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The LISA DFACS: a Nonlinear Model for the Spacecraft Dynamics***

Simone Vidano®*, Carlo Novara®, Luigi Colangelo®, Jonathan Grzymisch”

% Department of Electronics and Telecommunications, Politecnico di Torino, Corso Duca degli Abruzzi 24, Turin 10129, Italy
b Guidance, Navigation and Control Section (TEC-SAG), ESTEC, European Space Agency, Keplerlaan 1, Noordwijk 2201 AZ,
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Abstract

In the last few years, the observation of gravitational waves by means of LIGO and Virgo interferometers and
the success of LISA Pathfinder, gave a significant boost to the development of space-based gravitational wave
observatories. The European Space Agency confirmed LISA as the third large class mission of the Cosmic
Vision program. The present work is part of the Drag Free and Attitude Control System (DFACS) preliminary
prototyping study, which aims at the development of mathematical models and advanced controllers for the
science phases of the LISA mission. Nonlinear modelling is a fundamental step for the derivation of linearized
and decoupled models as well as for the development of suitable linear and nonlinear controllers. In this
paper, an analytical nonlinear model is derived, which describes all the relevant dynamics of a LISA spacecraft,
representing an effective compromise between accuracy and complexity. The model is extensively validated
through linearization analysis and Monte Carlo simulations.
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Nomenclature

Acronyms

AME Arithmetic Mean Error

CRF Constellation Reference Frame

DFACS  Drag Free Attitude Control System

DWS Differential Wavefront Sensing
DoF Degree of Freedom

ESA European Space Agency

ES Electrostatic Suspension

FEEP Field Emission Electric Propulsion
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Variables

ry € R3:
ry € R3:

I 3.
ry; € R°:

ryr € R3:

qs € R*%:
qsr € R*:
qc € R:
qm € R*:
0s € R3:
0, € R3:

wg € R3:

wsr € R3:

Gravitational Reference Sensor
Interferometer

Inertial Reference Frame

Laser Interferometer Space Antenna
Multi Input Multi Output
Mass Reference Frame

Micro Propulsion System

Root Mean Square Error
Optical Assembly

Optical Reference Frame
Spacecraft

Spacecraft Reference Frame
Star Tracker

Test Mass

S/C CoM position wrt the IRF origin - components in IRF
TM CoM position wrt the cage center - components in ORF
TM CoM position wrt the cage center - components in IRF
TM CoM position wrt the IRF origin - components in IRF
quaternion of the rotation CRF —> SRF

quaternion of the rotation IRF —> SRF

quaternion of the rotation SRF —> ORF

quaternion of the rotation ORF —> MRF

Euler angle vector of the rotation CRF —> SRF

Euler angle vector of the rotation ORF —> MRF

S/C angular velocity wrt CRF - components in SRF

S/C angular velocity wrt IRF - components in SRF



wo € R%: OA angular velocity wrt IRF - components in ORF

wyr € R3: TM angular velocity w.r.t. ORF - components in MRF
wyrr € R3: TM angular velocity w.r.t. IRF - components in MRF

wc € R3: CRF origin angular velocity wrt IRF - components in CRF
v € RL: angle between the ORF x-axis and the SRF x-axis

¢ e RL angle between the ORF x-axis and its direction at rest

we = (0,0,¢), wy = (0,0,%)

ac =(0,0,0), a, = (0,0,%)

Lo,Ls: direction vectors of the laser rays coming from SC2 and SC3 on SC1.

Command inputs

Fr € R®: MPS command force - components in SRF
Fr € R3: ES force - components in ORF

My € R3: MPS torque - components in SRF

Mz € R3: ES torque - components in ORF

Mopa € R: OA command torque

Disturbances

ds € R?: disturbance force acting on a S/C - components in SRF
d; € R3: disturbance force acting on a TM - components in ORF
Dg € R3: disturbance torque acting on a S/C - components in SRF
D), € R3: disturbance torque acting on a TM - components in ORF
D¢ € R:  disturbance torque acting on an OA

Fs, € R3: stiffness force acting on a TM - components in ORF

Mg, € R3: stiffness torque acting on a TM - components in ORF



Parameters

mg € R:  S/C mass (including the two OAs)

my € RY: TM mass

Js € R3*3: S/C inertia matrix w.r.t its CoM (including the two OAs)

bs € R?:  vector from the S/C CoM to the OA pivot - components in SRF

by € R3: vector from the OA pivot to the cage center - components in ORF

b =bg + Tng € R3: vector from the S/C CoM to the cage center - components in SRF

K, ci, I, € R': OA stiffness, damping, inertia

Mathematical Notations

e Scalars: a,b € R.

e Column vectors:

1
r=(r,..., ) =[r ...Tn]T: c R™*1,
Tn
o Row vectors: v7' = [r; ... 1,] € RI*",
e Matrices: M € R"*™,
e Cross products:
0 -r3 m D1 Top3 — T3p2
rxp= r3 0 -r D2 | = | T3p1—TipP3
—-ry T 0 D3 T1P2 — T2P1
0 —T3 T2
r = T3 0 —T1
—7T9 T1 0

o Vector /5 (Euclidean) norm:

el = el = felly = VT = ViTr = /ST 7 = 7

o Nw)=AJ,w) = —J 'wx Jw.
e N=Qw) =w wX +w*.

