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TECHNICAL MEMORANDUM

EQUATIONS OF MOTION FOR THE g-LIMIT MICROGRAVITY
VIBRATION ISOLATION SYSTEM

1. INTRODUCTION

A desirable microgravity environment for experimental science payloads may require an active
vibration isolation control system. A vibration isolation system named g-LIMIT (GLovebox Integrated
Microgravity Isolation Technology) is being developed by NASA Marshall Space Flight Center to
support microgravity science experiments using the microgravity science glovebox (MSG).!

In order to provide a quiescent acceleration environment for an experiment, an active isolation
system must sense and cancel the inertial accelerations applied to the experiment. With g—LIMIT, this
is accomplished by six independent control actuation channels that provide six independent forces to
a platform upon which the experiment resides. g-LIMIT is designed around three integrated isolator
modules (IM’s), each of which is comprised of a dual-axis actuator, two axes of acceleration sensing,
two axes of position sensing, and control electronics. The base of the isolator is the power and
information processor (PIP), which is attached to the MSG work volume floor. Flexible umbilicals
transferring power and data are the only physical connection between the isolated payload mounting
structure and the PIP.

In this technical memorandum (TM), the six-degree-of-freedom (DOF) linearized equations of
motion for g-LIMIT are derived. Although the motivation for this model development is control design
and analysis of g-LIMIT, the equations are derived for a general configuration and may be used for other
isolation systems as well. Since the translational motion of the isolation platform is constrained to 1 cm
travel in any direction and hence the rotational motion is also small, small angle and small displacement
assumptions are used to derive linearized equations of motion. It was also assumed that the base has only
translational motion that is transmitted to the platform.



2. FORMULATION OF SIX-DOF RIGID BODY EQUATIONS OF MOTION

In this section, linearized equations of motion for the six-DOF rigid body dynamic system of the
platform are derived using a Newtonian approach. The simplified configuration of the g-LIMIT system
is shown in figure 1. From figure 1, the following position vectors in inertial coordinates system are
defined: position vector from the origin of the inertial coordinates to the origin of the base coordinates,
EO ; three initial position vectors from the origin of the base coordinates to three position sensors,

R (i=1,2,3); two initial pos1t10n vectors from the origin of the base coordinates to two umbilical
attach points on the base, R (i=1,2); two initial p0s1t10n vectors from the umbilical attach points on
the base to the umbilical attach points on the platform, S; (i=1,2); initial position vector from the origin
of the base coordinates to the origin of the platform coordmates, Rb ; and relative displacement vector,

7 of the platform at the origin of the platform coordinates, three components (x, y, z) of which are trans-
lational degrees of freedom for the equations of motion of the platform. The following position vectors
in a platform body coordinates system are also defined: position vector from the origin of the platform
coordinates to the center of mass (CM) of the platform, 7.; position vector from the origin of the plat-
form coordinates to the external force’s acting point on the platform, 7;; two position vectors from the
origin of the platform coordinates to two umbilical attach points on the platform, 7, (i=1,2); three
position vectors from the origin of the platform coordinates to three position sensors, FP;’ (i=1,2,3);
three position vectors from the origin of the platform coordinates to three accelerometers, Fai (i=1,2,3);
and three position vectors from the origin of the platform coordinates to three actuators, Ffi (i=1,2,3).

During the derivation of the equations of motion, vectors will be expressed by the product of a
row matrix, whose elements are its three components in chosen coordinates, and a column matrix, whose
elements are three orthogonal unit vectors of the coordinates. For example, R and 7, can be expressed
as follows:

Ry=RyT! (1)
and
Fo=r, AL (=12.3) 2)

where Ry =[X( Yy Zp| is a row matrix of three components of Ry in the inertial coordinate system
and I'= [7 JK ] is a row matrix of three orthogonal unit vectors of the inertial coordinate system.
ty, =[x4 ¥4, 24 11s aTow matrix of three components of 7, in the platform body coordinate system

and A = [l7 jk ] is a row matrix of three orthogonal unit vectors of the platform coordinate system.

