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The Laser Interferometer Space Antenna (LISA), space-based gravitational wave observatory involves a
complex multidimensional closed-loop dynamical system. Its instrument performance is expected to be less
efficiently isolated from platform motion than was its simpler technological demonstrator, LISA Pathfinder.
It is of crucial importance to understand and model LISA dynamical behavior accurately to understand the
propagation of dynamical excitations through the response of the instrument down to the interferometer
data streams. More generally, simulation of the system allows for the preparation of the processing
and interpretation of in-flight metrology data. In this work, we present a comprehensive mathematical
modeling of the closed-loop system dynamics and its numerical implementation within the LISA
Consortium simulation suite. We provide, for the first time, a full time-domain numerical demonstration
of postprocessing time delay interferometer techniques combining multiple position measurements with
realistic control loops to create a synthetic Michelson interferometer. We show that in the absence of
physical coupling to spacecraft and telescope motion (through tilt-to-length, stiffness, and actuation cross-
talk) the effect of noisy spacecraft motion is efficiently suppressed to a level below the noise originating in

the rest of the instrument.
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I. SPACE-BASED GRAVITATIONAL WAVES
ASTRONOMY AND LISA DETECTOR

The Laser Interferometer Space Antenna (LISA) is a
space-based, gravitational wave (GW) observatory planned
to launch in 2035 [1]. It aims to open a new window on
the Universe in the milliHertz bandwidth of the GW sky,
which is expected to harbor a rich and diverse collection of
astrophysical and cosmological sources, including the
merger events of supermassive black hole binaries [2,3],
believed as among the most energetic events in the observ-
able Universe.

The mission, led by the European Space Agency, con-
sists of three spacecraft arranged in a nearly equilateral
triangular constellation, whose barycenter follows the Earth
in a heliocentric orbit. Interferometric measurements of the
spacecraft separation will be used to measure GW as they
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pass through the constellation. The scale of the detector and
its space environment allow for operation in the millihertz
bandwidth. The 2.5 million km arm lengths result in
picometer optical path length variations due to GW, and
antenna nulls in the 40 mHz regime. Operation in space
eliminates acoustic, seismic, and Newtonian noise disturb-
ances which limit the sensitivity of ground-based detectors
below 1 Hz [4].

A. Picometer laser interferometry in space

To observe GW with strain amplitudes of order 1072,
the LISA instrument must overcome two major challenges.
First, the satellites are poor references of inertia, being
subjected to force noise from solar wind, solar radiation
pressure, and their own micropropulsion system [5]. To
overcome this obstacle, cubic Au-Pt alloy 1.92 kg test
masses within the spacecraft are used as the end mirrors of
the interferometer. Protected from environmental force
noise, they constitute a very good approximation to local

© 2023 American Physical Society
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FIG. 1. Figure cut of constellation geometry in the triangle
plane. The geometrical construction of the O is illustrated. The
satellite positions considered in order to build the O frames are
computed from the macroscopic orbital motions only, that is,
neglecting the (dynamical state-dependent) stray forces inducing
spacecraft jitter. However, state-independent dc forces deviating
the spacecraft from pure free fall can be accounted for in the
definition of O frames.

inertial reference frames onboard the spacecraft. They are
housed in vacuum chambers and surrounded by electrodes
which allow for position sensing and actuation [6].
Interferometric sensing is preferred to probe the test-mass
displacement relative to their housings along the directions
of the arm lengths [7,8] (cf. constellation and spacecraft
geometry in Figs. 1 and 2). These test-mass interferometers
(TMIs) are exploited to monitor and suppress the spacecraft

7/2 frame

FIG. 2. Figure cut of spacecraft geometry on the xOy plane of
the spacecraft body frame B. The reference frames attached to the
spacecraft, the housings and the test masses, respectively, 3, H,
and 7, are drawn. Short notation has been preferred for read-
ability to label the axes and coordinates associated to these
frames, as explained in Sec. II C, Egs. (28), (29), (32), and (33).

acceleration in the long-range science interferometers—
called inter-spacecraft interferometers (ISIs) [9]. The ability
to fly 1.92 kg cubic references of inertia with stability perfor-
mance compatible with GW astronomy has been successfully
demonstrated by the LISA Pathfinder mission [10-12].

Second, a Michelson-type interferometer with million-
km arm lengths cannot be realized in space without
postprocessing techniques. Reflected laser round trips
along the arms are prohibited by the available laser power
onboard, and frequency noise suppression by optical path
length matching is made impossible as the spacecraft
orbital mechanics result in arm lengths that are mismatched
and changing over time. Instead, a collection of heterodyne
interferometric measurements between local laser beams
and propagated distant laser beams is performed across the
constellation [9], and the resulting beat notes are time
synchronized onground accounting for light propagation
time delays, and linearly combined so that the laser noise is
suppressed: this postprocessing technique is called time
delay interferometry (TDI) [13,14].

Tackling these two technological challenges renders the
measurement complex and composite, relying strongly on
multiple postprocessing steps to produce data exploitable
for astronomy. Preparing for the successful operation of the
mission, it is therefore crucial to understand, model, and
simulate the instrument response and data generation in
order to test with a high degree of representativity data
interpretation and analysis strategies and methods.

B. Metrology onboard

To guarantee the best stability of the apparatus, and
precise centering and alignment of the test masses in their
housings, the spacecraft embed high-precision sensor and
actuation systems. Local optical interferometry systems
(IFOs) provide picometer-stable test-mass displacement
sensing along the telescope axes (see Fig. 2 for the space-
craft geometry). These optical readouts are used as TMI in
the overall TDI and contribute to the final interferometer
data streams. An alternative combination of the interfer-
ometer quadrant photodiode readout signals allows for a
high-precision sensing of test-mass angular motion in two
degrees of freedom using a method known as differential
wave front sensing (DWS) [8]. The gravitational reference
system (GRS) provides ~nm and ~100 nRad electrostatic
sensing of all test-mass longitudinal and angular displace-
ments, through the measurement of differential capacitance
changes on a set of electrodes surrounding the test mass [6].
This set of capacitors is also used to exert correction forces
and torques on the test masses through audio frequency
voltages applied to the electrodes [15]. Control forces on
the test masses are triggered only by their differential
motion [16]. The DWS technique is exploited again to
sense the angle of the long-range interspacecraft laser beam
with respect to the telescope axes. The magnification of the
telescope allows for subnanoradian sensing of spacecraft
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TABLE 1. For each control coordinate, the table lists the
respective control type and actuator used, as well as the
subsystem they are sensed with. Capital letters are used for
spacecraft coordinates, while lower case and indices are used for
test-mass coordinates. The table is adapted from Table I of [16],
to which the control of the telescopes’ opening angle ., has been
added in row 7.

No. Coordinates Sensor Control mode Actuator Command
1 X IFO Drag free u thrust g‘(mg’free
2 2, IFO Drag free u thrust ‘:,"“g'ffee
3 2 GRS Drag free u thrust fdzrﬂ‘é’free
4 6} LDWS Attitude wu thrust B

5 H LDWS Attitude u thrust 3

6 10} LDWS Attitude u thrust I

7 b LDWS  Telescopes ~ MOSA  fel/fl

pointing mechanism

8 M GRS Suspension GRS i

9 A GRS Suspension GRS oo
10 % GRS  Suspension GRS fius/fius
11 0, GRS Suspension GRS £
12 m IFO Suspension GRS e
13 "y IFO Suspension GRS 5
14 0, GRS Suspension GRS £
15 7 IFO Suspension GRS [

16 b IFO Suspension GRS £

attitude and telescopes: this measurement is referred to as
the long-arm differential wave front sensing (LDWS). The
assembly of the telescope, the optical bench, and the GRS
housing the test masses is named the moving optical
subassembly (MOSA). It will rotate about the test-mass
axis to allow for the variation in the opening angle of the
constellation due to orbital variations known as breathing.
Spacecraft longitudinal and attitude control are performed

TABLE II.

using a system of micronewton thrusters [5], which allows
the satellite to track the test masses in their freefall (drag-
free control), and to lock its attitude on the laser beam
received from the distant spacecraft (attitude control). A
rotation mechanism is used for slow actuation of the
MOSA ensuring the pointing direction tracks the incoming
laser beam direction and nulls the LDWS output. The
sensing, actuation, and control systems are summarized in
Table I. Noise performance values, which will be consid-
ered in the simulation, will be discussed in Sec. V and
summarized in Table II. Performance estimates are based
on the current LISA design and measurements from the
LISA Pathfinder mission [8,10,12].

C. Operating without a direct optical
differential channel

A key difference LISA Pathfinder and LISA is that no
direct, differential optical measurements between test
masses will be available for LISA, neither locally within
the spacecraft, nor at the constellation scale between distant
test masses. Indeed, as will be discussed in more detail in
the final section of this work (cf. Fig. 7), the long-range
optical measurement is split into three pieces: one local test
mass to spacecraft TMI measurement, one long-range ISI
measurement, and a second TMI measurement at the other
end of the interferometer arm. The necessary decomposi-
tion of the long-range interferometers makes the detector
performance more liable to spacecraft and telescope
dynamical stability than in the LISA Pathfinder case, where
test-mass-to-test-mass measurements were by construction
efficiently isolated from noisy spacecraft motion. [10,12].
In particular, optical geometrical misalignment and off-
centering will introduce tilt-to-length (TTL) coupling to the
spacecraft and telescope noisy angular motion [17,18]. This
effect is expected to be one of the leading noise contributors

Table of sensing and actuation noise settings in the simulations. All noises are still assumed to be white

in the simulation (apart from test-mass acceleration noise along x; and x,), but will account for low-frequency roll-
up in upcoming upgrades, as already considered and detailed in [16].