e Z (7) elementary rotation around z-axis by an angle ~.



o TY: rotation matrix RFb —> RFa (coordinate transformation RFa —> RFb). A rotation matrix can be

expressed in function of the corresponding quaternion as

B+E-6-3  2(aee — q093) 2(q1q3 + 90q2)
T=T@=| 2qe+wpsp) @-3+E-3 200 —q00)

2(q1q3 — qoq2) 2(q2q3 + qoq1) @} —ai — a3 + 43

» Rotation matrix time derivative (Poisson relation):
Tf = Tlw,x
T8 = —wo x T
where w is the angular velocity vector of RFa wrt RFb with components expressed in RFa.
; o 3x1
o Quaternions: q = (go,q) = ,qo €ER, q € R,
q
o Quaternion product: q®p = (gopo — q- P) + (9P + poa + q X P)
¢ Quaternion kinematics matrix:
—q1 —92 —G3
do —43 Q2

q3 qo —q1

—q2 q1 qo

e Quaternion to Euler 123 conversion:

2 (gagy —
¢ = atan2 (_ . (%34 %0%)2)
Q5 — 91 — 495 +q;

¥ = asin (q1g3 + qoq2) (2)
2 —
¥ = atan2 (_ . ((hgz %0%)2)
Q +91 — 495 —q;

1. Introduction

Gravitational waves are an important aspect of General Relativity Theory that still needs to be fully inves-
tigated. For this reason, LIGO and Virgo ground-based interferometers were set up in the mid-1990s and were
improved in the following decades [1], achieving the first observation of a gravitational wave in 2015 [2]. The
Earth’s seismic activity affects their measurement spectrum below 10 Hz [1] and consequently, the gravitational
waves emitted by some astrophysical objects cannot be observed [3]. The first concept of a space-based interfer-
ometer, with a measurement bandwidth from 0.02 mHz up to 1 Hz, was proposed in the mid-1990s [4], but due
to the overall complexity and the uncertainties regarding the current state of the art of technology, a precursor
mission of LISA was developed in the mid-2000s [5, 6, 7]. LISA Pathfinder was launched in 2015 and performed

in-orbit tests until 2017, demonstrating key technologies required to satisfy LISA performance requirements [8].



These outcomes, together with the first observations of gravitational waves by means of ground-based inter-
ferometers, resulted in the selection of LISA as the third large class mission in the next ESA Cosmic Vision
program. Hence, as part of the mission preparation, ESA started several development studies such as the system
Phase-A and the LISA DFACS (Drag Free and Attitude Control System). In the meanwhile, academic research
mainly focused on spacecraft rendezvous [9, 10], formation control [11, 12] and flexible spacecrafts [13, 14] rather
than drag-free controls. The latter are necessary in all the applications that require a fine compensation of the
disturbances affecting science and for this reason they were used in the past for gravimetry missions such as
GOCE [15] and GRACE [16]. However, drag-free control is of primary importance also for the obsevation of
gravitational waves, which are detected by measuring accurately the relative distance between two bodies placed
in geodesic trajectories. This condition can only be obtained by compensating for all the disturbances acting
on the reference bodies down to the nanoscopic scale by means of a high performance drag-free controller.

The present work is part of the LISA DFACS preliminary prototyping study, which aims at the mathematical
modelling of the spacecraft dynamics and at the design of controllers for the science phases of the LISA mission.
Despite some papers on control systems for past LISA concepts are present in the literature [17, 18], very
limited information is available on the mathematical models. For instance, [17] provides some guidelines for a
possible drag free control system, but no information regarding mathematical modelling is shown. [18] provides
a linear state space model used for the control design, but neither its derivation nor the terms that compose
the model are reported. The same holds for the modelling and control design papers about LISA Pathfinder
[19, 20, 21]. Another difference with respect to the previous works about LISA is that they consider an old
spacecraft concept that dates back to the mid-2000s. For example, [18] assumes different spacecraft mass and
inertia properties, different actuators (FEEP instead of cold gas thrusters) and different noises.

In the present work, the latest spacecraft concept is reviewed, then reference systems are defined and an
algorithm to obtain the so called Constellation Reference Frame is provided. A nonlinear model for the multi-
body dynamics is derived and validated in simulation. To the best of the Authors’ knowledge, it is the first
complete nonlinear dynamic model available in the literature for a LISA spacecraft. It describes all the relevant
nonlinearities, representing an effective compromise between accuracy and complexity. It is not computationally
demanding allowing quite fast simulation and it is suitable for linearization, decoupling and control design. A
preliminary version of the model was presented by the Authors in [22]. With respect to [22], the present paper
provides an improved version of the model, its derivation, the validation process and the analysis of the results.

Moreover, an algorithm for the computation of the constellation frame is proposed.

