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Why decouple ?



Why decouple ?

Open Loop transfer matrix of a coupled system: Considered Plant:

* 3 Actuators
* 4 sensors(accelerometers)

Open Loop Transfer Functions from different Actuators to different sensors
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Why decouple ?

Transfer Function from Actuator F3 to sensor A2y Considered Plant:
* 3 Actuators
Bode Diagram * 4 sensors(accelerometers)
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Treat the transfer function as a SISO TF and actively

controlling it, good controller with good stability margins




Why decouple ?

Considered Plant:
* 3 Actuators
* 4 sensors(accelerometers)

Transfer Function from Actuator F2 to sensor Alx

Bode Diagram
0 From: F2 To: Ax1
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Other TF in the MIMO SISO approaches not
system is degraded after > | Coupling > easily applicable in > Risk of Instability !!
coupled systems 6

closing the controller loop




Why decouple ?

Centralized Control:

> G > Fy ([t
. . F=1": X =1 :
Ts: sensor transformation matrix . ’
E Xn
n

\ J

Y
Coupled plant Ta: actuator transformation matrix
Actuation Vectorin  Output Vector in

a F H X a decoupled frame decoupled frame

Hy
e SISO control approaches could be applied.
* Easy to control independently the degrees of F=Hxx Where: H=
freedom.
e Certain knowledge of the plant is required (kind of Hy

knowledge depends on decoupling strategy).
Control matrix



Singular Value Decomposition

Ta b Le O]C I Jacobian decoupling
COﬂteﬂtS Il Modal decoupling

V. Comparison and Conclusions
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. Singular Value Decomposition

A=U0UxVT

Where :

* Aisan mxn rectangular matrix

« Uis an mxm orthogonal matrix, UTU = 1.

« Vs an nxn orthogonal matrix, VIV =1

X isan mxn pseudo-diagonal matrix where first r elements on the diagonal are the singular values of A4,
which we denote as X;; = g;0f 04y = 05, = -+ = 0, > 0, and all other elements of X equal to zero

/0-1 0 o --- Oln\
(“%1 A%">_<”11 "1:”) 0 = g |0 0 (Vzl V£">T
. : o= : : 0 - 0 lo — 0 : .o
Apr o Amn Uni = Unm \ : : SN : / Vai = Van
\ Y ; \ v Noma o OY 0 = Omy \ Y ;
A U b yT
Coupled Plant Transform matrix Decoupled Plant Transform matrix
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|nteresting to check: https://www.youtube.com/watch?v=nbBvuuNVfco


https://www.youtube.com/watch?v=nbBvuuNVfco

. Singular Value Decomposition

According to the SVD formula, the decoupled plant should be : Gg,q = UG (s)V T
l_Y_J l_Y_J
X A

However, since G is frequency dependent, U and V can’t
decouple the system over all frequency bandwidth.

7

Choose a frequency for decoupling (preferably crossover frequency)

W

Get real approximation of the transfer matrix G at this frequency

@

Get U and V matrices that decouple plant G at the chosen frequency neighborhood

a 3
alay_

o G ———>

Decentralized Scheme

U-Q,;r
as. y

Model of Gravimeter

11



. Singular Value Decomposition

Plant Modelling using Matlab and Simscape:

Parameter definition :