No. Sensing channel Noise floor Actuation channel Noise floor

1 xifo /xifo 1.0 x 1072 mHz™!/2 Thrust X 2.2x 107" NHz™'/?

2 nife /nife 2.0 x 107 rad Hz™!/2 Thrust ¥ 1.3 x 1077 NHz"'/2

3 @i/ pito 2.0 x 107 rad Hz™!/2 Thrust Z 3.6 x 1077 NHz™!/2

4 x5 /a5 1.8 x 10~ mHz™'/2 Thrust © 7.7 x 107 NmHz™!/?
5 8/ ys 1.8 x 10 mHz™1/2 Thrust H 6.9 x 1078 NmHz"!/2
6 /250 3.0x 10~ mHz™!/? Thrust @ 1.3 x 1077 NmHz™!/?
7 07" /65" 120.0 x 10~ rad Hz~'/? Vi 6.0 x 10715 NHz~!/?

8 Haws [ pldws 0.2 x 107 rad Hz~1/2 Vi 10.0 x 10715 NHz1/2

9 Pavs / plaws 0.2 x 107 rad Hz™/2 £ 1.0 x 107 NmHz"/2
10 5 1.0 x 107" NmHz~!/?
11 £ 1.0 x 101> NmHz"!/2
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to the overall noise budget of the instrument. In addition,
electrostatic and gravitational fields create a force gradient
at the test mass—referred to as stiffnesses—that couples to
spacecraft motion and generates acceleration noise.

Dynamical stability plays a driving role in both of these
disturbances and is a key property for LISA performance.
It is of crucial importance to model the closed-loop
dynamics of the spacecraft-telescopes-test-masses system
to assess accurately such dynamical noise, and demon-
strate our ability to mitigate the impact of dynamical
artifacts on LISA data analysis. LISA dynamics modeling
has been already addressed in recent literature [19], in the
scope of drag-free and attitude control system (DFACS)
design, and implemented in a proprietary software Matlab/
Simscape. Here we present an implementation of a full
closed-loop dynamics simulation integrated into the Python
based consortium end-to-end (E2E) simulation suite and
dedicated to LISA data processing and analysis. We
provide the modeling framework and the equations of
motion (EOM) at play in comprehensive detail, as we
believe it deserves an elaborated and formalized reference
in the scope of future LISA in-flight data diagnostics and
interpretation.

D. Simulating LISA dynamics

Among the simulation tools developed by the LISA
consortium, the LISANode software [20] is particularly well-
suited for spacecraft dynamics and control simulation. Its
graph-based, modular framework naturally lends itself to
control system implementation (in a similar way to com-
monly used Matlab-Simulink tools) and its generation and
management of time series data, operating on quantities as
they flow between graphs, enables long simulations with
efficient use of memory [21].

In this paper, the full derivation of the EOM of the LISA
dynamical system is developed and its implementation in
the LISANode simulation tool is described. This includes
implementation of the EOM, simulations of the sensing
systems, and implementation of the feedback loop, inter-
face with the interferometer measurements, and postpro-
cessing the resulting beat notes with TDI. For the first time,
the impact of spacecraft and test-mass dynamics, and
control on LISA data at the level of heterodyne beat notes
fluctuations and the TDI channels can be studied.

This article is organized as follows: We introduce the
LISA dynamical system, describing the relevant reference
frames in Sec. II. Simulation of the EOM for the test masses
and spacecraft are detailed in Sec. III. These equations
are simplified in Sec. IV by linearizing around a stable
working point, which is maintained by the controllers
detailed in Sec. V. Numerical solving methods used for
the linear system approximation, as well as the full non-
linear dynamical system, are detailed in Sec. VI. Results of
the dynamics simulations are shown in Sec. VII, and in
particular a demonstration of jitter suppression in Sec. VIII.

II. DYNAMICAL SYSTEM
AND REFERENCE FRAMES

This section is dedicated to the full derivation of LISA
EOMs and their insertion into the closed-loop system,
including sensors and actuators. The EOM are indeed a
core piece of the simulation and deserve thorough attention.
A preliminary step is the definition of the dynamical
coordinates and reference frames necessary to describe
fully the dynamical state of the system. We based our
mathematical modeling on a rigid-body approximation in
which the dynamical state of a body is described by the
motion of its c.m. and its angular velocity with respect to an
inertial frame: {Fpoay, @pody,/ea }- Each LISA spacecraft is a
20 degree of freedom (d.o.f.) system, six for the transla-
tional and rotational dynamics of the spacecraft, six for
each test mass, and an additional two for the MOSAs that
will rotate along with the constellation orbital breathing.
The remaining MOSA d.o.f.s are assumed rigidly fixed to
the spacecraft. We note that in nominal operations, MOSA
angle actuation is designed to be symmetric, hence sup-
pressing one d.o.f. However, other modes of operation
where this rotation is asymmetric are possible, so it is
preferable at this stage to maintain generality.

The LISA dynamics will be operated in closed-loop
control by the onboard DFACS, locking the test mass and
spacecraft d.o.f.s onto specific target points as described in
Sec. V. To simulate the system, it is therefore required to
express the dynamics of the system in the frame of reference
from which they are observed. For example, the test-mass
dynamics need to be expressed in the frame attached to
its housing they are lodged in, since it is, to first approxi-
mation, the reference for the GRS and IFO sensing. This
requirement results in the presence of several imbricated,
noninertial reference frames, which, when coupled with the
multidimensionality of the system increases the complexity
of its description. As a first step, we list and define the set of
reference frames we use in the simulation, after which we will
select a state representation of the dynamics which facilitates
mapping of sensing and actuation.

A. Frames of reference

The dynamical model invokes six different types of
reference frame—each with its own system of coordinates.
One reference frame per rotating, rigid body (spacecraft,
test mass, MOSA) will be used to describe relative
orientation between bodies. Two frames associated with
the fiducial rotation of the spacecraft and MOSA about
their operation point, that facilitate linearization (as dis-
cussed in Sec. IV) and one inertial reference frame. These
frames are defined as follows:

(1) Galilean (inertial) J frame, fixed with respect to
distant stars, and with orientation defined according
to the International Celestial Reference System
convention [22].
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The O frames (or B* frames) which set the target
attitude for the spacecraft. It is built following the
diagram in Fig. 1:

(a) x axis €, is constructed as the bisector of
constellation, through local summit spacecraft.

(b) z axis €, is the unit vector normal to the
constellation plane.

(c) y axis €, ¢, is built from the cross product of the
two above.

(d) The origin O; of the frame O; follows the ideal
orbit of the spacecraft.

The B frames rigidly attached to the spacecraft and

describing its attitude, whether with respect to to O

frame or 7 frame:

(a) x axis €,p is constructed as the bisector to
the angle between the two MOSAs axes of
spacecraft i.

(b) z axis €, g is the unit vector normal to the solar
panel plane (defining the x-y plane).

(c) y axis €, is deduced from the two above.

(d) The origin B; of the frame 15; are the centers of
mass of the spacecraft.

The H* frames define the target attitude of the

MOSAs with respect to J frame.

(a) xaxisé, H; is the unit vector aligned to the axis
normal to the incoming wave front as inter-
cepted by the telescope j = (1,2) of the local
spacecraft i. It can be deduced from a rotation
of the unit vector €, o around €, (. of an angle

[—1]/*1 % equal to half the constellation’s
opening angle at local spacecraft i location.

(b) z axis €, H; is the unit vector normal to LISA
constellation plane. It is equal to €_¢)..

(c) y axis €, M is deduced from the two above.

(d) The origin H of the frame H; is the geomet-
rical center of the housing j of the spacecraft i.

The H frames are rigidly attached to their respective

MOSA and define their actual attitude, whether with

respect to H* frame, B frame, O frame, or 7 frame.

(a) x axis éx.H, is the axis along which local
OMS measurement of spacecraft to test mass
Jj=(1,2) is performed. It is a drag-free axis.
It can be deduced from a rotation of the unit
vector &, 5 around & of an angle [—1)/*! %n
equal to half the MOSA’s opening angle of the
spacecraft i

(b) z axis € o H, is the unit vector normal to the solar
panel plane [defining the (x-y) plane]. It is equal
to €, 5, in the simulator.

(c) y axis eyH is deduced from the two above.

(d) The origin H of the frame H; is the geometrical
center of the housing j of the spacecraft i.

(e) The pivot points P; denote the center of rotation
of the MOSA j in the satellite i, and coincide with
H; in the nominal, geometrical configuration.

(6) The 7 frames are rigidly attached to the correspond-
ing test masses and describe their attitude, whether
with respect to H frame, B frame, O frame, or
J frame:

(a) x axis éx,T, is constructed as the unit vector
normal the x faces of the test mass (TM) j and
aligned with éxH when nominally oriented.

(b) zaxis €, 7, is constructed as a unit vector normal
to the 7 faces of the TM;j and aligned with €_ 5,

when nommally oriented.

(c) y axis evT is deduced from the two above.

(d) The origin T; of the frame ’]' is the center of
mass of the test mass j.

We finally mention the important mathematical relation-
ship in Eq. (1), which will be used throughout the docu-
ment: the so-called transport equation, sometimes called
the Varignon formula, named after the late 17th century
French mathematician Pierre Varignon. It relates time
derivatives of a given vector with respect to different
reference frames (here B and 7)

d

il =g

=]+ @p/g <[] (1)
B

B. Geometrical construction of target frames

While 7, B, H, and 7 reference frames are self-defining
as each of them rely on existing bodies (distant stars,
spacecraft, MOSAs, and test masses), the targeted frames O
and ‘H* required a physical definition to be utilized as
coordinate systems in LISA EOM. Their objective is to
encode the nominal orientation of the spacecraft and the
MOSAs with respect to the Galilean frame 7. They are
formed using idealized bodies, that is, from the trajectory
the spacecraft would follow if they were subject to Solar
System gravitational field only, hence freely following their
respective geodesics. Indeed, given the dimension of the
LISA constellation compared to spacecraft dimension and
noisy deviation from geodesics, target frames can reliably
be constructed from orbits in a very solid approximation
(hence neglecting in their definition the microscopic local
jittering from geodesics).