2. Methodology

The LISA spacecraft is a quite complex multi-body system and consequently cannot be modelled and con-
trolled as a simple rigid body. The spacecraft concept was reviewed in order to identify the bodies involved,
the degrees of freedom and the kinematic chains. Then, suitable reference systems were assigned to the plant

and a nonlinear model was obtained by means of a Newton-Euler approach. In order to validate the model,



the frequency and the time responses were evaluated in Matlab-Simulink and compared with a SimScape multi-
body benchmark model. SimScape is a CAD-like software based on Matlab-Simulink that allows to build
models of complex physical systems using a set of elementary blocks, avoiding the use of mathematical equa-
tions. Although the SimScape model is accurate in simulating the spacecraft dynamics, it does not provide a

mathematical description of the system that is being modelled.

3. Nonlinear modelling

3.1. Plant Description

~scz SC3

Figure 1: LISA orbits (left), LISA spacecraft (right)

The LISA observatory consists in a constellation of three spacecraft travelling on different inclined heliocen-
tric orbits, resulting in a Sun-facing spinning triangle with a nominal side length of 2.5 - 10° km (Fig. 1). Due
to the orbital dynamics, the inner angles change periodically between 59° and 61° and the constellation center
follows the Earth at an average distance of 60 - 106 km.

The current spacecraft concept consists of a science module that carries two moving Optical Assemblies
(OA) whose nominal inter-angle is 60° (Fig. 1). In turn, each OA is composed by: i) a telescope; ii) an optical
bench for laser interferometry; iii) an electrostatic suspension system (also known as Gravitational Reference
Sensor), which houses a suspended cubic test mass (TM) as shown in Fig. 2. The GRS was tested in-orbit by
LISA Pathfinder [23], [24] and will be inherited by LISA.
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Figure 2: Optical Assembly (left), Gravitational Reference Sensor (right) [25]

The spacecraft is also a well-balanced system, given its geometrical symmetry and mass distribution, such
that the overall center of mass is close to the barycentre.

Since the LISA control problem is based on nanoscopic scale quantities, some low-scale couplings that affect
the system dynamics are not negligible. For instance, even if the test masses are apparently unconnected
and suspended inside the spacecraft, the local electromagnetic and gravitational fields determine low-scale
interactions between spacecraft and test mass that act as virtual springs. This problem has been addressed also
in LISA Pathfinder [26] and in some other preliminary studies about LISA [27].

Hence, eacmass is stiffly connected to the optical assembly with a system of virtual springs, while each OA
is linked to the main body thanks to a mechanical hinge that allows only yaw movements. To conclude, a single
LISA spacecraft is a multi-body system characterized by 20 degrees of freedom: (i) 6 DoFs for the external
body; (ii) 1 DoF for each optical assembly; (iii) 6 DoFs for each test mass.

Depending on the mission phase, several configurations of actuators and sensors will be available. For what
concerns the actuators, cold gas thrusters are mounted on the external surface and apply forces/torques directly
on the main body. The inter-telescope angle is commanded by means of a dedicated internal actuator that applies
torques around the mechanical hinges of the telescopes. All the TM DoFs can be controlled and sensed thanks
to the electrostatic suspension. The longitudinal translation, the pitch and yaw angles of the two test masses
can be also measured through laser interferometry techniques. The spacecraft inertial attitude is measured only
out of science mode, since the available star trackers are expected to be too noisy and inaccurate for science
purposes. Conversely, during science mode and when the constellation laser links have been acquired, the
spacecraft attitude relative to the incoming laser wavefronts is measured by means of the Differential Wavefront
Sensing (DWS) interferometry techniques.

For what concerns the environmental disturbances, the solar pressure acts on the external SC body, while
test masses are affected by the SC gravitational field and by other low-scale disturbances [28].

To sum up, LISA is a 20x17 MIMO system, whose command inputs and measured outputs are summarized



in Table 1 and Table 2.

Name Variable Dim. Notes

MPS force Fr 3 The spacecraft body is controlled by means of the MPS, a set of 9
cold gas thrusters arranged in three different pods around the

spacecraft lateral surface. The MPS can provide thrust and torque in
MPS torque Mr 3 order to control every DoF of the spacecraft body.

Each optical assembly can be rotated around its pivot by a dedicated
OA1 torque Mo a1 1 motor. This command torque allows to control the opening angle
between the two optical assemblies in order to keep the laser links of

the constellation. Since the OA are fixed to the spacecraft body, the
OAZ2 torque Mo a2 1 reaction torque of the optical assemblies will be applied on the
spacecraft body.

TMI1 force Fri 3
TM1 torque Mg, 3 Each test mass is controlled by the GRS, which contains an
electrostatic suspension able to control all the 6 DoF. Since the GRS
is mounted on the OA, the reaction forces and torques of the
TM2 force Fio 3 electrostatic suspension will be applied to the OA and the spacecraft.
TM2 torque MEgo 3
Table 1: LISA command inputs
Name Variable Dim. Notes
SC inertial The inertial attitude is measured only out of science mode by means of
. Os1 3
attitude a system of star trackers.
During the drag free mode, the DWS provides the azimuth and eleva-
) tion angles of the incoming laser beams. These measurements can be
SC attitude Os 3 used to reconstruct the constellation frame and the SC attitude relative
to this frame.
The first electrostatic suspension (ES1) measures the TM1 position rel-
.. ative to the cage center. During drag free mode, the local interferometer
TM1 position rmi 3

is used to measure the longitudinal displacement (x-coordinate) of the
test mass.