For the rotational motion of the platform, three rotational DOF (8, Gy ,0,) are chosen to repre-

sent three angles about x, y, z axis of the platform coordinates, respectively. With the rotational sequence
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Figure 1. g-LIMIT coordinate frame and vector definitions.

ofé., Gy .8, a transformation matrix C, that relates three orthogonal unit vectors of the inertial

coordinates system to those of the platform coordinates system, is given by

A=TC
and its transpose
Al =cTr?
with
c2%c3 —c2#s3 52
C=| slxs2*c3+53%cl —sl*s2+s3+c3%cl —sl®c2| ,

—cl*s2*%c3+53*%s1  cl*s2+53+c3+*5l cl*c2

where cl=cosb,, sl=sin6,, c2=cosf, s2=sinb, c3=cosh, and s3=sind,.

(3a)

(3b)



Assuming the rotational angles are small, the transformation matrix C may be simplified as

1 -0, 0,
C=| 0, 1 -0, )
-0, 0, 1
Defining a rotational skew matrix as
-0, 0,
6= o, 0 -0, ’ )
-0, 0, 0
the rotational transformation matrix C and its transposed matrix can be rewritten
C=1I3;3+6 (6a)
and
T =Ip5-6 (6b)
where [3,.3 is a 3 by 3 identity matrix. Then eq. (3) can also be rewritten
A=T (I3 +6) (7a)
and
Al =(Iz 3 -0)TT . (7b)

A skew matrix representation of any row matrix is also defined similar to eq. (5). For example,
the skew matrix of 7, =[x, y, z, ]11is denoted as 7, and defined by

il ()

In order to derive six-DOF equations of motion of the platform using a Newtonian approach,
absolute translational and angular accelerations at the platform CM are needed in the inertial coordinates
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system. The position vector from the origin of inertial coordinates system to the CM of the platform,
F.,, 1s defined by

Fon =Ry +Ry+7 +F.

=Ry Tl +R, T 4, 40 AT, )
where =[x, y, z] is a row matrix whose three components are translational degrees of freedom
for the equations of motion of the platform.
The absolute linear velocity of the platform CM is given by differentiating 7., w.r.t. time:
Fn =Ry T+ T 40 Al xr, AT, (10)

where @ =[9X éy QZ] is a row matrix whose three components are angular velocities about x, y, and z

axis of the platform coordinates. The absolute linear acceleration of the platform CM is given by differ-

entiating 7., W.r.t. time:
P =Ry TT 47T+ Al xr. AT + 0 AT o AT xr. AT, (11)
where @ =[éx éy éz] is a row matrix whose three components are angular accelerations about x, y,

and z axis of the platform coordinates. Equation (11) may be reduced to the following linearized equa-
tion by neglecting terms higher than first order under the assumption of small angles and displacements:

Fm =Ry T +7 T @7 T (12)
Therefore, the translational equation of motion for the platform becomes

F=M ’7cm
) (13)
=M Ryl smitl +Mm or T,
where M is mass of the platform and total acting force at the platform CM, F is defined by
F=rr1l (14)



with F = [F Y Fy F Z] whose three components are acting force at the platform CM to the directions
of X, Y, and Z axis of the inertial coordinate system.

" . r . . .
Defining a state X as a column matrlx[x yz 0,0, 92] , the translational equation of motion

of the platform may be rewritten as the following matrix form:
FL = M g3 RyT + M I3 -7.]X . (15)
The rotational equation of motion for the platform may be derived from
Mpo=H . (16)
where the total acting moment vector at the platform CM is defined by ]\71@ =M¢ 7 with
M =[My My My | whose three elements are the components of the moment acting at the platform

CM about X, ¥, and Z axis of the inertial coordinates system. H is the angular moment vector at the
platform CM and is defined as

AH=o1,T Al | (17)

where [, is the mass moment of inertia matrix about the platform CM and defined as

XX Xy Xz
In=|=Lix Ly —h | (18)
_sz Izy IZZ

The time derivative of the angular moment vector at the platform CM, j2} , 1s given by
H=01,7AT + oA xo 1, AT
=@ 1, —0 1,7 @153 -0) T
~@l, -0, o)T! (19)

~or, T



Thus, by combining egs. (16) and (19), the rotational equation of motion of the platform can be written
M-t =1, 1T (20)
Rewriting eq. (20) in matrix form using the state X,