Matlab a?,.‘r
1 =1.0:
h =1.7 ‘
u a2,y
la = 1/2; 1 ‘
ha = h/2; 3 T '
m = 488 l 1
I=115 '
1
k= 15e .
c=2e #I
deq = 0.2; y {O}
g=0: ¥ Gravity [m/s21 S I e - —==bd
' —
" I
. . . . . l
System identification : X
IZCI 1
Matlab X
. . . ]
mdl = 'gravimeter';
l. ' I, h
1
clear io; io_i = 1;
io(ie_i) = linie{[mdl, '/F1'], 1, 'openinput'}); io_i = io_i + 1;
io(io_i) = linio([mdl, '/F2']1, 1, 'openinput'); io_i = io_i + 1;
io(io_i) = linie([mdl, '/F3'1, 1, 'openinput'): io i = io_i + 1; - F2 - F,j
io(io_i) = linio([mdl, '/Acc_side'l, 1, 'openoutput'); io_i = io 1 + 1
io(ic_i) = linio([mdl, '/Acc_side'l, 2, 'openoutput'); io_i = io_i + ]
io(io_i) = linio([mdl, '/Acc_top'], 1, 'opencutput'); io i = io_i + 1; . .
e A . . e gn ReR T AR T L ; Simscape model Model of Gravimeter
io(io_i) = linio([mdl, '/Acc_top'], 2, 'openoutput'); io_i = io_i +

G = linearize(mdl, io);
G.InputMame = {'F1', 'F2", 'F3'};
G.OutputName = {'Ax1', 'Ayl', 'Ax2', '"Ay2'}:
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. Singular Value Decomposition

SVD decoupling using Matlab :

Evaluating transfer matrix values at frequency of 10Hz:

Matlab

wCc = Z#pix1@;

| — |
2 2
[
e 5
| I |

H1 = evalfr(G, j#*wc);

|
' A
- T >
[ .
Real approximation of the computed transfer matrix at 10Hz: .
Matlab :
D = pinv(real(H1'*H1)); /g'
H1 = pinv(Dxreal(H1'#diag{exp(j*angle(diag(H1=D=H1."))/2)))); {O}
1 = R
S
]
SVD decomposition performed using the following matlab command: h, !
Matlab :
[U,5,V] = swvd(H1); ]
—{ 1 la ' 1
. ‘ >|‘

a Yh
F
b 7 OO L0

Model of Gravimeter

0,4 061 —-0,04 -—-0,68 051 067 —0,54
048 -0,14 -0,85 0,2 -0,35 0,73 0,59
0,03 0,73 0,06 0,68

-0,78 0,26 —-0,53 0,2 -0,79 0,11 —0,6
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. Singular Value Decomposition

SVD centralized vs decentralized control schemes:

F A1y
1 aly
f=<F2) A= Ay
Fy G,
> G '
Decentralized Scheme
O e T .
U\ Gsvp Fy al; \ )
U=<u2) : f=\F A= ayy CY = (7
Us : F3 a2y : V3
l —1 :
—> y-T > G > u : >

Centralized Scheme 14



. Singular Value Decomposition

SVD decoupling using Matlab:

Decoupled Plant can be obtained by:

Matlab

Gsvd = 1nv{U)*Gx1inv(V");

Discarding 4" output (correspond to null singular value)

Matlab

Gsvd = Gsvd(1:3, 1:3);

Centralized Scheme
Open Loop Transfer Functions of the decoupled plant using SVD

in the neighborhood of the decoupling frequency

Best Decoupling Performance obtained
at the frequency where the SVD

Decoupling could be bad in frequencies not falling /
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. Jacobian decoupling

Analytical calculation of the Jacobians:

In cartesian coordinates:
Mx+ Kx =F

Since at COM:
M = diag(m,m, )

Consider J as Jacobian matrix from cartesian coordinates to the
coordinates of the actuators/sensors:

F3 Mg

F
F = Bf Where:f=(§%) andF=<Fy>

According to principle of virtual work:

‘l ‘D‘
i
g=Jx L oy 1.
]
ha :
AMAAL ;
—LE la ' 1, |n
g - — > Y
[a-],.;:]_ F14 %— - %__LTF
i,y LI'I - IT' 3

Model of Gravimeter

FT6x = fT8q= fT)8x > F=JTFf > B=]"
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. Jacobian decoupling

Analytical calculation of the Jacobians:

Actuator Jacobian: Where

* X, :position of an element in the Cartesian frame in the
deformed configuration.
Xcp - is the position of the center of mass in the Cartesian

From rigid body dynamics:
Xe = Xcm T R(0) xe0 .