ES1 measures TM1 attitude with respect to the cage frame. DWS

TM1 attitude
O 3 interferometry techniques provide finer measurements of the test mass

pitch and yaw.

TM2 position r'yvo 3 Same as TM1 position

TM2 attitude Ora 3 Same as TM1 attitude
OA1 angle 1 1 OA1 opening angle with respect to the rest position.
OA2 angle (2 1 OA2 opening angle with respect to the rest position.

Table 2: LISA measured outputs



3.2. Reference Systems

3.2.1. Definition

———a= SRF
ORF
MRF

0.5

0 oy

v

Figure 3: Spacecraft frame:{s1, s2, 83}, Optical Assembly frame: {01;, 02, 03;}, Test Mass frame: {m1;, m2;, ms;}, Constellation
frame:{c1, c2,c3}, Sp: solar panel plane, LaL3: incoming laser rays

The LISA spacecraft is composed by 5 main bodies and consequently at least 7 reference frames have to be

defined. The main reference frames (i.e. for SC1) are:
e The Sun-centered Inertial Reference Frame: IRF = {Oy, I1,1Io,135}

e The Constellation Reference Frame: CRF = {O¢, ¢1, ¢2, ¢35}

Reconstructed on-board starting from the incoming laser directions. It is centered on the spacecraft
barycentre, c3 is perpendicular to the plane that contains the laser vectors Lo, and L3, ¢; is the bisector

of the angle defined by the incoming laser directions.

o The Spacecraft Reference Frame: SRF = {Og, s1, 82, 83}
Centered on the spacecraft barycentre, s; is the bisector of the nominal inter-telescope angle a = 7/3, s3
is perpendicular to the solar panel Sp.

o Two Optical Reference Frames: ORF'i = {Op;, 014, 02;, 03;} where i = 1 for the left optical assembly and
i = 2 for the right one.

The origin of the i-th frame is located at the cage center of the corresponding electrostatic suspension.
For what concerns the frame axes, the following condition holds: 031] 032||s3. Moreover, o0y, is parallel to

the symmetry axis of the corresponding optical assembly.

o Two Test-Mass Reference Frames: M RFi = {Op;, m1,, mo;, ms; } where i = 1 for the left test mass and

i = 2 for the right one.

Each frame is centered on the CoM of the corresponding test-mass, m;, mo;, m3; are orthogonal to the

TM faces.

10



3.2.2. The Constellation Reference Frame

During science mode, the star tracker is not available and consequently the SC attitude with respect to
the IRF cannot be measured. Hence, for SC attitude control purposes it is convenient to consider also the
Constellation Reference Frame CRF = {O¢, c1,c2,c3}, whose ¢; axis is the bisetrix of the angle defined by
the incoming laser rays and cj3 is perpendicular to the laser plane P, which is defined by the laser ray directions
Ly and L3. The CRF can be reconstructed on-board thanks to the long arm DWS sensors, which provide the
azimuth and elevation angles of the incoming laser rays with respect to the optical reference frames. A possible
algorithm is reported hereafter.

The first step consists in computing the laser ray vectors by means of the well known formula of the spherical
coordinate systems and then make a change of coordinates from the ORF to the SRF. Let be ¢; and 9 the

azimuth and elevation angles of the laser coming from the k-th SC to the i-th ORF:

sin () cos (Vg)
Ly =T, cos (pr)cos (V)| » k=23 i=12
sin (9)
Then, the equation of the plane P that contains L, and L3 is computed by means of a cross product. This

provides not only the coefficients of the cartesian equation, but also the normal vector, which corresponds to

the z-axis of the constellation frame:

T
L2><L3[a b c]

P:ar+by+cz=0

T
LQXLg |:a b C:l
C3 = =

Ly x Ls|| Va2 +b%+c2

However, there exists an infinite number of orthonormal bases whose x and y axes lie on the plane P. Hence,

another constraint has to be set in order to obtain the constellation frame. The ¢; axis has to be the bisector

of the angle between Lo and L3 on the plane P:

T T 3 3 3
Zi yZ Zi
L2|:£E z] L3[Jc z} A= B = C =
2 Y2 2 3 U3 3 ; xlg_i_ylg ; 5512"‘2!12 ; 30124'%2
T
(45 c]

L= ————
A2+ B? 4 C?

Finally, co can be computed as the cross product between c3 and c¢;.The final result is shown in Figure 4.