M =033 1] X @D

Finally, combining the translational equation of motion (15) and rotational equation of motion
(21) yields the following six-DOF rigid body equations of motion of the platform:

T -
F _ M]3><3 R T MI3X3 —MI"C X
7| o o Flg I ' (22)
MC 3%3 3x3 m

The next step is to define the total acting force and moment at the platform CM. The total force
acting at the platform CM, F is comprised of three actuator forces F a,, (m=1,2,3), two umbilical spring
forces F“Ml, (i=1,2), two umbilical damping forces Fd%’ (i=1,2), and a direct disturbing force F;. As
shown in figure 1, three actuators are assumed to be located at the counterclockwise azimuths of
0,0, .63 about the z axis from the positive x axis. Three row matrices of the unit vectors of each
actuator coordinates are defined as A, = [fm im Em] (m=1,2,3).

The relationship between the unit vectors system of platform coordinates and the unit vectors
system of three actuator coordinates is given by

A, =AC, (m=12.3), (23)

where

cos@, —sing, O
C, =|sin@, cos@, O] (24)
0 0 1

Transposing eq. (23) with eq. (3) yields
AL =c, T AT

¢, c'rl m=123) . (25)



The force that is generated by the mth actuator is defined by

ﬁa = [Famx O dez] AmT (m = 1’2’3) s (26)

m

where F, and F, are the two orthogonal x and z axis components of the mth actuator force.

These force components are determined by the control system.

Substitution of egs. (6) and (25) into eq. (26) yields

Fy o =|Fy. 0 Fy |ChT (Ia—0)T"

amz

1 00 T (27)
- [Famx Famz] |:0 0 1:| CWZT (I3><3 - 9) I (m=1,2,3)
Rewriting eq. (27) in matrix form, equation of three actuator forces becomes
~ 1 O Fd
F, T =(I3+6)C, |0 0 o (m=1,2,3) . (28)
0 1 Az

The spring force due to the umbilical may be determined as the product of the umbilical spring
coefficient and the deformation vector of the umbilical. The deformation vector of the ith umbilical is
given by

— — — —

dl'iz' =(Rb+’_;+’_ﬁliil~_RM~)_Si

=RT" +T 45, A —R, TN =T
=R,T +1T" 41, (I33-6)T" =R, T' -5

=Ry +1, R, —Spr +T +[6, 6, 6,|7, 7 (i=12) . (29)



Since the first term of eq. (29) is zero, eq. (29) becomes

d, =[xyz]T" +[6,6,6.]7, "

r”li

I X
-x! {f S}FT (i=12) . (30)

Writing the above equation in the matrix form,

X 0,

duiT— y +er,T 0,

z QZ
=[5 i ]x =12 . 31

Therefore, the spring force due to the ith umbilical, F, T can be given by

FM;'T - KM;’ dMiT
=K, |lya -7 |X (=12 . (32)
and in the vector form
N T )13x3 T :
F, =X K, T (i=12) , (33)
U

where K, is a3 by 3 stiffness coefficient matrix whose elements are spring stiffness of the ith umbilical

in the direction of the inertial coordinates.

The damping force due to the umbilical may be determined by product of the umbilical damping
coefficient and the time derivative of deformation vector of the umbilical. Neglecting higher order terms,
the time derivative of deformation vector of the ith umbilical is given by



i =[xy :r +]6, 6, 6.7, 1"

(1
- XT{fXS}rT (i=1,2)

r”li

Writing eq. (34) in the matrix form,

,x Q'X

i =4y r+7, 116,

Z 6,
=[5 7 | X (i=1,2)

Therefore, the damping force due to the ith umbilical, F,; T can be determined by
T T
F, I/ldl' = Clxll' ul

=Cy I3 7| X (=12 .

and in the vector form

— . ]3 3
Fudl,sz{Fx }CMZTFT (i=12) ,

U

where €, is a 3 by 3 matrix whose elements are damping coefficient of the ith umbilical

in the directions of the mertial coordinates.