frame.
@ * X, : IS the position of the considered element in the

Relative displacement: reference configuration.

q = Xe — Xeo
Relative displacements at actuator locations can be calculated as follows:
cos(60 sin(6
Ry = (@) @)

—sin(f) cos(0)
l

=] 80 ()] -1 mont-sma, [

_la _la . h
=1 nll=y+1Gin®) + > (1 — cos(8))
2 2

gy = (0 1) (;) + R(0)

(l ‘)‘
y
--------- {O}-----

T
ha :
d - > > ¥

Model of Gravimeter
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. Jacobian decoupling

Analytical calculation of the Jacobians:

Actuator Jacobian:

[ [ h
X
qrz = (01) <y> +RO) n)—| n][=y-l(in(®)) + 5 (1 —cos(8))
2 2
r0qr1  0qr1  O0QF1]
0x dy 00 '1 0 _ha'
dqr, 0qrz OqF
Jact = axz ayz aez 0 1 la
0qr3 0qfr3 O0qF3 _O 1 _la
L Jx dy 00 _

Equation used to move from actuation in coupled frame to actuation in the

(x,¥,6)=(0,0,0)

cartesian frame centered at COM:

F =]£ct*f

Where :

F =

—

Fy

E Forces in Cartesian

coordinates

f= (]act)_T * F

Fy
_ (FZ
F3

Forces in actuators
coordinates

a 3
al‘y

[32.‘;‘]
pLl2Y A
‘l E >
gl
--------- {O}-----
T
ha X
—LE la ' 1l |¢
S S > > Y
Fi4

$oln

Model of Gravimeter
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. Jacobian decoupling

Analytical calculation of the Jacobians:

Sensor Jacobian:

Relative displacements at sensor locations can be calculated as follows: [“2~*‘]
(1.21y
_( cos(6) sin(H)) N T [N
R(6) = (—sin(@) cos(0) l :
[ [ [ o
X ) ) h [ Y
Gazx = (10) ( )+R<9) Pl r)l=x—oGin@) +o-cos@) L 9 L.
y _= _r 2 2 e
2 2 I
z z ha
“2\ [z Lo h . :
da1y = (0 1) +RO| 4 |-| p||=y+5G6in0)) +5(1—cos()) — la ' 1o |0
.t . 2 2 pg o > < > Y
2 2 Fi4
- ay,x
[ ] T Fy [ F3
X 0 0 h [al,y] %_LIJ %_ITI_E]-
Qa2x = (1 0) y + R(Q) ﬁ _ ﬁ =X+ ESln(e) Model of Gravimeter
I 2 2/ ]

=y+ g (=1 + cos(0))

~
I
N

a2y = (01)

P
< X
N~
+
=
N\
a)
\—r
VRS
NSO
NSO
~—
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. Jacobian decoupling

Analytical calculation of the Jacobians:

Sensor Jacobian:

0qa1x  09a1x  09a1x] .
ox 0 96 ' a [ 2]
Y 1 0 —= 42,y
aqaly a‘]czly a‘]czly lz > T A’
joo=| 9% dy 09 _jo 1 = : :
P 10gaax 09a2x 0qgax izz i
ox 0y 6 10 - Tty
aQaZy % aqaZy 0 1 ol K : i |
. 00 a0 00 1(x.y,0)=(0,0,0) ha E
Equations used to move from sensing accelerations in decoupled frame to VWA E
sensing accelerations in cartesian frame. _E*.::H. < La ;-Eq la )»Vh
A = Jsens * Ay :> Ay = (sens) LA [al;y]— %_'TI F> %_I]J_t]-‘pd