As stated in Sec. II A, O frame X axis is defined as the
bisector of the constellation from the spacecraft i at study.

o
The bisector vector, O;1;, for spacecraft i is then

of <7+ | i i vuin. @
il =r;+ Tj =T + Uil'j, (2)
rij + Tk

using the angle bisector theorem, and where 7;; is the
relative position between two of the three spacecraft [see
Eq. (3)], which are labeled with {7, j, k} letters triplet, i

denoting the local spacecraft, j the distant spacecraft facing
TMI1 of spacecraft i, and k facing its TM2 (cf. Fig. 1).
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Fij=ri=r;="ro,y —ro,/J- (3)

Therefore, the €, o, basis vector is defined as

—

A OiIi
— .
10: L]

(4)

x,0;

Finally, the €, o, and €_ . basis vectors are determined by

0.1 x7r

A X T

L0, = == (5)
10;1; x ”ij

éy,Ol- = éz,(’)i X éx.(’),»' (6)

The basis vectors of the O frame are now completely
defined from orbital position data 7, F;, and r;. The
dynamics of this frame—that is, angular velocity and
acceleration—relatively to the Galilean frame 7 will come
into play when deriving LISA EOM. To avoid numerical
difficulties arising from the differentiation of orbits neces-
sary to compute these angular quantities, we should derive
them purely symbolically from orbital positions, velocities,
and accelerations with respect to J frame.

Indeed, angular velocity can be related to the rate of
changes of basis vector (mathematical proof in Appendix A)
from the following expression

@ =—&, X d &,0]+ lé X d [&,0]
O0;/T — D) x,0; dt 5 x,0; 2 ¥.0; dr 7 v,0;
1 d
1 Rl ’ 7
+ zez,(’), X dr j[ez.Oi] ( )

which then implies an analytical differentiation of expres-
sions (4)—(6) with respect to time. These basis vectors

being functions f of orbital elements only—that is €, o, =

feA (F;,F;,7;) taking the X axis of O frame as example—it is
clear that the angular velocity and acceleration can also be
written as mere functions f of orbital positions, velocities and
accelerations, respectively, @¢ /7 = f,(F ik:Vijx) and
41 7éo, 7). = f, (Fij i Vijks Wi jx)- Starting with differen-
tiation of Eq. (4), we have

from which one can find its contribution to f,,(¥; ; 4, ¥; ;) in
expanding Eq. (8) using

Ol = \/(7‘1'/' + ”iij) : (;:ij + uiij)v (9)

dr = Vlj + L't,rjk + ul‘_;jk’ (10)
dO;1 dO;I;
=1 — 1 A 11
dr dr x0p (11)
l_<r1k+rl])fij_rij<rl]+rlk)’ (12)
(rij + i)
— ¥.T
rij = ij " Tijs rij:u' (13)

Now treating the Z axis, we define the following
intermediate vectorial and scalar terms

N — -
w; =01, xry, w= (W] (14)
dw, dO,I, — G
i itz v v, — d !
ar = ar erk"'oilixvjk’ w; = tWi (15)

and the time derivative of the basis vector €, (. is simply
written as

d

dr 0] = & 2 J (16)

J Wi

from which the deduction of the derivative of the third axis
is straightforward

d

_d
o dr

A

&y.0,] €0,

(17)

We now have derived all the terms necessary to expand
the O-frame angular velocity in Eq. (7) as an analytical

N " . d
[€.0,], x€, 0, +€,0, X a
J g

function fw(i",-, ik Vijx) of the constellation’s orbital posi-
tions and velocities only.

The angular accelerations require further expansion
of Eq. (7). Without giving full details, one can find an
expression of the angular acceleration vector as a function
of the second-order time derivatives of the basis vectors

Y Boygl =revo x| s
— w e P
dr 5 0,/T D) x,0; dl‘2 7 x,0;
1. | .
+ Eey,o, X T j[e}',(?,-]
1, d? .
+5€.0 % P j[ez,o,-]- (18)

Treating the X axis first, Eq. (8) is differentiated again,
which gives
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N O 1 2
d0,;dV;1; | o
e dzgéli 25 ar Ol
—| [ér0] = -
dr? j[ <o) O;l; O1;
dO;1;\2
L2550 (19
or
where
d’0;1;
g = Gy T 2+, (20)
20, dO;T; d @ +d2ﬁ @ (21)
- dr di] 0 T
Py Fari 2(Fijrie = Fierij) (Fij + Fi) (22)
' (rij + riu)? (rij + )’ ,
L@y Fy) + Gy Tl — Gy )y
iy — ij Tij ij rzzj ij URRrASY (23)

ij

The derivatives of the variables in Eq. (15) are
evaluated as

dzﬁ;i dZO,‘I,‘ - do;I; OT <7
= S x2S T+ O X, (24)

W G . (25)

The second-order rate of change of the €, . basis can
now be calculated with

2 d>w; - .. dw; . )
d A T ww; 2 a w; 2w,-wl- 26
iz [€.0]= -2 - 7+ 5 (20)
J Wi Wi wi wi

Additionally, the second-order rate of change of the &, ¢
basis is given by

d? d?
a2 j[ey,a-] = a2 J[ z Oi] €x.0;
d d
+2—1 [0l x| [€0]
dr|,~ dr| ;
d2
+ ez.@,- S @ [ex,(’)i}' (27)
J

Finally, we have all the materials needed to build the
function f,(F; ;.. V; . @; ;) giving the target angular
acceleration of the spacecraft as a function of orbital
positions, velocities, and accelerations. This is an interest-
ing result, as now, target attitude, angular velocity and

acceleration are derivable purely analytically from the orbit
information. It fully solves the question of numerical
treatment of orbits regarding attitude in LISA dynamics
simulations.

We will not treat the case of the target MOSA frames H]
and H3 in this article, as the procedure would be math-
ematically identical. Starting from the O frame, the
derivation would consist in adding another rotation to
the O frame corresponding to +1/2 the constellation
opening angle ¢,.

C. Dynamical state vector

In the previous sections, we have listed and discussed all
the reference frames used in the dynamics modeling, which
were introduced to account for any actual or targets entities
being nonrigid with respect to each other. It also defines
the set of coordinates with which we describe longitudinal
or angular displacement of the bodies involved. For each
quantity, a system of coordinates will be preferred, mainly
driven by the reference frame in which those dynamical
d.o.f.s are observed.

(1) Position and orientation of test masses are sensed
either through IFO or GRS which can be to first
approximation assumed to be attached rigidly to
the housing frames H; and H,. The nominal
position for the test masses are the centers of the
housings H| and H,, and their nominal attitude is to
be aligned with the respective H frame. Conse-
quently, test-mass 1 dynamics are described by the
vector quantity [Fr /. @7, x,] (respectively, for test
mass 2), where 7 ./, denotes a position vector from

—F - . .
point H; to T\ (H,T,) and a7 /3, is an attitude
pseudovector complying with the Cardan represen-
tation for a rotation (ZYX convention) [23]. The
position vectors are to be expressed in the corre-
sponding housing frames, which gives six scalar
quantities per test mass

H,

;:TI/HI ' éx,Hl le/H| X1
P — | F e = |yt =
e, = | TTy/H S | = | Yy, | T
7 /H, " €, 2 21
(28)
O, /m, 0,
ar g, = | Nrym | = | m|s (29)
b1,/m, b

identically for test mass 2 as well. Our convention
uses 6, 1, and ¢ as rotations around x, y, and z axes
of a given frame. Test-mass velocities are repre-
sented as time derivatives of the position vector with
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(@)

3)

Q)

respect to their expression (observation) frame, that
is, with respect to the housing frames

- d| .

V1, /H, = a H[rTl/Hl], (30)

b .

T,/H, X

H .H H .
Ve, =y = | Yr)m | = [0 G

H :

ZTII/HI “

and, respectively, for test mass 2. We stress again
that, throughout this article, the dot symbols over a
quantity refer only to time derivative with respect to
its reference frame of expression.

Spacecraft attitude will refer to rotation with respect
to the O frame in the final form of the EOM, that is,
to the quantity @, 0, since its working point is zero.
However, intermediate steps will involve angular
velocity with respect to J frame. It follows the
Cardan angles of the spacecraft, written as

93/0 (¢S]
o= | Mo | = | H|. (32)
P50 P

Angular velocities of all the objects—either fiducial
or actual—can appear in the EOM either with
respect to the Galilean frame, target, or actual other
body frames. They must ultimately be expressed in
the reference frame attached to the rotating body
itself, since it will greatly simplify the rotational
equation of motion, as inertial tensors are static in
such frames. They can be expressed as

= A B
@Dp/0 €xB Wy B/O wy
Do = | D50 & | = @50 | = oy |,
(BB/O ’ éz,B wa/O wy
(33)
o T,
OT, /1, €xT, @7 /H,
Oy, = | O, | = | @y | (4)
&7, /m, - &7, a)Z]Tl/Hl

Finally, the attitude and angular velocity of the
MOSAs (labeled as telescopes in the equations)
deserve a dedicated attention. They can be defined
with respect to their target reference frames H*
similarly to the spacecraft attitude—i.e. the frames
with respect to which MOSAs orientation are

observed based on the incoming wave fronts (see
Sec. I B). However, it is also relevant to use angular
coordinates in the spacecraft body frame B, since
this is the natural frame of the actuation mechanism,
which only leaves a single degree of freedom per
MOSA (rotations around €_,, and € ,,) while
approximating the other four fixed. Following this
MOSA mechanism property in the simulation, we
are using the following angular coordinates for the
MOSAs in the EOM

On, /8 0.0
&HI/B: MyB | = 0.0 . (35
b5 7/6 + Sehier
@1,/8" €2, wa,;{l /B 0.0
o1 5= | Bryp- &y, | = [0l 5| =] 00 |,
@,/ €, w%‘{lw 5.1

(36)

where it is made clear that only 1 d.o.f. per MOSA
remains dynamical. On the other hand, DWS will
project MOSA dynamics into a different system of
coordinates—implicitly containing the spacecraft
angular motion—which can be denoted by

Or, /1
Oy, ;= | MH/H; s (37)
Dr,
- N @t
le/HT "€, xHy /MY
H, I P .. @a _ H,
le/HT - le/Hl €yH, - a)y,'HI/HT ’ (38)
O3, /1; " €2 H, ol
’ 1

and again identically for test mass 2. This is an important
clarification as the reference frames in which the MOSA
orientation is considered can be the source of confusion,
when actual (H, B) or fiducial bodies (H*, ©) are mistaken.
We opt here for the convention of referring to actual bodies
for writing the dynamics EOMs, and referring to targeted
frames when considering DWS sensing.