11
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Figure 4: Constellation Reference Frame ({O¢, ¢1, ¢2, c3}) and Spacecraft Reference Frame ({Og, s1, 82, 83})

3.3. Nonlinear Model

From the control design point of view, it is important to have a simple, but representative dynamic model.
As a matter of fact, the complexity increases the design effort, the possibility of implementation errors and it
could be also a limiting factor for the applicability of certain control techniques. The nonlinear model presented

in this study is based on some reasonable assumptions:

1. Given the symmetry and the balancing of the spacecraft concept, the CoM is assumed to lie on the SRF
origin and this allows to simplify the equation of motion. The Newton-Euler equations with respect to a

certain reference frame whose origin is not located on the center of mass are given by [29]:

F _ ml —mrg T, N mwXwXro 3
mry  J—mrir} Wo wX (J — mréré) w
where the left-hand side are the forces and the torques acting on the body, the right hand side collects all
the inertial and fictitius force terms, ¥, and w, are the frame translational and angular accelerations, r¢
is the distance between the frame origin and the center of mass. When ro = 0 some terms of (3) become
null.

2. Given the high manufacturing tollerances demonstrated by LISA Pathfinder, the test mass is assumed to
be an ideal cube whose mass is homogeneously distributed. Therefore, the center of mass, the barycenter
and the MRF origin are assumed to be coincident, providing further simplification of the equation of
motion for the same reason of point 1.

3. The two optical assemblies are currently under system study, but in any case their connection with the
spacecraft body shall be sufficiently rigid in order to avoid excessive oscillations that could affect science.
A 1 DoF second order model made by a torsional mass spring damper system can be considered.

4. The OAs will be used to track the pulsation of the constellation angle, which is expected to be maximum

1° with a very slow rate of 1.15- 107 °/s. Hence, the effects of the OA dynamics on the spacecraft and

12



on the test mass should not be relevant. Moreover, eventual motion cross-couplings to other coordinates

can be neglected.

In this section, the nonlinear model is presented through four main subsections: the spacecraft attitude dy-
namics, the OA model, the TM attitude dynamics and the relative translation dynamics between SC and TM.

Figure 5 shows a vector scheme helpful to understand the nonlinear equations.

.ﬂt)/_\‘ 1
//—\.

70 6

myq
011 ®
Wy (t
\ ™
T (t
myy

by
021 \, b Ty ()
we (t) q
1; () i1
Sy '\_Q./I\

ws(t) L2

Figure 5: Vector scheme for TM1

8.8.1. SC Attitude Dynamics

The goal of the LISA attitude control during science, is to align the SRF with the CRF. Hence, a rotation
dynamics model that describes the SC attitude relative to the CRF is needed. Let us consider the notations
and definitions section at the beginning of the present paper. According to the addition rule of the angular

velocities,

Wwg = wgy ngwc (4)

where wg is the SC angular velocity with respect to the constellation frame in SRF components, wgy is the SC
inertial angular velocity in SRF components and w¢ is the angular velocity of the constellation frame in CRF
components. The SC angular acceleration relative to the CRF can be obtained by means of the time derivative

of (4) and by considering (1):

. . hS S .

Wwg = wgy — Tcwc — Tcwc
— TS _TS .
=wgr twgs X lopwe cwe,

where the inertial angular acceleration wgy is given by the Euler equation

13



Wsr = —J5 wsr x Jswsr +J5' | Mp +Dg — Y (ngfzzéj +T5,Mp; +b; x ngFEj) . (6)
j=1,2
Mr is the total torque of the thrusters, Dg is the resultant torque of all the external disturbances acting on
the SC body (i.e. the solar pressure), while the other terms are the reactions of the internal actuators (i.e. the
optical assemblies and the electrostatic suspensions). In particular, Mg; are the electrostatic torques used to
control the attitude of the j-th TM and Fg; are the electrostatic forces used to control the TM translation.
Since each suspension cage is located at a distance b; from the SRF origin, also Fg; generate torques that
affect the spacecraft attitude. The rotation matrix Tg = T'(q%) is time-variant and depends on the spacecraft
attitude quaternion, while the rotation matrices ng = Z(v;) are time-variant since they are function of the
OA opening angles v; ({;(t)):
T/6+G(t), =1

(1) = Vi>tp. (7)
—m/6+¢(t), j=2

By replacing (6) into (5), it is possible to obtain the complete expression of the spacecraft angular acceleration

relative to the constellation frame in SRF components. To conclude, the SC attitude dynamics model is:

Wws = wgr +wg X Tgwc — ngjc
(;JSI:*JS_H_‘;SI XJSwS]+JS_,1 MT"’DS* Z (Tg]IZZCJ+TOS7ME]+bz XngFEJ) (8)
i=1,2
. 1 1
is = 50s @ wsq = 5 Qds)wsq,
where the attitude quaternion qg is obtained from the angular velocity wgq = (0,wg) by integrating the
standard quaternion kinematics equation [30]. Since the thrusters provide a torque which is three/four orders
of magnitude higher than the electrostatic suspension forces and torques, the reaction terms could be neglected
for a even more simplified model.
When the star trackers are available outside the science mode, the inertial attitude quaternion qg; can be

measured and an attitude dynamics model with respect to the IRF can be considered:

. 1 1
dsr = 5051 ® Ws1q = iQ(CISI)wSIq~ 9)

The attitude angles @y can be easily obtained from gg; thorugh (2).