Model of Gravimeter

X A1x a
Where : 4 = a1y Accelerations measured by A = ax Accelerations measured
Azx the accelerometers x =\ 7Y | accelerations in cartesian

a2y 97 coordinates 21



. Jacobian decoupling

Jacobian centralized vs decentralized Control schemes: [Zi]
B Y
Fy i |
1 !
I <F2> A= azy i
F3 L 9y 1.
aZy L@
» G > lh :
— la la |
F] [ . so— ' S—
Decentralized Scheme {m—/ ?ﬂ& %'fi 7
Model of
e e e e e e e e e e m o m e m m  m m m i m o m m m o m o m o m m m mmm m e mmm e m e mm— Gravimeter
¥ a ("
[} F 1x .
Fx i 1 al I ax
1 = — y |
(2] | () e ()
Me 1 3 azy : ae
I —T -1 :
— act > G y o Jsens ;

Centralized Scheme 22



. Jacobian decoupling

Jacobian decoupling using Matlab:

FE, | f 51 o = da1y . Ay
, - _ : = a = : _
Actuator and sensor Jacobian definition : F= ;y : F. da2x A= (“y)
e '

Matlab ' -T G -1

Ja=1[1@-h/2
01 172
1@ h/2 |
01 el ' !

Y
Q
Q
o

Jt=1[1 @ -ha
81 1la
8 1 -lal;

Centralized Scheme

Decoupled Plant definition:
ST A e o— jlomas: Open Loop Transfer Functions of the decoupled plant at COM

Gx_Inpu‘tName={Fx,Fy:|“l"Z?; 100: T I, SR R | T A B o ' .
Gx.OQutputName = {'Dx", 'Dy', 'Rz'}; F

H

Two equal off diagonal elements G(1,3) and 10’1§
G(3,1) corresponding to coupling between
translation in X direction and rotation around Z

Other off diagonal elements very small
compared to diagonal elements

1

Negligible impact on diagonal elements and hence
they are considered as decoupled directions

Magnitude

) G, (if).i+]
——G,(1,1)
—G,(22)
| | G,(3.3)
10 10° 108
Frequency [Hz]

Problem: Coupling at low frequency ?




. Jacobian decoupling

Question: Why decoupling the Jacobian at the COM
lead to better decoupling at high frequency?

Roughly speaking :

X
— = [Ms*+ K] !
- = [Ms ]

At high frequency:

X
—~ [Ms?]!
Iz [Ms*]

and since mass matrix
is diagonal at COM

@

At low frequency:

X
"~ 1K)

and since K matrix is
not diagonal at COM
in the given system

Problem: Coupling at low frequency ?

Good decoupling at
high frequency

V

Bad decoupling at
low frequency

@

\dea: Maybe try having a
diagonal stiffness matrix

V

HOW 27?7

24



. Jacobian decoupling

Jacobian decoupling at center of stiffness (COK):

COK is the geometrical point corresponding to obtaining diagonal stiffness matrix K :

k4 0
K = [ oo ‘ Ky = J{ K COK of T Y N
0 - ky this model l \ E
— R
Conditions for the existence of COK for a planar system: Note: For hlghe.r Fjegrees Y -
T . _ of freedom additional {M}___i__
ki$;8; = diag matrix conditions could apply. !
ki§i(bi,x§i,y - bi,y§i,x)=o :
With :
e §;:unit vector corresponding to the struts
« k;: stiffness of the struts R v
* b; :location of joints on the platform ﬁzigtlil 72 £3I§ |-|-| [jT3
At the end the distance between the COM an COK could be calculated : Collocated Model

—1

Calculate the

M I A Lo b L (M A M A A : : :
()f{— ii'i-'s?'..yes-i. _;L'-'z'..'si-.:r'si ;La( b?'..:r'si-,-y_ bi.yfs-i.,:r)'si |:> Jacoblanscon5|der|ng

COK as new reference 25




. Jacobian decoupling

Jacobian decoupling at COK and COM:

Open Loop Transfer Functions of the decoupled plant at COM Open Loop Transfer Functions of the decoupled plant at COK

100 ¢ — : — —

107"

