po

nd
in

g 
po

in
t o

f 
th

e 
se

co
nd

 te
m

pl
at

e,
 

th
e 

m
ax

im
um

 
ho

riz
on

ta
l d

is
ta

nc
e 

be
tw

ee
n 

tw
o 

po
in

ts
 is

 
no

t h
ig

he
r t

ha
n 

90
 d

eg

-1
80

-1
35

-9
0

-4
5

0
-1

5

-1
0-505101520

3

O
pe

n-
Lo

op
 P

ha
se

 (d
eg

)

Open-Loop Gain (dB)

1+
L 2

0(
j ω

)
1+

L 1
0(

jω
)

1+
L 1

(j1
)

1+
L 2

(j1
)

1+
L 1

(j2
)

1+
L 2

(j2
)

sw
it

ch
in

g
pa

th

1+
L 2

(j3
)

1+
L 1

(j3
)

1+
L 1

(j5
)

1+
L 2

(j5
)

St
ep

 3
:

C
he

ck
 S

ta
bi

lit
y.

-r
ob

us
t s

ta
bi

lit
y 

of
 e

xt
re

m
e 

de
si

gn
s g

ua
ra

nt
ee

d 
by

 Q
FT

. 
-s

ta
bi

lit
y 

w
ith

 sw
itc

hi
ng

 is
 a

ss
ur

ed
 b

y 
ne

w
 g

ra
ph

ic
al

 c
rit

er
io

n.

(
)

(
) 1
3.2

15
)

( 1
++

=
ss

s
G

(
)

(
) 15.0

8
)

(
2

++
=

ss
s

G



2.
83

M
ar

io
 G

ar
ci

a-
Sa

nz

Th
e 

sw
itc

hi
ng

 c
on

tro
lle

r i
s

(
)(

)
(

) 1
8.1

3.2
7

15
)

(
+

−
+

−
=

s
k

s
k

s
G

sw
i

k
is

 g
iv

en
 b

y 
a 

fu
nc

tio
n 

[0
, 1

] 
of

 th
e 

er
ro

r s
ig

na
l.

−
−

=
15.0
)

(
ex

p
1

2
t

e
k

-1
-0

.8
-0

.6
-0

.4
-0

.2
0

0.
2

0.
4

0.
6

0.
8

1
-0

.20

0.
2

0.
4

0.
6

0.
81

er
ro

r

parameter k

sm
oo

th
 fu

nc
tio

n 
(in

st
ea

d 
of

 a
 re

la
y-

ty
pe

 o
r 

sa
tu

ra
tio

n-
ty

pe
 fu

nc
tio

n)
 to

 re
du

ce
 im

pu
ls

e 
ef

fe
ct

s

St
ep

 4
:

D
es

ig
n 

th
eS

w
itc

hi
ng

 fu
nc

tio
n.

-S
im

ul
at

io
ns

 o
f t

he
 sy

st
em

 g
ov

er
ne

d 
by

 e
ac

h 
ex

tre
m

e 
co

nt
ro

lle
r. 

-D
es

ig
n 

th
e 

fu
nc

tio
n 

th
at

 re
la

te
s t

he
 e

rr
or

 a
m

pl
itu

de
 w

ith
 th

e 
co

nt
ro

lle
r p

ar
am

et
er

s.

(
)

(
) 1
3.2

15
)

( 1
++

=
ss

s
G

(
)

(
) 15.0

8
)

(
2

++
=

ss
s

G



2.
84

M
ar

io
 G

ar
ci

a-
Sa

nz

0
5

10
15

20
25

0

0.
2

0.
4

0.
6

0.
81

1.
2

1.
4

tim
e 

(s
ec

on
ds

)

G
0  

(D
or

f)

G
sw

i

0
5

10
15

20
25

0

0.
51

1.
5

tim
e 

(s
ec

on
ds

)

G
1

G
sw

i

G
2

tim
e 

re
sp

on
se

 to
 a

 st
ep

 in
pu

t 
re

fe
re

nc
e 

tra
ck

in
g 

(t
= 

1 
se

c)
 a

nd
 a

 
st

ep
 d

is
tu

rb
an

ce
 (t

= 
15

 se
c)

Th
e 

sw
itc

hi
ng

 c
on

tro
lle

r (
G

sw
i) 

-c
om

bi
ne

s t
he

 b
es

t c
ha

ra
ct

er
is

tic
s o

f t
he

 e
xt

re
m

e 
co

nt
ro

lle
rs

 (G
1

an
d 

G
2)

, 
-i

m
pr

ov
in

g 
th

e 
re

sp
on

se
 o

f t
he

 o
rig

in
al

 fi
xe

d 
co

nt
ro

lle
r (

G
0)

R
es

ul
ts



2.
85

M
ar

io
 G

ar
ci

a-
Sa

nz

G
ar

cí
a-

Sa
nz

 M
., 

El
so

J. 
(2

00
8)

. B
ey

on
d 

th
e 

lin
ea

r 
lim

ita
tio

ns
 b

y 
co

m
bi

ni
ng

 sw
itc

hi
ng

 a
nd

 
Q

FT
: A

pp
lic

at
io

n 
to

 w
in

d 
tu

rb
in

es
 p

itc
h 

co
nt

ro
l s

ys
te

m
s. 

In
t. 

J.
 R

ob
us

t N
on

lin
ea

r 
C

on
tr

ol
, V

ol
. 1

8,
 N

.1
2.

 

Su
ita

bl
e 

to
 b

e 
ap

pl
ie

d 
to

 o
th

er
 s

ys
te

m
s

W
in

d
Tu

rb
in

es
co

nt
ro

l

U
A

V
 c

on
tro

l

Sp
ac

ec
ra

ft
co

nt
ro

l



2.
86

M
ar

io
 G

ar
ci

a-
Sa

nz

Th
an

ks

A
ny

qu
es

tio
ns

?