A disturbance force F 7> assumed to be applied directly at the position 7; of the platform,
is defined as

Fp=fi A
= fu (33 - )T

10

(34)

(35)

(36)

(37)

(38)



Rewriting eq. (38) in matrix form,

il =3 +0) £

(39)

where f; is a row matrix whose three elements are x, y, and z axis components of the disturbance force
in the platform coordinates.

and

2 ZF T ZFT 2 dT+FdT,

m=1

fu=[Fu,

o o =

= 03x2

O3x2

where 05, is a 3 by 2 zero matrix. Then,

Fl =

— o O

Define the actuator force input vector as

alz

03¢0 O3x2

o o =

03x2

— o O

Consequently, the total force acting on the CM of the platform, F T can be determined
by combining eqs. (28), (32), (36), and (39):

a22 an aSZ:I

03X2 s

o o =
— o O

(%m+éﬂcl(b Glur £.°

2 2
_ZKMZ' [13><3 —fui]X—ZCui [13><3 _Fui]X
i=1 i=1

+(I3x3 +0) 4!

(40)

(41)

(42)

(43)
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In order to complete the derivation of equations of motion of the platform, the total moment
acting at the platform CM is determined next. The total moment acting at the platform CM consists
of moments due to three actuator forces, M, 4, (m=1,2,3); moments due to two umbilical spring forces,

M i, (1 =1,2); moments due to two umbilical damping forces, M du, (1 =1,2); and the moment due
to direct disturbing force, M.

The moment about the platform CM due to the mth actuator force is given by
Mam - (Ffm N l_;c) Xﬁam
=(r; —r)N xF,
=rry, Al % ﬁam m=1,2,3) , (44)

where Fa, =[(xfm —X.) (yfm -y.) (me —zC)] .

Substitution of eqs. (7b) and (27) into eq. (44) yields

Mam =1ra, (I3x3 _é)FT X[Famx Fam] |}) (()) (i:| CmT (13><3 - é) FT

z_[Famx Fam] 0 (()) (i CmT (ISXS_é)FFamFT

+|:FaWUC Famz] 0 0 1 CmT(rFamé)N FT (m=l, 2, 3)
10 0] . op . . i
=[F, . F, ] 0 o 1|6 |~a,, +0 Fra, + (g, 0] T (45)

Written in matrix form, eq. (45) becomes

1 0

-~ -~ Famx

MamTz Fa,, * 74,0 = (1pq, 0) ]Cm 0 0 {F } (m=1,2,3) , (46)
O 1 amZ

where ()~ is a skew matrix of the row matrix inside the parentheses.

12



The moment about the platform CM due to the ith umbilical spring force can be determined by
Mlxll' :(f‘lxll' _’%)Xﬁui
=(r, — 1A' xF,
=1 A XF, (i=12) , 47

where I'py, =[(xul, —X.) (yul, —Ye) (Zui —Zc )] .

Substituting eqs. (7b) and (33) into eq. (47) gives

- ~ 33
M, =rpy, (I3 - 0T x X' {F } K, Tt

U

I3x3 ~ .
~ —XT{FM' }KMZ,T oy, OO (i=12) . (48)
Writing eq. (48) in matrix form,
MI/lZ'T = FFMZ Kl’li [l3><3 _Fl’li]X (i:L 2) (49)

The moment about the platform CM due to the ith umbilical damping force can be determined by
M,y =rp, A X Fyy (i=12) . (50)
Substituting eqs. (7b) and (37) into eq. (50) gives
Yy T o T 1333 T
Mbldl' = rFI/ll' (]3><3 - Q)F x X 7 Cl’li T

U

(1
z—xT{fXS}cMinFW T (=12 (S1)

r”li

13



and in matrix form
My " =7y, Co|lis 7 | X =12
ud; = TFu, Cu [13x3 Ty, (i=12) . (52)
The moment about the platform CM due to the direct disturbance force F; can be determined by
Md =(I7d —fC)Xﬁd
=(ry —r)AT ¥,

EI’FdAT Xﬁd s (53)

where 77y =[(Xd =x0) g—ye) (zg-z, )] .
Substituting eqs. (7b) and (38) into eq. (53) gives
r eyl 1
My =r1p (33 — O X f;(I3x3 —60)T
= —fy g U+ £ (pg 0)7 U0 4 f0 iy T
_ N S~ T
= fd[—er + (g 6) +6 ”Fd] r (54)
and in matrix form
My" =[Fpg+7ra 0 =g O |17 (55)