Finally, we note that the absolute position of the space-
craft in the Solar System 7/ is not part of the state vector,
since this quantity is completely decoupled from the system
dynamics, aside from setting the level of Solar System
gravity gradient onboard the spacecraft, which one can
nevertheless approximate precisely enough using orbital,
fiducial positions only (/).
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Gathering all these dynamical d.o.f.s within a single state
vector, one can fully represent the dynamical state of the
system with

= B H, 4 Ho
[ ago D50 Trym, CTyH, T1H,
X — p M, 7, - Hy 7,
X aTZ/H2 rT]/Hl a)Tl/Hl rTz/Hz a)Tz/Hz
6¢tel. 1 5¢tel,l 5¢tel,2 5¢lel,2 ] .

(39)

III. LISA EQUATIONS OF MOTION

Equation (39) shows a state vector which fully describes
the dynamical state of the spacecraft-telescopes-test-masses
system of a given LISA satellite. This state vector is the
solution of a second-order differential system—the equa-
tions of motion—relating the longitudinal and angular
displacement of the spacecraft, telescopes, and test masses
to the environmental and command forces and torques they
are exposed to. It is important to stress that the dynamics of
the three LISA satellites are treated independently, being
2.5 million kilometers apart. The incoming spherical wave
front are indeed quasi-independent of distant spacecraft
rotation, and the dynamics of the three spacecraft can
interact with each other through wave front defects only.
Such defects could in principle impact attitude control
locked on the DWS channels, hence contribute to space-
craft attitude jitter. Their effect is however, considerably
outweighed by other contributors, especially micropropul-
sion noise.

We can distinguish four types of EOM in LISA dynamics,
among which one requires scrutiny and consequently a
detailed derivation: the longitudinal dynamics of the test
masses. This EOM regarding the TM motion is particularly
complex as it introduces several nested frames and has the
most stringent performance requirements in terms of residual
motion. The three other types will be angular EOM, to which
angular velocities of the spacecraft, the MOSAs, and the test
masses will be solutions, provide critical information in the
scope of tilt-to-length effects analysis.

A. Test-mass longitudinal motion

Starting with test-mass longitudinal motion—a treatment
applicable to both test masses by symmetry—the first
equation of motion is derived from Newton’s third law

d2

32| Frl =0 (40)

which is valid only with respect to a Galilean frame, here

chosen to be 7, and where f 7 1s the net force vector applied
to the test mass and my is its mass. The next steps will then
merely consist in expanding Eq. (40) in order to express

quantities in the correct frames of observation, or in other
words, involving elements of the state vector (39) only. The
vector 7y, is first decomposed as

Friy =T + Ty +7g). (41)

We recognize the double time derivative of 7/, to be
related to the spacecraft dynamics, and again Newton’s
third law gives

d2

| Fal =200 2)

where my is the mass of the spacecraft. While the norm of
the vectors 'y is constant—the MOSA pivot points P are
assumed to be coincident with the center of the housing
H—their orientation is dynamical and will impact the
frame of observations of test-mass displacement. Using the
transport theorem from Eq. (1), we find

2 2
| Fusl = L1 Pl + 2855 xS Fayal
dtsz/B _dtZBH/B BT a5 H/B

+ 4 By ] xF

arl, B/J) X TH/B

+a_53/j X (CT)B/] X ?H/B)' (43)

This can be simplified by remarking that for a static
spacecraft c.m. B, the norm of the position vector
|[Fp/5|| is static in the body frame 5. Only a non-nominal
offset of the point H with respect to the pivot point P may
render 7y /s dynamical in the spacecraft body frame. It is
however important to enable such imperfection in the
model and to introduce the position offset ?H/p between
the pivot point P and the housing center H of a given
MOSA in Eq. (44). Lever arm effects coupling the
noisy MOSA attitude to the highly stable test-mass
longitudinal d.o.f. are critical dynamical features to account
for [12]. Thus,

Y Rl = Gl | Foal
di 5 H/B _dtB H/P di 5 P/Bl>
d| L
= [Fu/p] = @y XTyp. (44)
I

At this stage, the model still neglects the time variations
of the distribution of mass in the satellite due to MOSA
rotations, as well as, for instance, due to gas depletion for
pN thruster system. Examining the contribution of MOSA
dynamics, one can argue that the MOSA represents a
substantial fraction of the mass of the spacecraft, and that a
+1° yearly modulation of the opening angle changes the
c.m. and the inertia tensor of the spacecraft enough to
impact significantly the longitudinal dynamics of the test
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mass (through levers) as well as the rotational dynamics of
the spacecraft.

However, we expect such contributions to test-mass
dynamics to be second-order terms, and therefore they
are not currently included in the simulation. We decided not
to introduce an additional layer of complexity in the body
of this document, although the full EOM are provided in
Appendix B and future works will investigate the order of
magnitude of such contributions, which are, to our knowl-
edge, still untreated in the literature.

The last position term of Eq. (41) to be treated is Fr/p
which has to be differentiated with respect to the housing
frame H. From the transport equation, we simply have

d? 2 d
a7 j[?T/H] T H[;:T/H] + 2697 % a H[;:T/H]
& @] xFr
al,
+ @5 X (D7 X Frm), (45)

where the classical inertial terms, namely Coriolis, Euler,
and centrifugal forces, show up. Decomposing the housing
angular velocity as @y, 7 = @y/5 + @p)7, and simplify-
ing cross-product terms thanks to the Jacobi identity,

d2
d

- . d| . - d| .
[Fr/u] + 2038 % d_‘ Fr/u] + 2057 % _‘ Fr/u) +
H e drfy

ax(bxec)+bx(exa)+ex(axb)=0, (46)
we get

dZ
de?| ;

d2

r T/H] a2

- - d| -
[rT/H]+2wH/BXd_’ 7 /)
H Tl

N d| . d| . -
+2wp/ 5 X3 rr/u) | (@8] XFr/H
H

di|g

d
+—

5 [@3/7] XF7/5+® X (@8 XT7/H)

J
+@p) 7% (@) 7% /1)

+2a;B/JX(a7H/BXFT/H)' (47)

Hence, putting back all the terms of (40) and (42) together,
one writes finally the vectorial test-mass equation of motion
(48), where dynamics of bodies are considered with respect
to their frame of observations, hence progressing towards a
constraint of the state vector in Eq. (39). The missing steps,
that is, the introduction of fiducial frames and expression in
specific coordinate systems, will be addressed in Sec. IV.
This gives

d‘[a_i | xF +d‘ (Ggs] X F
5. H/B T/H 3. B/J T/H
il @rm) * Trin + | 071 X Fry

+ 25 7 X (@1 X Fryp) + Opyp X (@5 X Fr/p) + @pjg X (@5 X Fryy) + —‘ [@y¢/5] X Prijp

dt|

N N N N - N d| .. N N N R
+ @y X (D33 X Fyp) + 2057 X (@ X Fy/p) + E’ [@p) 7] X Fryp + @p)g % (@p)7 X Ty/p)
J

f f
-yl

B. Angular equations of motion of spacecraft
and test masses
Analogously to Sec. III A, we start from Euler’s equa-
tion, derivable from Newtonian mechanics of a rigid body
and related to the conservation of angular momentum h of
an isolated body with respect to a Galilean frame. Treating
the spacecraft dynamics first, we have

d

-

{hsc/J]

d R N
= &' Ne/s@p7) =D I (49)
7

where I p is the inertia tensor matrix of the spacecraft
computed at its c.m., B, and 73 are the external torques

(48)

applied to the spacecraft body. Again, Eq. (49) will be
expanded so that quantities appear from the viewpoint of
the frames in which they are observed. First, angular
dynamics is most conveniently treated from the body
frame, where the inertia tensor is by definition static.
Using the transport theorem (1) leads to

d - " - -
& B[Isc/BwB/J] + @7 x (Lespyz) = > Tg. (50)

Here we encounter a similar difficulty as in Sec. Il A,
that is the mass distribution in the spacecraft is not
strictly static, for the MOSA rotating along with con-
stellation orbital breathing. However, accounting for this
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nonstatic mass distribution will introduce a large amount of
second-order terms, expected to be of little impact on
spacecraft jitter dynamics. As before, we derive the model
as currently implemented, and consequently, we will ignore
this additional layer of complexity in this section. The
interested reader will find more information about a
proposed treatment in the Appendix B 2.