14



3.8.2. OA model
The optical assemblies are currently under system study. Therefore, a preliminary second-order model can

be considered to describe the yaw dynamics of the j-th OA:

Cj:—2wN§Cj—w]2VCj+ 04j  Ej —ngw51+ﬂ
IZZ IZZ IZZ
K,
wN = Iz: (10)
Ct

5: 2\/KtIzz,

where ¢ is the angle with respect to the direction at rest, Ky, ¢;, I,, are the stiffness, damping and inertia
properties around the pivot axis. Mp4 is the command torque provided by the OA motor, Mp is the reaction

torque of the electrostatic suspension and TSO Iwgr are the effects of the spacecraft dynamics on the OA.

3.3.3. S/C-TM stiffness model
Before describing the TM rotation dynamics, it is important to provide a mathematical model for the low-
scale couplings mentioned in Section 3.1 that are proportional to the test mass displacements ry; and 9.
Therefore, they can be modelled as a system of virtual springs:
Fsi St SRt ry
— : (11)
Mg Str SRR In
where Fg; and Mg; are the stiffness forces and torques acting on the j-th test-mass, while Spr, Sgr, STR, SRR €

R3*3 are the stiffness matrices that can obtained by means of CAD-based techniques [27].

3.3.4. TM attitude dynamics
The angular velocity of the j-th TM relative to the corresponding ORF in MRF components (was;) is given

by the addition rule of the angular velocities:

My Mj
WM = WMIj — TOjjw’yj — TS j(.xJSb (12)

where both the angular motions of the spacecraft wg; and the optical assembly w., are considered. To improve

readability, the j subscript will be omitted. The angular acceleration is given by the time derivative of (12) and

by (1):

. . HM M . nM M .
wy=wyr—Togw,—Togwy—Tg wsr —T5 wgy

(13)
=wyr +wy X Tng — Tgfcl;7 +wp X TéMwSI — Té”d)S].
The inertial angular acceleration of the test mass wysr in (13) is given by the Euler’s equation:
Wyt = —Jyfwarr X Jywar + I3 TS (Mg 4+ Doy + Mgy) (14)
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where Mg is the torque provided by the electrostatic suspension, Dy, is the resultant of all the disturbance
torques acting on the test-mass, while Mg; = Sprra + Srrd is the stiffness torque from (11). T3 = T(q3,)
and T = TMT = T(q3;)Z(—7) are time-variant matrices, since they depend on the test-mass attitude
quaternion and on the OA opening angle (7).

To conclude, the attitude dynamics model of the j-th TM relative to the corresponding ORF in MRF

components is given by (13) and (14):

Wy =g +war x T w, — T &, +wyr x TH wer — TH ws;
Wnr = —Jyfwarr X Iywar + I3 TS (Mg + Doy + Mgy) (15)

. 1 1
qm = §qM QWi = §Q(qM)qu,

The TM attitude quaternion qas is obtained from the TM angular velocity warq = (0,was) by integrating the
standard quaternion kinematics equation. Moreover, the attitude angles 8,; can be obtained from the attitude

quaternion through (2).

8.8.5. TM-SC translation
The position of the j-th test-mass relative to the corresponding cage center (ORF origin) in IRF coordinates
is

rﬂ/[j = Téerj. (16)

From now on the j-th subscript will be omitted to improve readability. By performing the first two time

derivatives of (16) and by considering (1), the translational velocity and acceleration are

iy = Thea + Thin

(17)
= T(I)wo X Ty + T(I)i‘M,
ol gl I - I . . T
ty =Towo Xry +Towo Xy +Towo Xty +Tora + Tt ar
=Thwo x wo x rar + Thwo x ray + Thwo x tar + Thwo x tar + Thias
(18)

=T (wiwy +w3) rar + 2THwo x tar + Thium
=TEQ (wo) ras + 2Thwo x tar + Thiar,

where wo is the angular velocity of the optical assembly with respect to the IRF and it is given by wo =
w, + T§ws;. Equation (18) shows centrifugal and Coriolis acceleration terms since the ORF is a non-inertial
frame with angular velocity wo. Moreover, by expliciting the acceleration of the TM CoM relative to the cage

center in ORF coordinates we obtain:

fM:TIO'fg/I—Q(wO)rM—%)O XI"M. (19)

On the other side, T{VI is also given by the following sum of position vectors:
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I‘g/[:r]\/[]—rj—Tébs—Téb]u, (20)

where rj;; is the distance between the test mass and the IRF origin, r; is the distance between the SRF and
the IRF origin, bg is the distance between the SRF and the pivot of the optical assembly, b;; is the distance
between the pivot and the cage center. By performing the second time derivative of (20) and by considering
(1), the velocity and the acceleration of the test-mass relative to the cage center in IRF coordinates can be also

written as:

v : . all ol
Yy =Tpr —Xg 7TSbS *TObM

(21)
. . I 1
=ry7—Try— TSwSI X bs — Towo X bM,
I‘g/[ = .I.'MI — i:I — Téng X bs — Téd)s] X bS — Téwo X bM — Téd}o X bM
=i¥yr — 7 — Tiwsr x wsr x bg — Tiwsr x bs — Thwo x wo x by — TE&wo x by
(22)