Consequently, the total moment about the platform CM, M CTcan be determined by combining
eqs. (46), (49), (52), and (55):

14



3 2 2
M=y M, T-Ym -y M, Myt
m=1 i=1 i=1

10
3 fra,, + ra, 0 (pa, 0|0 0[5
:2 a a a m 0 F

dmz
m=1

2
- ZFFMZ' Kui [13><3 _fui ] X
i=1

2
_ZFFMZ' Clxll' [l3><3 _lell']X
i=1

+[de +77g 0 gy é)N]de ~

Defining the following skew matrices,
RFam E[’7Fam +’7Famé_(rFam é)N]
and
Ry =|Fra +7ra0-(rpg )]

eq. (56) can be rewritten as
M = [(RFal Cl) (ﬁm2 Cz) (RFag CS)]UT £t
2
- ZFFMZ' Kui [ISXS _Fui ] X
=1
2 .
- E{FFMZ» Cui [ISXS _Fui ] X
i=

+Rpg £

(56)

(57a)

(57b)

(58)

Finally, the equation of motion for six-DOF rigid body motion of the platform can be determined

by substituting eqs. (43) and (58) into eq. (22):

15



[M13x3 —MFC]XJr 2 Cui[13><3 _Fui] .
I

0 ~1 - =
3x3 m i=1 rFI/ll' Clxll' [l3><3 _rI/ll' ]

) = -
Kl/ll' [13><3 rl/ll':l X=—|:M 13x3:|R. T +|:(~13><3 +9):|de

i=1 FFMi K”li [ISXS _Fl’li] 03><3 Rrg

(13><3+é)[C1 C; C3]

' (ﬁm1 Cl) (ﬁm2 Cz) (RFag C3

| ur £,k (59)

To express this equation of motion in concise form, the following definitions are introduced:

- [M Ly -M FC] 0
03x3 Iy,

2 FCI/ll' [13><3 _Fl’li ] ]
Cx=2| e (60b)

i=1 _rFI/ll' Clxll' [I3><3 _rI/ll' ] ]

2 FKI/ll' [l3><3 _Fl’li ] ]
Ky=2| - (60¢)

i=1 _rFI/ll' Kl’li [13><3 _rI/ll' ] ]

M ]3 31 . (]3 3 +é)
FX:—[ OX]R0T+ 7 fat
3x3 RFCZ
(13><3 + é) [Cl C2 C3] T

Up £, (60d)

4
(iem1 Cl) (RFaZ Cz) (RFag Cs)

With these definitions, the equation of motion of the platform can be written as the following
second order ordinary differential equation:

16



3. STATE-SPACE MODEL FORMULATION

For many modern control design methods, the dynamics and measurements of the system to be
controlled (the “plant,” denoted by a subscripted “p”) are expressed in state-space form consisting of
first order ordinary differential equations. A standard notation for the state space formulation of the plant
dynamics and outputs is

X, =Apx, + Byyw+ By u

Yp=Cpx, +Dyyw+Dypu (62)

where X, € R is the state vector, W € R™ is the disturbance input vector, u € R™is the control force
input vector, and y,, € R7is the output vector. This section will develop the state-space formulation of
the equations of motion in eq. (61) and the sensor measurements. With this application, the outputs
consist of acceleration and position measurements at the sensor location.

3.1 Acceleration Sensor Measurement Model

Each g-LIMIT isolator module has two sensors which measure acceleration at the location of the
accelerometers in the x and z axis directions of the IM coordinates. The acceleration vector at the loca-
tion of the accelerometer of the mth IM, d,, can be given by

a, ~ BRIl +iTT + & Al x ramAT
=Ry +i0" + o7, A (m=1,2,3) . (63)
Combining egs. (6) and (25) yields
T _ T
Al =C, A, (64)
and
I’ =35 +0)C A, T (65)

Substituting eqs. (64) and (65) into eq. (63),

17



iy =Ro(I3x3 +0) CpA, T + (I35 +0)C AL

+oF, Cuhy'
= RO(ISXS + é)CmAmT + [x h) ‘Z']CmAmT
+ [ex éy éz]Fam CmAmT (m=123) . (66)

Writing eq. (66) in the matrix form using the state X,

a," = (I3 -0 R +C, [l -7, [X (m=123) .