Hence, assuming I/ is time invariant in the 53 frame,
Eq. (50) leads to the vectorial equation of motion con-
straining the spacecraft attitude

d| .. -
Li/n E‘B[(olﬂ/]} + gy x (Lep®p ) = > I (51)

Examining the test-mass case, we derive an identical
relationship from similar arguments

d

Itm/T a
H

— L7 (@73 X &7, 7)
=>4, (52)

However, further decomposition is needed since @7, ; still
contains the spacecraft and MOSA rotational d.o.f. as
0_37/3 = 667/7-{ + a_;H/B + 0_35/j, which leads to

[@7,7]

+ @77 X (Lyn/r7/7) =

dl d| ..
Lin/r 5‘}{[607/%{] + Loy E‘B[G’H/B]

d
+ Itm/T_

a [05/7] = L7 (@w/5 X @, 7)

J

— L/ 7(@7 3¢ X @3/5) = Ly (@7 )30 X B3/ 7)

=> . (53)

where we have used additional geometrical proper[ies of the
cubic test masses, which have scalar inertia matrices 7. m/T =
Al3 in their body frames 7 .

C. Angular equations of motion of MOSAs

Finally, addressing the MOSA angular dynamics, we
again start from the Euler equation

4 0@
mo/Q WH/T
dely

=) tu, (54)

which we expand to consider the angular acceleration with
respect to the MOSA frame—in which its inertia tensor is
static—and in breaking down the angular velocity @y, 17 =
@5 + @py 7 to bring out the dynamics components that
belong to the spacecraft and the MOSA independently

d| .. d| .
Loojo g B[wH/B] + Ino/o E‘j[wl?/]]

— Lino/o (@38 X @) 7) + @3/ X (Inoso @wyB)

(Imo/Q (T)'H/B)
)=k (55)

At this point, we have to examine the sum of applied
torques, as for this EOM we want to focus on the telescope
dynamics induced by the pointing mechanism. Indeed, if
the spacecraft rotates through the thrust system, structure
torque will be applied on the telescope such that they
follow the spacecraft motion. The pointing mechanism only
concerns relative motion between the MOSA and the
spacecraft. We have accordingly

= T+ (56)

ZXtruct

+ @38 X (Iinojo @p/7) + Bp/ g %

+ @57 % (Inoso @)

We can define £ as the torque necessary for the MOSA
to rigidly follow the spacecraft in its rotation with respect to
J frame

N d R
t%ruct = E' [Imo/Q wB/J]
J

= Ino/o a’j[ﬁ’sm] — Lno/0 (@33 X @, 7)

+ @348 X (Inojo @p/7)
+ @577 % (Inoyo @5/7)- (57)

Then it follows that

Lo/ 5‘8[“_57-(/8] + @35 X (Inojo @1y/8)

)=> 1. (58)

Alternatively, we could have found an identical expres-
sion in observing that

+ &g/ X (Inojo @15

d

oy (59)

where only torques that cause relative rotation between the
MOSA and the spacecraft are considered.

Lo @3/5]

IV. WORKING POINT, LINEARIZATION, AND
STATE EQUATIONS OF DYNAMICS

A. Introduction of target attitude frames

The equations of motion (48), (51), (53), and (58) are
obviously nonlinear. They involve several quadratic terms
caused by various inertial forces/torques and projections
to the reference frame of observations. As previously
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discussed in Sec. II C a convenient and yet reliable way to
simplify system dynamics is to choose a state-space
representation where dynamical quantities at play are
deviations from their target values—or working point. It
is particularly relevant in the presence of feedback systems,
whose objective precisely is to lock the observables to
target values. In LISA, the DFACS action will guarantee
that the position and orientation of the four dynamical
bodies stay locked to their working point, meaning that
the nominal value for the deviation from the working point
will be 0.0.

Such parametrization eases and justifies the lineariza-
tion of the system, while preventing possible numerical
issues arising when different scales of motion are to be
compared—since it decouples small-scale and large-scale
motion by construction. It requires the introduction of the
three target frames described in Secs. Il A and II B which
allow us to break down the spacecraft and MOSA rotations
into low-frequency angular motion and in-band jittering

a_;B/j :0_)'3/04‘0_5(9/‘7’ (60)

Wy = Dy + Oy 10 + Doy g- (61)

The decomposition of MOSA rotation is not used in the
EOM, as for angular dynamical state the relative velocity
between spacecraft and telescope is used (see Sec. II1C).
However, the decomposition of spacecraft angular velocity
[Eq. (60)] is more critical for this section. In particular,
derivatives such as Egs. (62) and (63) have to be broken
down in order for the dynamical state of interest to
show up—a general rule being that the angular velocities
and accelerations must be computed relative to the same
frame. Thus,

d . d| .. - -

” [@p/0] = " [@p/0] + @07 X Opj0,  (62)
7 0

d| . d o - -

& @0, 7] = ” (@0, 7] + @017 X @pj0.  (63)
B J

This decomposition of rotating frames increases the num-
ber of inertial force and torque terms to address, although
several of them compensate for each other and can be
simplified through the Jacobi identity [Eq. (46)] such as for
instance, the following inertial terms

070/j X (0313/0 X 7T/H)

= (0o 7 X Op/0) XFr/p+0p/0 % (@07 XTr/m).  (64)

We apply these composition rules to all the equations of
motion (48), (51), (53), and (58) derived in Sec. III. These
are tedious but straightforward expansion steps, and we
will not detail them in this document for readability. They
have been, however, documented and cross-checked with

Mathematica. A dedicated GITLAB PROJECT containing
these Mathematica validation notebooks is accessible to
LISA consortium members on demand.

B. Expression in a common system of coordinates

In addition to these further expansions, it is now
necessary to express the vectorial quantities into a specific
system of coordinates. As discussed and motivated in
details in Sec. II C, we are using the following rules:

(1) Translational dynamics of the test masses are ex-
pressed in the housing frame coordinates systems,
respectively, H; and H,.

(2) Spacecraft angular EOMs are expressed in the
spacecraft body frame 1.

(3) Test-mass angular EOMs are expressed in their
respective body frames 7| and 7.

(4) Telescope opening motion is expressed in the
MOSA body frames H; and H,.

It means consequently that rotation matrices need to be
introduced whenever an EOM expressed in a specific frame
involves physical quantities that are preferably expressed in a
different system of coordinates. For example, spacecraft
angular velocities in Eq. (48) require rotations into H frames

= K H _ 7TH, B

Wp/0 = 05,0 = Trwgp, (65)
= R H _ 7HpBT0O, T
W01y =g, 7 = TgToT 70y, 1, (66)

where rotation matrices are functions of the relative orien-
tation of reference frames 75 = T% (ap)0) as following

1 0 O ¢, 0 —s, cp Sy O
T@)=10 ¢y s¢ 1 0 -5y ¢y O,
10 —sg co| sy O ¢ 0 0 1
[ CyCyh CySy -5,
= | S08,Cp — CoSp  SeSySy + CoCy Socy |, (67)

| CoSyCp T S0S¢  CoSySy — SaCy  CoCy
adopting a short notation for sine and cosine functions (e.g.
—sinf = —sy), and again, comply with the ZYX Cardan
sequence convention [23]. The matrices 7'(@) and their
respective rotation angles & = [, 7, ] encode for a trans-
formation of the system of coordinates with respect to which
the vectors are expressed: they correspond to passive
rotations of vectors. We will be using the convention
throughout this work.

Expressing vectors with respect to a specific basis now
transforms tensors to matrices of 3X components where K
is the tensor order. Consequently, and as already introduced
in paragraphs above, vectors become triplets of scalars
encoding coordinates in a given frame. Similarly, cross
products a X b can be written in a specific coordinate
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system as a matrix product between a skew-symmetric
matrix [a]* made out of the vector a and the target vector b

0 —al dl' 7[bk
ax bg[aH]XbH = | alt 0 —alt||bl (68)
—a;‘ alt 0 bl

We have now all the required material to assemble the
test-mass equation of motion expressed in their reference
frames of observation. Equation (48) shows such an EOM,
generically written so that it holds for both test mass 1 and
2—indexing T, H bodies and indexing 7, H frames with a
specific test-mass label. The vectorial test-mass equation
is then

.’:TT—l/H + Z[wZ/B]Xfy/H + Z[Tng/o] rT/H +2[TETE, TOO)O/j] rT/H + [wH/B] rT/H

+ [Tchg/O} rT/H + [THTBTga)O/j] rT/H + 2[TBa)B/O] [a)H/B] rT/H

+2[THTBTJCU0/ﬂ [CUH/B] rT/H+[a)H/B} [CUH/B] rT/H

+ [THwg 0] [Tng/O}Xr T+ 2ATRTS TO“’O/J] [TH(UB/O] rig [TETS TO(DO/J} [THTS, TywO/ﬂ o

- [rg/P]Xd)Z/B + {wZ/B]X[wZ/B] ”H/P + Z[VH/p] wH/B] THCUB/O - %THTB Tjwo/j] [rH/P] a)H/B

M H H H B H B
- [T rH/B] T 0’3/0+[[T rH/B] Trwg o) Trog0 = 2[TE

T ThfE
DRy L

B

We apply the same procedure to the angular EOM of the
spacecraft, the test mass, and the MOSA, and we get the
following projected EOM:

(1) For the spacecraft attitude

15 @50 + 15 5 [Tngwg/j]xwg/o
+ [a’g/o]xlfc/gwg/o [I?;/BT T?wgm]xwgm
+ [T, T?wg/J]xli/BwB/o
=> 18,1519, ;
- [T8T 15 TET9w], ;. (70)