103

Magnitude
Magnitude
=
S

—
S
n

L 10-6 - =
100 E 3 E

E . i : G 1#]]]

r G (i) 1#]|] 107 L —G,1 |
107 & Lo — G L g —G,(22)

E /\ ——G,(22) 33

i W/ G,(33) 10% ‘ i /AN S
108 1 i \0 / N S |1 i N N N I ‘\2 PR—S——— , 1072 10 10° 10" 102

107 10 10 10 10 Frequency [Hz]

Frequency [Hz]

Good decoupling at high frequency achieved Good decoupling at low frequency achieved

Question: What could be done to obtain full
decoupling over all bandwidth using one Jacobian ?
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. Jacobian decoupling

Jacobian decoupling at collocated COM and COK:

Magnitude

107

-
<
)

-
S
o

=
A

-
S
&

100 ¢

Answer: Place stiffnesses in the system in such
a way that COK and COM are collocated

Open Loop Transfer Functions of the decoupled plant at collocated COK and COM

e

106 £ =
é G, (i), 1 #]|]
|
107 i/ ——G,(1.1)
M ——G (22
| | AN | G,(39)
10—8 1 L L 1 L 1 i L il It L L L 1 1 L 1 1 L1 1 1 L L
1072 107 10° 10° 102

Frequency [Hz]

Very good decoupling over all the bandwidth

Collocated
COM and COK
\ -
T A,
{0}
iy Mg
F .
i h
: L4
zLs son

Plant with collocated COM and COK
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Modal decoupling



V. Modal decoupling

Simplified Simscape model : New simplified plant: 3

actuators with 3 collocated

New parameter definition : displacement sensors

Matlab
1 =1.9;
h = 2%1.7
la = 1/2 1
ha = h/2 ‘———l————q ------- 13
1 1
m = 428 1 1
I=115 1 1
1 1
1 lh

s s T ]
bl g —
mnn 11}
R
<y
IS
—
1
1
1
-——_————
1

["’1 Aha :OM T

:122 jh: - : 1 I
k3 = 3:5, 1 2 1 1

H 81 1 1

AT, ST S—

s1 = [1;0] Y1 : 5!
2 T1 S9 l 3,1
s3 = [0;1] b2A I,'1, bSA;

: D = oo
Mb1 = [-1/2;-hal;
Mb2 = [-la; -h/21;
Mb3 = [ la; -h/21; [:21% |:|:| 72 £3I tl.lﬁTg

J = [s1", MB1(1)*s1(2)-Mb1(2)*s1(1);
s2', Mb2(1)*s2(2)-Mb2(2)*s2(1): Collocated Model
s3', Mb3(1)*s3(2)-Mb3(2)*s3(1)];

Kr = diag([k1,k2,k31);
Cr = diag([cl,c2,c31); 29




V. Modal decoupling

Open Loop Transfer Functions from different Actuators to different sensors

Mag. |m/N|

Too many Off diagonal elements

Highly Coupled system

Eg/’]’2|

107! 10° 10t 107! 10° 10t 107! 10° 10! 30
Frequency [Hz] Frequency [Hz] Frequency [Hz]



V. Modal decoupling

Analytical development of modal decomposition:

Modal decoupling depends on the equations of motion:
MX+Cx+ Kx=F

Measurement output combination of the motion variable x:
Y =CoxXx + CopXx

Then apply change of variables :
x =dx,,

With :
* X, modal amplitudes
@ a matrix whose columns are the mode shapes of the system

Map actuator forces as follows using COM jacobian:
F=JTt

L ooooooc D o b
l : :
" i
Y :
_________ T{i{}
Ly M, Orm 7 1
> : I :
%J‘Lﬁl ..... ! e 1
b1 : o
T1 S I 53,1
b2A2 la:la b3A¢

Collocated Model

31



V. Modal decoupling

New equation of motion become:
M®%,, + CPx, + Kbx,,, = JT1

] A
q--=====- H------- 13

And new form of measured output becomes: l : :
Y = CoxPXim + CopPXiy E B

Yy v :
After multiplying both sides withe®™: L. L{ }___:__

T 0 f b T roby T T|T L1 [An, Om g

Q' MDx,, + D CPxy, + P KPx,y, =D ' T <« |! ; :
il SR

We denote : = b1 : 3 :