. (67)
Then, the acceleration output of two accelerometers of the mth IM can be given by
dn | |1 O Of 4 123
a, [Tlo o 1f'" (m=123
1 00 .
— T _F
_|:O 0 1:|Cm []3><3 l"am]X
1 00 o
T T
+ |:O 0 1:|Cm (13><3 - Q)RO . (68)

Therefore, the total acceleration measurement vector, A= [al)C ay ay dap_as az ], can be determined by

_1) (()) (1)~C1T[13><3 _Fal]— é (()) ?:ClT(sts—é)—
o e e o
1) % ?:CsT[lsxs —fag]d 1) % ?:CsT(lsxs—é)d
=T{X+ A Ry!

(69)
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3.2 Position Sensor Measurement Model

Each g-LIMIT IM has two position sensors which measure the relative displacement of the
isolated platform with respect to the MSG-fixed base at the location of position sensor in the x and
z axis directions of the IM coordinates. The relative position vector at the location of position sensor
of the mth IM, & p, is given by

Spm=(ﬁb+7+fpm)—ﬁpm (m=1,2,3)
=R," T +rp AT —Rp T
=R,T" +/T! +1p (I3 -6 —Rp T'
= (R, +rp, —Rp )T +[xyz]l" +[0, 0, 0.|7p T . (70)

Note that the first term of eq. (70) is zero. Substituting eq. (65) into eq. (70) and then obtaining first
order terms yields

Sp, =[xyzt" +[0,6,06.|7 T" (m=1,2,3)

=[xy 2]CuA, T +]0, 0, 0.7 Cur, T (71)
Writing eq. (71) in matrix form using the state X,

5PmT = CmT[sts —7p ]X (m=1223) . (72)

Then, the output of two position sensors of the mth IM can be given by

op 1 0 0]
= op | =123
{5%} 0 0 1" =k
o o
T ~
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Therefore, the total position measurement vector, 0P = [8 P, Op. Op, Op,_Op,_ Op,_ ] , can be determined

by

1 0 0]
00 1 Cﬁj{lsxs
[1 0 O]
T
5P = O O 1C2T[13x3
[1 0 O]
T
ETxX

— rPZ

]

]

(74)

3.3 State and Output Equations

The state space equations may now be written. From eq. (61), the dynamics of the platform may

be written as

X: MX_lFX - MX_chX_ MX_lKXX . (75)

This second order differential equation can be written in state space form by defining the state, input,

and output vectors as follows:

s
T T
« State vector: Xp = [X X ]
. i i . . T
Disturbance input vector: W [ B, fd]
+ Control force input vector: u=fr

«  Output vector:

20

yp= [5P XT]T



The resulting state space equations are:

0 / O6x3 O6x3
. 6x6 6x6 MI (I35 + é)
X, = ) -1 X + -1 3x3 —1] \M3%3 w
g [—MX Ky -My CX] b —My [ 03x3] My |:RFd
) O6x6
o (I3 +0)[C1 €y C5] .
X |- . . T
(RFal ¢ 1) (RFa2 ¢ 2) (RFa3 Cs)
P 0 Ogx3 Opx3
_ X 6x6 MI (I +0)
Yp |: 4 1 :|xp | a1 3%x3 —1| \£3x3 w
_MX KX _MX CX MX O3><3 MX RFd
) O6x6
Iz +0)[C; C; C3]

(EFCH Cl) (ﬁFdz CZ) (RF% C3)

The coefficient matrices can now be identified by comparison of eq. (76) with eq. (62).
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4. UNCERTAINTY MODELING FOR CONTROL DESIGN AND ANALYSIS

A key objective of control system design is robustness to variations between the actual system
and the model on which control designs are based. For microgravity vibration isolation systems, the
primary uncertain parameters of interest are the payload mass, umbilical stiffness, umbilical damping,
and composite isolation system/payload center of gravity (cg). Although both mass and stiffness or mass
and damping uncertainties are important for consideration, it is evident that the mass terms appear in the
system A matrix (from which stability is determined) as products with the stiffness and damping. Hence,
both uncertainties cannot be considered simultaneously with standard linear robust control methods.
Simultaneous mass and stiffness or mass and damping uncertainty need not be considered, however,
since mass uncertainty may be effectively accounted for in either stiffness and damping uncertainty or
uncertainty in the product term itself. In the following section, the uncertain dynamics will be developed
for parametric uncertainty in stiffness, damping, and cg location. For a treatment of uncertainty in the
product term (system natural frequency and damping ratio), see references 2 and 3.