Ja)O/j] sc/B

(2) For the test-mass attitude

Lo/ 707 3+ Ly TH@Y 5+ THT RO 0

+10, r THTR(TS 9w 17V @80

+Itm/TTTTHTB T?C"O/j_ltm/TTH [w;:tt/b’]xﬂgwg/o
~Ig Tl s TRTETG 0}, 4

_Itm/T[a)T/H] TZ{“’H/B_Itm/T[wT/H]XT%T?‘U?/O

_Ign/T[w;/H]XTZ(TgT?)Tgwg/J:Zt%' (71)

(TUTS TG0, TS 1 — (TSI 08, [TETST G0, 1 TS

H B O H H, B
TgToT 7o O/J] T3 rH/B} Tgogo
(69)
|
(3) For the MOSA attitude
H o -H H H H
o018 + @308 Lo 0@/
H, B H
+ TR0l 1 0@ 5
HpB O H
+ [TRTBTGwd, )T, 0o}
=> (72)

C. State-space representation

Equations (69)—(72) brought together provide a second-
order 17 differential system fully describing the dynamics
of a single LISA spacecraft. To facilitate its implementation
and integration, it is convenient to split these 17 second-
order equations into 34 first-order equations using a state-
space representation, introducing explicitly velocity terms
in the differential equation as an intermediate step, as can

be illustrated by
d2x v = ili_)tc
a = @ =4 { " -

dr

(73)

The velocity part of the state equations acts as identification
relationships or mapping system between the second

components of the state vector X = [x,v] and the first

components of its derivative X = [v, a]. In our case, most
of these relationships are straightforward—filled with Is
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and Os, aside from the mapping between angular velocity
and Cardan angle rates (reckoning that our angular state
representation is made of [, @| pairs) which relate each
other nontrivially

-

da
B — E(a B/O
W50 (aB/O) a
] 0 —S” 93/0
=0 c¢p ¢80 so |, (74)
0 —s9 cyco ¢B/O

(for a Cardan ZY X rotation convention [23]). The matrix E
in the Eq. (74) provides the mapping between the angular
state and its derivative, and is not merely the identity matrix
15 in the general case.

In this representation, the dynamical state is fully

represented by the state vector X in Eq. (39) gathering
all the dynamical longitudinal and angular states and their
respective derivatives—hence 34 elements in total. The
equations of dynamics can now be written
X = - S o

PP f(X,u,r) = A(X,)X(r) + B(X,n)u(r)  (75)
in the general case, and where we have introduced the so-
called state matrices A and B and the source terms vector
u(7)—here forces and torques, that is, right-hand terms of
EOM (69)—(72). This matrix form is particularly useful and
powerful when the system is linear and time invariant, as in
such case A and B are constant matrices and most questions
are then reducible to problems of matrix algebra (solving,
controllability and observability, stabilization, and control
design...).

At this stage, the EOM are not yet linearized. Although
the introduction of the target frames at Sec. IVA has
greatly facilitated the process, as large-scale motion is
already well separate from small-scale jittering of bodies.
We treat the terms of the EOM that are quadratic in the
dynamical state—that is, involving products of elements of
X—writing the element with the largest fluctuation as the
rightmost factor in each term. The variations of the other
elements of X are averaged around their target point and
enter into the constant A matrix. Because most elements x;
of the state vector X have as target point 0.0, these terms
either vanish or have a trivial treatment, for instance:
[T5 (ais 10)] farget = T$=15. State-independent, time-varying
terms are treated as source terms and incorporated in u(?)
and have been moved consequently on right-hand side of
the EOMs. The only dynamical state which is nonvanishing
when set at target are the orientation and angular velocities
of the MOSA [a, 50} /5> since its dynamics have been
described with respect to spacecraft body frame and not its
target frames. Nevertheless, these angular parameters are
being treated similarly during the linearization process

= [&H*/O a)ﬁi/o} . (76)
target

[&H/B w%/s}

In addition, to get a linear, time-invariant system that has
constant A and B matrices with minimal approximation,
time-varying multipliers of the states have to be treated and
approximated. Thanks to our expansion using target frames
discussed in Sec. IV A, these time-varying factors are well

out of band. They involve slow varying terms such as a)g /7
or a)% /o driven by orbital motion. A fair treatment consists
in averaging those terms out and considering them constant
over the course of a simulation run.

The final system of differential equations of motion of
LISA can then be approximated by the following linear,
time-invariant differential system

-

o = AT X () + (BT G(). (77)

where matrices A and B are evaluated at the target state

target

vector X and averaged over simulation time

[0 0 0 0 0
itarget _ 0 0 0 0 0 . (78)
5¢:€el, 1 5¢:<el, 1 6¢t*el.2 5¢fel,2 ]

Note that in the simulation we use an implicit formu-
lation of the state-space model, involving the mass matrix

dX

ar = AmX(0) + B X (08 (1). (79)

Mim
but this does not impact the generality of the discussion in
this section, as we can—and eventually do—map the
implicit and explicit matrix formulations

A = Mi_nlAim’ B = Mi_n}Bim' (80)
In addition to the linearized system, we also implement
and solve the full nonlinear system of equations for
comparison, and will test and discuss their differences
with simulation experiments in Sec. VII. The two models
are important and will have their own scope, as the
linearized version is faster, more flexible, and required
for control design, whereas the nonlinear simulation
provides more realistic simulated data, and can resolve
nonlinearities and time variability, which is especially
interesting for system identification, diagnostics, and data
analysis.

V. CLOSING THE LOOP: DFACS, SENSORS,
AND ACTUATORS

The dynamics of LISA is a multiple-input multiple-
output (MIMO) feedback controlled system to ensure that
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all dynamical d.o.f.s stay as close as possible to working
points. To realize this, the control loop will cancel any stray
forces and torques deviating the bodies from their set points,
hence, commanding forces and torques that are exactly
opposed to the disturbances—in the limit case where control
authority is infinite. The strategy of control—the DFACS—is
designed to fulfil the three following, main objectives:

(1) The satellite motion must be locked on the test-mass
average trajectories, as monitored by the local, test-
mass interferometer, to compensate for the otherwise
noisy spacecraft jitter, mainly driven by its own
thrust noise [5]. This is called drag-free control. At
frequencies where control gain is high, in the lower
part of the LISA band, it can successfully force the
spacecraft to be nearly as quiet as the test masses.

(2) Any relative displacement drift between the two
test masses inside the spacecraft must—and can only
be—corrected by applying direct, electrostatic
forces, and torques on the test masses (x; and x,
axes excluded). These are inevitable actuations for
the test masses to stay within their housings over the
course of the mission, mainly compensating for
spacecraft self-gravity gradients. This is called
suspension control, and its use must stay minimal.

(3) The MOSAs must point constantly towards their
respective distant spacecraft, and so it must be
ensured that the incoming wave fronts are normal
to the lines of sight of the telescopes at any time. To
that end, both spacecraft rotation and MOSA opening
angle actuation will be commanded. In a nominal
science mode, we expect the spacecraft attitude
control to ensure that the €y is aligned along the
constellation bisector (common-mode angle), whereas
the MOSA angle mechanism control will actuate the
opening angle ¢,, (differential-mode angle).

A dedicated publication [16] has already thoroughly
addressed the question of LISA DFACS and its optimiza-
tion regarding the isolation of test-mass actuation from
spacecraft jitter. Hence, here we will discuss more suc-
cinctly the question of DFACS modeling, and we will refer
the reader to this past publication for further details.

The simulation we present in this article involves a
detailed modeling of the closed-loop system, including
models for the DFACS, the sensor and actuator systems,
noise models for these systems as well as for the test-
mass acceleration noise based on LISA Pathfinder output
[10,11]. Figure 3 shows a diagram of such a loop and of the
way it is modeled in the simulation, emphasizing in-loop
and out-of-loop physical quantities. It breaks down as

(1) The EOM block, core of the loop and described
thoroughly in Sec. III, is the passive dynamical
system to be controlled and stabilized. As previously
discussed, it includes longitudinal and rotational
dynamics of spacecraft and test masses. It yields
the time series of 17 dynamical states per spacecraft
which feed in the measurement system.

/" Actuation Noise

Models

Measurement
Noise Models

LDWS Noise
IFO Noise

Capacitive
Sensing Noise

White Noise
(Measurement)

l Micropropulsion Noise I

1 System

Direct
forces |::> *9—} Dynamics

& torques (EOM)

White Noise
(Actuation)

Measurement

LDWS

IFO

Capacitive
Sensing

S/C Attitude
MOSA pointing

Actuation
Micropropulsion

Guidance
signal

FIG. 3. Block diagram of LISA closed-loop dynamics. The
system EOM, intrinsically unstable, get stabilized by the appli-
cation of compensation forces and torques, based on the
information from in-loop sensors, and exerted by the actuation
system on board. External disturbances and noise perturb the
system, and require the continuous compensation of the control to
maintain the d.o.f. at target points. While the current LISANode
dynamics simulation includes white noise only, noise models will
be inserted, as depicted in this diagram.

(2) The measurement block then models the observa-
tions of the dynamical states from optical interfer-
ometer read-out [7,8] (longitudinal: x;, x,, rotational:
N1, ¢1, M2, P2), electrostatic capacitive sensing [6] (all
test masses longitudinal and rotational d.o.f.s), and
LDWS informing about spacecraft and MOSA rota-
tional d.o.f.s. Noise is added to each of these
measurement outputs, and its spectral characteristics
are detailed in Table II. Geometrical imperfections
are introduced with sensing cross-talk matrices for
IFO and GRS sensors. The DWS measurement
geometry is modeled in more details. At each instant,
 the incident angles (7™, @™, 75™s, $5™) of the
incoming beam are computed with respect to the
telescope axes of the local spacecraft. The Cardan
angles describing the spacecraft attitude are then
recovered from an attitude determination matrix
[cf. Eq. (81)].