1 S9 1 3,!

b2A la :la b3A¢

M, odar = PTM® = diag(u;) as modal mass matrix = - - - =
cfftf off

Coodar = PTCP = diag(2&;u;w;) (classical damping)
Collocated Model

* Kpmoaa = PTK® = diag(u;w}f) (modal stiffness matrix)

32



V. Modal decoupling

Substituting again in EOM vields :
Xy + 2805, + 2%x, = p o7t

<------- N

With : l : :
. L ih

* u=diag(y) Y :
_________ ‘{M P

« N =diag(w;) Ly ?ha EOM 7 E_
+ £ = diag(§) %}}fl ----- Foehe

T 5‘2 : §3 i

Modal input matrix: Modal output matrices: bo} ___l_c;iicf__l_j?)‘V

By =u—to']" Con = Cox® + SCop® 521?? T2 ﬁaIgﬁJ'_ﬁTS

Collocated Model
Modal input :

mT 33

Tm



V. Modal decoupling

The final transfer function from 7, to x,, can be shown:

B =(Iys? + 28 Qs+0?) 7

= R — Y N
U Lo :
N 'h
Y \
This form correspond to a diagonal transfer matrix ‘{M} !
Ly [An, Om ¢ v
— : 1 :
- fl
101 : o
Dynamics of the system are decoupled from 7,,, to x T1 So | 53,1
= = b2A la :la b?)“

- == == = = =
Going back to y and 7, they can be expressed using modal variables : EQigtfl 72 £3I§zt|'1_ﬁ7-3

Collocated Model

% {(Coxcp + SCO,,CI))I(InSZ + 28 Qs+02)‘f(u‘1<1>T] T)]

v v v

Cm diagonal matrix B, 34




V. Modal decoupling

Centralized vs decentralized Control schemes: e - - A

T y

Decentralized Scheme T o

Xm

R B
L
B .

Centralized Scheme 35



V. Modal decoupling

To get C,,, and B,,, we need to compute Cy, , Cpyp, @, i and J:

X
x=1Y get @ from K and J is Jacobian
R, M matrices - A
[Pespaesgeeoooas >
y = Z =]x : :
Andy = C,px + Cypp @ g: ih
@ Calculated | ________ T{i{} ___i__
similar to what <£1> Ma EOM CE
Cox =] seen before e iﬁl _____ E_ ______ E__
Cop =0 o1 ! o
T1 S ' 53,1
b2A ’ la :la b3A¢

Matlab == = =i - = =
[V,D] = eig(MK): EQIgtIJ To EBIgI:IJﬁTS

mu = V'xMxV;
Collocated Model

Cm = J#V;

Bm = inv(mu)=Y'=J";
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V. Modal decoupling

Modal decomposition using Matlab: ¢ Guodal
i T x
—0.0004 -—-0.0007 —0.0007 Tm 5 p G y o ¢! . Tm
B, =| —0.051 0.0041 -0.0041 ' :
0 0.0025 0.0025
01 —-18 0 Centralized Scheme
Cn=1-0.2 0,5 1 Open Loop Transfer Functions of the decoupled plant using modal decomposition
0.2 —-05 1 10?2, R —
Gu(i,j) i #Jj
Modal decomposition performed using the following matlab command: Gn(1,1)
Matlab 10” G,HI[Q.I 2} 3
Gm = inv(Cm)*Gxinv(Bm); @ G,”[S, 3}
g
= 02
Plant perfectly decoupled ) 10 f 3
over the whole bandwidth =
It is possible to use SISO control approaches 10-6 | N S S S S A A A
to actively control all decoupled modes. 107! 109 10 102