=iyr — ¥ = T§ (wgwsy + wsp) bs — T (wows +@6) by
= f‘M[ — f] — TéQ (wS[) bs — TéQ (wo) b]y[,

where BS:B »m = 0 since bg and b, are constant distances. The inertial acceleration of the j-th test-mass ¥y

and the inertial acceleration of the spacecraft ¥; can be obtained by means of the Newton’s Law:

. r _
rygr = _:U’G |r511|3 =+ liTCI)(FE + dM + FSt)
(23)
. r _ _
fr = o1 1‘3 +mg TS (Fr +ds) —mgt > T4, (Fg;),
rr

j=1,2
where F7 +dg are the resultant force of the thrusters and of the external disturbances acting on the spacecraft
body. The term —mgl Zj:w Téj (Fgj;) are the reaction forces of the two electrostatic suspensions on the
spacecraft, when j = 1 the subscript can be omitted. d,; is the resultant of the disturbance forces acting on
the test-mass, while Fg; = Sprry + Sprda are the stiffness forces from (11).

By replacing (23) into (22), we have the complete expression of the test mass acceleration relative to the

cage center in IRF coordinates:

¥, = KaArr +my/ TH(Fg +dy + Fsy) — mg ' TE(Fr + dg)

+mg' Y ThFr; — TiQ (wsr) bs — THQ (wo) b,
j=1,2

where:

KAArr = —pe ( T & ) ;

3 3
lear|” fra
is the spacecraft/test-mass gravity gradient.
By replacing (24) into (19), we obtain the complete expression of the test mass acceleration relative to the

cage center in ORF coordinates:
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tar = TP (KaArr +my TH(Fp +da + Fsi) — mg ' T4(Fr + dg)

(25)
+mg' Y THFp — TiQ (wsi) bs — THQ (wo) bur | = Q(wo) T — 2wo X fi.
j=1,2
To sum up, the TM translation model can be expressed as follows:
f‘M = anN — TSQQ(WS[)bS — Q(wo)bM — Q(wo)rM — 2(.00 X I"M
ay = TP KaAr; +my} (Fp +dy + Fs) — mg' T (Fr +dg) +mg' Z T6;FE;
j=1,2
(26)

Qwo) = wows + w5
_ 7O
wo = TS wgsr + wy
wo = TSwsr +TSws; + iy = —wy x Twsr +TSwsr + &s,
where ¥, is TM acceleration relative to the cage center in ORF coordinates, ay collects all the terms related
to the forces, wp is the ORF angular velocity. When j = 1, the subscript can be omitted and consequently
the rotation matrix TOO is the identity matrix, while ng is rotation matrix from ORF2 to ORF1. The rotation

matrices TSO , TOO2 are time-variant being a function of the angle ~(¢).

To conclude this section, it is worth noticing that (8) (10) (15) (26) are all coupled together.

4. Validation

4.1. Linear Analysis

The most important activity when validating models for complex systems is to check that the main dynamics
are accurately represented. In this case, real data were not available and a Matlab Simscape multibody model
was used as a benchmark. SimScape is a CAD-like software based on Matlab/Simulink, allowing to build
models of complex physical systems using a set of elementary blocks, thus avoiding the use of mathematical
equations. Although the SimScape model is accurate in simulating the spacecraft dynamics, it does not provide
a mathematical description of the system that is being modeled. As already mentioned in Section 3.1, LISA is

a 20x17 MIMO system, where the input and output vectors are

20
U<FT M7 Moai Moz Fg1 Mpgi Fpga 1\/IE2>€R

92(931 ryvi Oavn rm2 Oz G C2>€R17’

w:<051 ran Oan Tae Oara G G Osr Fan Oann Fae Oae G ¢2>€R347
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where Ogsy, @51, @30 are the Euler 123 angles. A first comparison between the benchmark and the analytical
model could be carried out in the frequency domain. The first step consists in linearizing both models around

the same working point, given by

=0,

obtaining 340 unstable transfer functions G for each model, which are unstable and consequently have an infinite

DC-gain:

y = Gu, G € RI7*20,

It is worth noticing that the comparison in the frequency domain is difficult, since the standard system norms
(e.g., the H-infinity and H-2 norms) cannot be used due to system instability. To overcome this issue, we
propose the following approach. Given Gg € R17*20 the set of transfer functions of the Simscape model, a way

to identify the most relevant contributions acting on the j-th output is:

Go = max (Go(jw)), where 27-107° <w <27 -10° (LISA bandwidth)
u= ( Fr Mr Moai Moaz Fpi Mpi Fpy Mg, )
My = Gou,
where Gy € R17%20 are the peak magnitudes of all the transfer functions on the LISA frequency range, U
are the input amplitudes of the LISA actuators Fz = 1-107°N, My = 2-107°Nm, Moy = 1-1072 Nm,

Fpi=Fpa=57-107?N, Mg, = Mps = 3- 10~ Nm. The product between Gy and @ provides map My that

can be normalized column-wise:

MO (Z 7.])
maxy—1:20 (Mo (k, 7))

Mo (i ,j) = Vi=1:20, j=1:17.