¢1dws
@ldws 00 -1.0 00 1.0 ;dwg
1ldws | — _ 1 _ 1 ’71 ‘
H - 0.0 V3 0.0 V3 Idws
Pldws -05 00 -05 0.0 e
’,IZWS

(81)

(3) The control block is fed in with 16 error signals,
made from the difference between sensor outputs
and reference values to be tracked (all 0.0 due to our
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representation of the dynamical states, as deviation
from working points). It includes the transfer func-
tions corresponding to the four control strategies:
drag-free, suspension, attitude, and telescope point-
ing control. We refer the reader to [16] for a detailed
discussion of these control strategies, and especially
to Table III of [16], which summarizes the control
mapping and bandwidth.

(4) The actuation block receives commands from the
control block and delivers compensation forces and
torques to the EOM block. Noise time series with
spectral characteristics listed in Table II are added to
these actuation outputs. Presently, the actuation
models consist merely in gains, cross-talks or time
constants transfer functions.

VI. NUMERICAL SOLVING
AND Li1SANode SIMULATIONS

A. LISANode software

LISANode is a graph-based prototype simulator created
and used by the LISA collaboration [20,21]. The graph
encoding computations is assembled in Python either from
existing graphs or from atomic nodes implemented in C++.
The provided Python transcriber is then able to translate
the graph into a c++ file encoding the simulation. This
ensures the ease of use of Python while keeping the
performance of C++.

In this work, the library of existing nodes was extended
consistently to allow not only scalars to be passed between
nodes, but also vectors and 3 x 3 matrices. This allows for a
much more convenient implementation of the dynamics
described here, as well as providing faster execution
speeds. Additionally, this enables an easy implementation
of differential equation solvers.

B. Linearized simulation

The linear differential system to be solved can be
represented in the continuous state-space formalism,
cf. Eq. (79). Solving the system in Eq. (79) amounts to
translating it into a discrete state space, i.e., the continuous
equation of the form

X o .
O = AX(1) + Bu(r), (82)

with constant A and B into the discrete
X(#D) = Ag X (1) + B W(£™).  (83)

For completeness, a derivation of the solution can be found
in the Appendix C. The relevant relations are given by

Adisc =et dt’ (84)

Bdisc = A_l(eAdt - H)B’ (85)

where dt gives the discretization of the time domain, which
in this case is given as the inverse of the LISA simulation
sampling frequency. With the equations in this form,

getting the state vector X at the next time point amounts
to a simple matrix multiplication. As the matrices A and B
are known beforehand, the transition to the discrete system
can be handled in Python without LISANode. We use an off-
the-shelf algorithm for the transformation [24]. In LISANode,
the matrix multiplication in each time step is handled
within one atomic node to make it more efficient. Finally,
discretization of the input vector u(¢) is of importance. The
simplest version would be of zero-order hold, i.e. approxi-
mating the function with step functions. A second option
would be a first-order hold, i.e. a linear interpolation. We
have verified empirically that both methods yield results of
equal accuracy, which is likely explained by the high
sampling rate used in our simulations (f; = 16 Hz) rela-
tively to the typical timescale of our experiments
(< 0.1 Hz). Hence, we have opted for the simple zero-
order interpolation scheme, as given in Egs. (84) and (85).

C. Nonlinear simulation

In the nonlinear case, the ordinary differential equation
system must be solved for each time step. There are many
algorithms available, which usually require the problem to
be stated in the form

== f(X). (86)

The EOM derived here can easily be brought into this form,
and the full set can be found in the Appendix D. For
discretization, we use dt for the step-size again. We chose
to implement three algorithms into LISANode, as the graph-
based computations made it almost impossible to use an
off-the-shelf code. There are different ways to characterize
these algorithms, most important is the order of the method
in terms of the local truncation error (LTE), i.e. the error
done in one time step, or the global truncation error (GTE),
i.e. the error accumulated over multiple time steps until a
final time. Another important aspect is the computational
complexity, which here amounts to how many function

evaluations of f are needed to predict the next time step. We
will use the shorthand

X, =X (i) (87)

for the discretized state vector. The three algorithms
considered are
(1) Euler method: The simplest method, which approx-
imates the derivative as a difference quotient
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i - X -
Sl T f(1;X,). (88)

in-ﬁ-l =dt- E(t; Xn) + Xn- (89)

The method is nevertheless interesting because it is

quick (only requires 1 evaluation of f) and gives
good results for a small step size. The LTE is of order
di?, the GTE of order dt.

(2) Runge-Kutta 4 (RK4): A commonly used algorithm
when it comes to ordinary differential equations. It
can be formulated as

X, =%, +2 (k1+2k2+2k3+k4) (90)

where the k ; depend successively on each other and
are given by

b

K, :f(t
K, =f X

W’l
I
-

(- )
il

o dt -
Q) +— X, +2k2>

K, = £/ +dr, X, + di - K;). (91)
It requires four function evaluations of f, the LTE is
of order df’, and the GTE of order dr*.

(3) Runge-Kutta-Fehlberg 4 (5) (RKF45): This is an
interesting extension to RK4. The LTE and GTE are
the same for RK4 and RKF45, but by using six
function evaluations of f the algorithm can also
estimate the local error itself. The estimator is
of order df’, hence the name. The constants of
the algorithm were chosen in accordance with [25],
the scheme is conceptually the same as for RK4, the

interdependence of the K ; 1s more complicated.

Note that due to the LISANode framework, the functions f are
represented by graphs. In the RK4 and RKF45 algorithms,
this leads to four and six copies of this “function graph” due

to the interdependence of the 12,-.

The estimated truncation error of the RKF45 algorithm
can be useful to provide an upper bound for the local error,
providing an indication of a diverging solution. Its reli-
ability is reduced in the presence of strongly nonlinear
solutions.

D. Efficiency analysis

In Table III there is a comparison of run times for the
linear and nonlinear models with different solving algo-
rithms. We chose a simulated time of 103 seconds, but each
time step should take the same amount of time as they each

TABLE III. Table comparing computation time of the linear
and nonlinear implementations with different solving algorithms.
The results are given as dimensionless ratios of simulated time
and computation time, i.e. how much speedup is gained in the
simulation. For a factor 100 this means that it takes 0.01 seconds
on a computer to simulate 1 second in the model. All numbers are
generated using an Apple M1 Pro processor (single-thread
execution) with the native clang compiler with optimization
level 1.

Simulation Linear NL (Euler) NL (RK4) NL (RKF45)
Single S/C 513 635 373 296
Full LISA 65.6 84.4 64.8 523

have the same complexity. Thus, the results are presented as
speedups of simulated time over computation time.

The code has not been fully optimized for runtime yet, and
we expect further improvements. Several performance opti-
mizations are possible, e.g. using multiple threads during
computation. Thus, the nonlinear Euler solver is currently
slightly faster than the linear one. We understand this as due
to their different implementation: the linear simulation uses a
matrix formulation, which requires numerous matrix-vector
multiplications. The matrices are quite sparse (~5% nonzero
elements), which results in some overhead compared to the
nonlinear Euler implementation.

VII. SIMULATION EXPERIMENTS

Solving the 17-dimensional differential systems, the
simulation yields the time evolution of all the system
dynamical d.o.f.s, as well as the in-loop sensor outputs,
the commanded and applied forces on each dynamical
body. In addition, the possibility of injecting (sinusoidal)
excitation signals is implemented, such as disturbance
signals d (“direct forces & torques” in Fig. 3) or guidance
signals g (biasing the in-loop sensors, see Fig. 3). These
input ports are useful to probe the closed-loop transfer
functions of the system and perform experiments to check
the dynamical model. This is the purpose of this section.

We present a series of eight simulated experiments realized
onboard a single spacecraft, where excitation signals are
injected in the closed loop to stimulate the dynamics and
probe its response to disturbances. We inject three guidance
signal injections simultaneously at three distinct frequencies,
and for eight different injection amplitudes:

(1) On spacecraft control angle H:

at f,, = 1 mHz, amplitude:
= [10°,10%,10°,100, 10, 1,0.1,1072] prad.
(2) On test-mass longitudinal x displacement x;:
at f 0 = 5 mHz, amplitude:

A, =[10%,10% 10 100,10,1,0.1,1072] pm

gXl
(3) On test-mass longitudinal x displacement x,:
at f 9 = 10 mHz, amplitude:

Ay, =[10°.10*10°,100,10,1,0.1,107%] ym
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FIG. 4. Time evolution of the spacecraft three d.o.f.s (angular [@, H, ®]) during the largest amplitude injection experiment. Guidance
signals are injected on the spacecraft angle H, and test masses x; and x, controlled d.o.f.s, respectively, of amplitude 10 prad, 10 pm and
10 pm at f =1, 5, and 10 mHz. Simulations using the linear (in blue) and nonlinear (orange) closed-loop system model are shown,

together with the modeling residual (in green).

We refer the reader to the Fig. 2 helping the visualization
of the d.o.f.s and of the geometry of these experiments.
These five injection experiments are realized with both
linear and nonlinear models for comparison. The simu-
lations have a duration of 3 x 10* s and are sampled to 4 Hz
each, from which the first 1 x 10* s have been truncated,
ensuring the slow MOSA control has stabilized fully and
the steady-state regime has been reached. The residual
time series (between linear and nonlinear simulations) are

computed for each experiment. Figures 4 and 5 show the
simulation results for the largest amplitude experiments
(Ag, = 10.0 prad, Agx1 = Agx2 = 10.0 pm).

A. Testing spacecraft dynamics

Figure 4 shows the spacecraft angular d.o.f.s time series
[©(t), H(t), ®(r)] for the linear (blue) and the nonlinear
(orange) simulations. The green traces give the residuals.