Frequency [Hz| 37



Comparison and Conclusions



V. Comparison and Conclusions

Compare all presented decoupling strategies: New simplified plant: 3
actuators with 3 collocated

displacement sensors

* SVD decomposition
e Jacobian decoupling at COM
e Jacobian decoupling at COK

* Modal decomposition ] . i
" ih

Y .
L oo £

L1 [Ah, Om gz 1

P : I I

Do that using a simplified U 54 ; :
collocated system. %ﬁ;— ------ SRELEEL - -

(| = 3
@ bh i, by
S == CEey
Apply SVD and Jacobian decoupling 2 L|.I |-|-|

at COM for this model and compare Collocated Model
them with results obtained by
model decomposition and Jacobian
decoupling at COM
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V. Comparison and Conclusions

Jacobian decoupling of the collocated system:

Open Loop Transfer Functions of the decoupled plant using Jacobian at COK Open Loop Transfer Functions of the decoupled plant using Jacobian at COM
107 e —— 1077 IJ H
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g 10 1074 £
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Gony(i,7) i # 7
Gon(1,1)
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10-8 L Gy (3,3)
102 108 L T ST U
1072 1071 10V 101 102

Frequency [Hz]

Frequency [Hz]

Same compromise as shown before:

* Decouple at COK for good decoupling at low frequencies
* Decouple at COM for good decoupling at high frequencies




V. Comparison and Conclusions

SVD decoupling of the collocated system:

1072

Magnitude
3

—_
i
(=2

10—8- . .
101 10° 101 102

Open Loop Transfer Functions of the decoupled plant using SVD

Ll 1 1 PR T T R T A |

Frequency [Hz]

Decoupling frequency = 10Hz

Perfect decoupling over all
the frequency bandwidth

U

SVD gave much better decoupling
when having collocated actuators

and sensors

Better performance then Jacobians
decoupling for this system




V. Comparison and Conclusions

Modal decoupling of the collocated system: —
New simplified plant: 3

Open Loop Transfer Functions of the decoupled plant using modal decomposition actuators with 3 collocated
102, ———— ——— - displacement sensors
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Collocated Model

, Have similar performance to SVD
Perfect decoupling j‘> and much better decouplin
over all bandwidth PIns

compared to Jacobians
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V. Comparison and Conclusions

Comparison between Three different strategies:

Jacobians Modal Decomposition SVD
Philosophy Topology Driven Physics Driven Data Driven
Requirements Known geometry Known equations of motion Identified FRF
Decoupling Decoupling using J obtained Decoupling using @ obtained from Decoupling using U and V
Matrices from geometry modal decomposition obtained from SVD
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V. Comparison and Conclusions

Comparison between Three different strategies:

Jacobians

Modal Decomposition

Decoupled
Plant

71 -T
Groy = J10yGJ {0y

G, = C;1GB1

Physical
Interpretation

Forces/Torques to
Displacement/Rotation in chosen
frame

Directions of max to min
controllability/observability

Decoupling
Properties

Decoupling at low or high
frequency depending on the
chosen frame

Good decoupling at all frequencies

Good decoupling near
the chosen frequency
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V. Comparison and Conclusions

Comparison between Three different strategies:

Jacobians Modal Decomposition SVD

* Physicalinputs / outputs * Target specific modes « Good Decoupling
near the crossover
* Good decoupling at High
frequency (diagonal mass
matrix if Jacobian taken at
the COM)

e 2nd order diagonal plant * Very General

Pros « Good decoupling at Low
frequency (if Jacobian taken
at specific point)

45



V. Comparison and Conclusions

Comparison between Three different strategies:

Jacobians Modal Decomposition SVD

. e L he physical
* Coupling between * Need analytical equations oose the physica

force/rotation may be .meaJr[n;]g ?c .
high at low frequency INPULS/OUtpULs
(non diagonal terms in K)
Cons
* |f good decoupling at all * Decoupling depends
frequencies => requires on the real
specific mechanical approximation validity

architecture
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