My identifies the relevant transfer functions of the Simscape model. In turn, this implies a unitary value for the
most important dynamic acting on the j-th output. The obtained results are shown in Figure 6. It is interesting
to notice how the first three inputs (related to the thruster force F7), mainly act on outputs 4,5,6 and 10,11,12
(TM1 and TM2 translations with respect to their cage centers). Inputs 4-5-6 (thruster torques M) mainly act
on output 1, 2, 3 (spacecraft attitude). Input 7 and 8 (optical assembly torques Mo a1, Mpa2), mainly act on
output 16-17 (OA zeta angles). Or again, inputs 9-10-11 and 15-16-17 (electrostatic suspension forces) are not

unitary values since the main dynamics acting on the test mass translation is given by the thrusters.
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Figure 6: Most important transfer functions of the LISA system (Left: SimScape Mo, Center: Analytical My, Right: Mo — M.

The same procedure was repeated for the analytical model, but in this case the column normalization of map
M; = (A}lﬁ is performed with respect to the maxima of map Mg, in order to have a common scaling reference

necessary to evaluate the modelling errors:

Ml (Zaj)

M (i,5) = maxy—1:20 (Mo (k, 7))

Vi=1:20, j=1:17,

Finally, the modelling error on the main dynamics in the frequency range of interest is evaluated as the difference
between the two maps: e = My —M;j. The obtained results are reported in Figure 6 and in Table 3. The highest
modelling error is lower than 3 -10~% and it occurs on the transfer functions that relate the OA command
torques to the test-mass x-y positions. These results are acceptable being small values. Thus, we can conclude
that the relevant transfer functions are correctly modelled. The zero values are those related to the transfer

functions that are null both on the Simscape and the analytical model.

4.2. Simulations

The drawback of the linear analysis is that the linearization process neglects the plant nonlinearities, which
are an important element of the spacecraft dynamics and of our model. Hence, a second validation was carried
out in order to compare the two models in conditions where the contribution of the nonlinearities is not negligible.
It must be remarked that small initial errors (even numerical) between the two models could diverge to infinite
for long simulation horizons, since all the transfer functions are unstable. Many of them are double integrators
and thus have a slope of -40 db/dec and an infinite DC gain. Figure 7 shows an example of open loop simulation.

Plots on the left column show the system output of both the Simscape and the analytical model. Continuous
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and dashed lines are overlapped, meaning that the output errors are very small as shown in the plots of the
right column. It should be noted that the error evolution follows a quadratic law, since the system is unstable.

As a further evaluation, Table 4 summarizes the arithmetic mean and the root mean square output errors
of a Monte-Carlo campaign made of 1000 open loop runs. Constant inputs were randomly chosen between
the saturations of the actuators. The simulation horizon was set to 100 s, which can be considered enough
since the models will be used for the design of closed loop controls. Despite system instability, the obtained
RMSE are generally small between 10~ and 107 orders of magnitude depending on the degree of freedom,

demonstrating a satisfactory modelling accuracy.

5. Conclusions

The LISA mission will be of primary importance for the detection of gravitational waves in the [1 -1073, 1]
Hz bandwidth. The current spacecraft concept consists of a main body carrying two moving optical assemblies
and two suspended test-masses, resulting in a MIMO system with 20 inputs and 17 outputs. From the control
design point of view, it is important to obtain an analytical model which is a good trade-off between accuracy
and complexity. In the present paper, a set of reference systems was defined and then a nonlinear model based
on the Newton-Euler approach was derived. To validate the model, frequency and time domain comparisons
with a Matlab-Simscape multibody model were carried out. At first, both models were linearized around the
same working point. Then, the main system dynamics were identified by searching for the peak magnitudes
of every transfer function in the LISA frequency range and by multiplying them for the command amplitude.
The same procedure was repeated for the analytical model and finally the two maps were compared to identify
modeling errors. The findings showed very small errors between the two maps, with a maximum value lower
than 3 -107% on the dynamics relating the optical assembly torques with the x-y positions of the test-masses.
Finally, the two models were compared also in the time domain, by evaluating the open loop output error given
the same input. To this aim, a Monte-Carlo test campaign based on 1000 simulations was carried out and the
mean output error was evaluated for each output variable. The obtained output errors were generally small
between 10~ and 10~? orders of magnitude depending on the degree of freedom, despite the system instability
and a relatively long simulation horizon of 100s. To conclude, the model here presented proved to be accurate
and suitable for future works such the analytical linearization and decoupling as well as the analysis and control

design of the LISA mission.
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Figure 7: Example of open loop comparison. In the plots on the left, the Simscape outputs are almost overlapped by the analytical
model. Indeed, the plots on the right show very small errors between the two models. The error evolution follows a quadratic law,
since the systems are unstable. Therefore, initial errors (even numerical) increase quadratically over time in open loop. Idx1-2-3
stands for the first, second and third component of the considered vector.
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