Considering only one uncertain umbilical and treating the uncertainties as additive parametric

uncertainty, the uncertain umbilical stiffness, damping, and composite cg location may be defined,
respectively, as

K1 =(Ky1)o +AK,
Cy1=(Cy1)o +AC,
FC:rCO(1+5cg) ’ (77)

where the zero subscript indicates the nominal value.

The uncertain cg location implies uncertain moment arm for the application of umbilical
and actuator forces as well:

Tyl =51 —1e
=)o — SCngO (78)

and

Fam =Tfm —1c

= ("Egm)o — SCngO . (79)
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The skew symmetric matrices become
Ie =1:0 +6cg’7€0

Tt = (1) _6cg’700

Team = Tram)o = 8cg’7€0 )

and from eq. (57a),

RFam =pam + Tram®— (rFame)N]

= (Rpamlo = chRCO .

These uncertain terms are now substituted into the coefficient matrices of the state space
equations of motion, eq. (76). From eq. (60a),

|:M]3><3 _MF0:|_|:MI3X3 _M(FCO+5CgFCO):|
O3x3 Iy 03x3 Iy ’

with the inverse given by (ref. 5, p. 656):

-1 . L -l
Ml = [M I3x3  (7p0 +80ngO)IM ]
X = -1 :
O3x3 Iy

Also from eq. (60c), for one umbilical

Ko = (K)o +AK, [I _7 ]
| @) = Beg0) (K)o +AK ) | V3

(80)

(81)

(82)

(83)

(84)
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and likewise from eq. (60b),

(Cul)O +ACM B
C'{ﬂ&mm—&ymxwmm+Acwﬁ“” “al

The first product term to be expressed is the product M 'K, , given by

M?KX:[ ] (o =847 )(K 1) + AK,)
03%3 Iy Fu1)0 — 9cglc0 ul)0 U

which after neglecting products of uncertainties becomes

1 U
-1 -1 M +7 IM (I’F 1) -
MXKX=(MXKXM+{ 33 el WO, [y =]
Iy (Fryo

1=~

R L -

r.n0l 7 -7 -

[ ol o 60>]5Cg<zfm>o[13x3 il
M0

Similarly, the mass and damping product term is

_1 I
_ _ M I 1 ~
MchX — (MchX)O + 3><3_T ool (rFI/ll)O ACM[I3><3 _rl/tl]
Iy (Fpy1o

—1~

Fooli (Gry)o = T .
M0

Considering the uncertain component of the B; , matrix,
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MLy (g +6Cgfco)1;41][ (K)o +AK,, ][13 ]
X u 4

(85)

(86)

(87)
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el (s +0)[C1 ¢ €]
' (RFdlcl) (RF%CZ) (RFd3C3)

B M_l(lsxs +0)[c; ¢, C3]+fc01541[(1§m1)0c1 (Rpa2)0Ca (RFaS)OCS]
_ i & 3
Iy [(RFal)O C1 (Rpp)oCr (Rpg3do CS]

. 8.oi0lit [(Rrano —Re0)C1 (Rpga)o—Roo)Car (Rry3)o — Re0)Cs]
—8:I3fRoolC1 €y C5] (89

The partitions of the Ap matrix in eq. (76) may now be evaluated by considering the nominal and uncer-
tain components of the preceding uncertain product terms. The system Ap matrix may be written as the
nominal portion plus the uncertain contributions, or

AP:AO +AAK +AAC +AACg , (90)
where the nominal portion, A, is the A matrix corresponding to zero uncertainty. By grouping the
uncertain terms of the individual product terms, the uncertain components of Ap are

[ Opx6 Opx6
-1 o =1~
Ay =[|-M "1 - I (I" ) ~
K |: 3)(3_1 ~CO MV Eyl O:|AKI4[I3X3 _ I/tl] 06><6
i =1y (Fryo
[ O6x3
= (_M)—(l) [ I3x3 ] AK,[[13x3 = Fa] Oz
01 (1o
:AAKL*AKM*AAKR 5 (91)
[ O O6x6
AAc = 1 [ I3x3 ] y
0 -M - AC |1 -7
[ Opx3
= (—M;_(l) |: I3x3 :| AC, [03><6 [13><3 - ~I/l1]]
KGR
= AACL *ACM *AACR 5 (92)
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and

Ur

[ Osx6 Osx6
I - I -
Folv (Fey))o —Fe0) . ol ((Fry )0 —7-0) -
A, =]~ [ <0 M_Ifﬁll 070N 8 (Kollaxs —Fa] - [ oM Iﬁ‘l 0770 ]66g(cul)0[13><3 =
M0 | —IMT0
O6x3 ]
I -
reodyr ((Fry1)o —7e0) < <
= —! cOTM 1@[; 070 ] Selal(Kollis —7al €l —7al]
~Iyi 7o
= AAch >k66g13>><3> >kAAch . (93)
Finally,
O6x6 - - - < < -
Ar= 4 ((Rpg)o—R:0)C1 ((Rpg)o —Reo)Co ((Rpgz)o — Re0)C3
AByy =|| 7ol O3x3 [[Begloxo c c c
O35 —Ii/Reg ! 2 .
=AB) 1 *8cglox6 ™ ABypr - (94)

Note that uncertainties in the disturbance input are not included herein as they are treated directly
in the weight selection for robust control design.

A block diagram of the uncertain plant with these uncertainties is given in figure 2.

w
P B‘]p
X
u
> B (s1-Ap)” >
Y Y Y A
AByup AByyy Mg || Mg || Mgyt AMegr | | Mer || Ak
A A
’ L 8yl led
= 5ch6><6 o
AC |-
AK |-

Figure 2. Uncertain plant block diagram.
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5. MATHEMATICAL MODEL VERIFICATION

In the previous sections the mathematical model of the g-LIMIT dynamics and control system
is derived to analyze the dynamics of g-LIMIT and to design control systems for g-LIMIT. This math-
ematical model was developed for an arbitrary configuration and mass properties, allowing easy adapta-
tion to other isolation systems in addition to g-LIMIT. In order to verify this mathematical model, it was
coded using MATLAB™ and simulated for various test cases using the configuration and mass proper-
ties of the suppression of transient acceleration by levitation evaluation (STABLE) vibration isolation
system.* These simulation results were compared with those obtained from the STABLE TREETOPS
model.# For these simulations, accelerometer bias and noises were not included.

First, to check the validity of the six DOF equations of motion of the platform and mathematical
models of position sensors and accelerometers, a direct disturbance force was given on the CM of the
platform and then time-response simulation was performed without controllers on. Second, to check the
validity of acceleration control logic and the interaction between the system dynamics and the accelera-
tion controller, a sinusoidal base acceleration disturbance was given without any direct disturbance force
and the time response simulation was performed with only acceleration controller on. Finally, to check
the validity of position proportional-integral-derivative control logic and the interaction between the
system dynamics, the acceleration controller and the position controller, an initial displacement was
given to the platform without any other disturbance and then the time response simulation was per-
formed with both acceleration and position controllers on. For all three test cases the output of six
position sensors and six accelerometers obtained from the mathematical model derived herein and the
STABLE TREETOPS model were matched. Therefore, this mathematical model is believed to be accu-
rate under the assumption of small motions.
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6. CONCLUSIONS

This TM documents the mathematical modeling of the g-LIMIT system that was developed to
provide the dynamic equations of motion in state equation form for control system design. State-space
equations are provided for acceleration and relative position measurements at both the platform CM
and the sensor locations. Disturbance inputs consist of base acceleration and a directly applied force.
This mathematical model will also be used for a reference to verify a g-LIMIT TREETOPS model which
will be developed and used as the truth model to predict the performance of the g-LIMIT system with
the designed controller.

Since final configuration and mass properties of the g-LIMIT system are not yet determined, the
equations of motion were derived for a general configuration of a six-DOF rigid body system. However,
this mathematical model was verified against the TREETOPS model for the STABLE configuration and
can be easily modified for the final g-LIMIT configuration.
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