10 x1 X107 yl x1078 zl
1.0 A 1.0 H — Linear
1 4 === Nonlinear
0.5 T n n n A A n A 05 1 = Residual
Eoo Eo Eo.0
— — —
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FIG. 5.

Time evolution of the test mass six d.o.f.s (longitudinal [x;,y;, z;] on the top subplots, angular [0;,7;,¢,] on the bottom

subplots) during the largest amplitude injection experiment. Guidance signals are injected on spacecraft angle H, and test masses x; and
X, controlled d.o.f.s, respectively, of amplitude 10 prad, 10 pm and 10 pm at f = 1, 5, and 10 mHz. Simulations using the linear (in
blue) and nonlinear (orange) closed-loop system model are shown, together with the modeling residual (in green).
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We observe the 10.0 prad H injections around the Y axis as
expected. ® and ® are compatible with simulated noise
(sensing and actuation noise). The linear and nonlinear
simulations use different realizations of the noise, explain-
ing the shape of the observed residual, which yields the sum
of the uncorrelated noise. The H time series at the center
shows an excellent agreement between linear and nonlinear
simulations. This will be investigated more quantitatively
with the test-mass longitudinal motion.

B. Testing test-mass dynamics

Test-mass motion has more complex dynamics proper-
ties to probe since it is impacted by both spacecraft (lever
arms, inertial forces, rotations in housing) and test-mass
disturbances. Hence, in the Fig. 5 one sees the imprint of
the three injections altogether. While drag-free control
suppresses (lever-arm) spacecraft-rotation-driven longi-
tudinal motion of the test masses, the stimulated rotation
of spacecraft is observable on both € and ¢ rotational d.o.f.s
of the test masses, since the Y axis of the spacecraft B
frame, around which the spacecraft rotation is performed,
has nonzero components along the x and y axes of the
housing frames H; and H,. The excitation signal is
amplified compared to the stimulation signal, exceeding
10 prad for #;. This is coincidentally due to the injection
frequency f, = 1 mHzsitting at the end of the suspension
control bandwidth (see Table III of [16] for more details),
where the suspension struggles to compensate for external
disturbances, amplifying them in a narrow bandwidth
around the millihertz. We have verified that, when injecting
at the lower frequency of f, = 0.1 mHz, where suspen-
sion control is still efficient, the imprint of the injection on
0, and 7, is mitigated down to below 0.1 prad, and the test
masses are well forced to rotate together with the spacecraft
guidance at low frequency [16].

The top subplots of Fig. 5 show the longitudinal motion
time series, where the x; and x, guidance injections are
visible. The left-hand plot shows the x; d.o.f. time series,
which indicates that the drag-free control is doing well
to force this dynamical d.o.f. to track the guidance
sinusoidal injection. The middle plot shows the y; d.o.f.
which exhibits a composition of the two injection fre-
quencies, as an imprint of both x; and x, time evolution.
Indeed, drag-free control here has the task to force x; and
X, variables to track down two different frequencies,
despite €, and €,, being not perpendicular. In practice,
the command will then have to request compensation of
spacecraft motion along x, in order to correct f, injected
motion along x, originating from the x; control, which
has necessarily leaked to the x, direction due to the
nonorthogonality between &, and &, . This explains
why one sees traces of both frequencies in the y; plot
of Fig. 5. All the dynamics take place in the X-Y plane
here; the z; dynamical d.o.f. time series are compatible
with noise in this case. Again, Fig. 5 is presenting the

largest amplitude injection experiment, showing excellent
agreement between the linear and nonlinear simulation.
There are, however, observable discrepancies when the
quantities—and in particular the residuals—are represented
in the frequency domain. In the next section, we show
that the observed discrepancies indicate the presence of
dynamical time-varying and nonlinear features the linear
time-invariant (LTI) model is failing to capture by
construction.

C. Resolution of nonlinearities

Computing the frequency spectra of the time series in
Fig. 5, discrepancies between linear and nonlinear simu-
lations become visible. This is quantified using the relative
error of spectrum amplitudes at injection frequencies

X )l = R |
X

Figure 6 shows the behavior of the relative error J,. as a
function of the injection amplitudes. Specific simulations
with sensing and actuation noise turned off have been
realized for this analysis, to better resolve small discrep-
ancies between the linear and nonlinear models. Figure 6
focuses on the dynamical behavior of the d.o.f. xi,
inspected at two different injection frequencies: f o and

(92)

2f,,- The top subplot shows agreement between the linear
and nonlinear model of the response to the x; guidance
signals at f 0 = 5 mHz. The residual scales linearly with

respect to the injection amplitude: it is the signature of the
contribution of an extra linear component the linear model
is missing. Indeed, the linear model discussed is also time
invariant (see Sec. IV C). Hence, it cannot account for time
variability of the dynamical system such as the MOSA
rotation, which can have an important impact on geomet-
rical projections and inertial response to external input
forces and torques. In the particular case of Fig. 6, the
discrepancy comes from the MOSA opening angle depart-
ing from 60° in the nonlinear model, since only the latter
accounts for telescope pointing constrained by the satel-
lite’s orbital motion. The linear simulation stays ignorant of
such feature, hence inducing a small projection error.

On the other hand, the bottom subplot of Fig. 6 presents the
nonlinear behavior of the x; d.o.f. dynamics, in particular its
response to spacecraft rotational excitation. It shows that
when the spacecraftis forced to rotate around its Y axis above
an amplitude of A, = 0.1 mrad, a quadratic component
dominates the response to the rotational excitation, as we
observe a trend in the 6x; residual proportional to AZ . Note
that, here, the frequency inspected is twice of the angular
injection frequency, since the nonlinear response manifests
as additional signal harmonics. Since the linear response
cannotcreate a2f, signal, the relative errorat 2f, is ox; =
1.0 for A, < 10 prad.
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FIG. 6. Measured relative errors of the dx; d.o.f. between linear
and nonlinear simulations, for the range of eight excitation
amplitudes covered. The blue crosses x show the measurements
of the error at f = 10 mHz corresponding to the g, longitudinal
injection frequency (top subplot), and f = 2 mHz corresponding
to twice the gy angular injection frequency (bottom subplot). The
orange curves represent linear reference trends in log-log scale,
facilitating the reading of the order of dependence of the
dynamical response to the injection amplitude scale. On the
top subplot, the relative error dx; stays constant with respect to
the scale of the excitation, and is the consequence of a time-
varying component the LTI model cannot capture, such as the
time-varying opening angle between MOSAs. On the bottom
plot, we observe a relative error that scales quadratically with the
excitation signal gy after A, = 0.1 mrad. It reflects the linear
nature of the LTI model, unable to capture nonlinear dynamical
contributions such as the inertial forces exerting on test mass
along x; and induced by the spacecraft angular jitter.

Figure 6 hence verifies that the LTI modeling is indeed
not, by construction, capable of capturing nonlinear or
time-varying dynamical terms, since all quadratic terms
have been truncated when the state-space matrices have
been evaluated at working points (cf. Sec. IV C), and the
time-varying components averaged out over the simulation
duration. The residuals observed in Fig. 6 are the residuals
of this truncation, and this motivates the introduction of the

SIC1 ) l SIC 2
o } .
TM1 to S/C1
-—> — - — = = = = = >
S/C1to S/C2

FIG. 7. The overall test-mass-to-test-mass optical measurement
is split into three pieces: one ISI and two TMIs per arm.
Nominally, local spacecraft (1) accelerations towards the distant
spacecraft (2) shorten the ISI optical path, but increase the local
TMI optical path length by the same amount, thus TDI outputs
remain unaffected. In this nominal case, the geometrical point of
the spacecraft probed by the ISI is matching the one probed by the
TMI. We denoted such a geometrical point by the letter C.
Illustration from [16].

TM2 to S/C2

nonlinear modeling, for instance, in the context of system
identification experiments involving large probing signals.

VIII. TDI AND S/C JITTER SUPPRESSION:
A NUMERICAL DEMONSTRATION

A variety of noise sources, in particular the spacecraft
thrusters, are expected to create random motion, or “jitter,”
between the test masses and spacecraft. In addition to
suppressing the laser frequency noise, one of the goals of
TDI is to suppress the influence of the spacecraft jitter, by
canceling equal and opposite effects in the long and short-
arm [FOs. With an ideal instrument, e.g., in the absence of
tilt-to-length couplings, the test-mass interferometer will
capture all the spacecraft noisy accelerations along the
long-range interferometer. Hence, combining the signals
within the TDI scheme will result in the cancellation of this
contribution. Again, the situation just described is ideal-
ized, and misalignment between test-mass and long-range
interferometer axes, as well as reference points mismatch
(see Sec. VIII B), will let jitter residuals through that one
can interpret as geometrical tilt-to-length effects. In this
work, however, we will restrict our analysis to the ideal, no-
TTL case, and utilize the jitter suppression expectation as a
figure of merit for demonstrating the correct interfacing
between the dynamical model and optical interferences
onboard and across the constellation.

A. Interferometer observables
The simulator delivers time series of the metrology sensors
onboard each spacecraft. It also yields mother-nature quan-
) . H] H2
tities such as the actual veloc1t¥ vy, and v of the test
masses with respect to the housing frames 7, and H,, or the

true acceleration g = f;—i of the spacecraft c.m. with respect

to its local inertial frame, which can be projected along the
interferometer long-arm axes
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ay = ——" € x- (93)

These physical quantities are measured by the local
interferometers (TMI) and the interspacecraft, long-arm
interferometers (ISI), respectively. They provide the dynam-
ics contributions to the phase modulation of the heterodyne
interferometers beat notes, once postprocessed and rescaled
into equivalent frequency fluctuation units with respect to the
laser carrier frequency as

v i
i UryH i UrymH
g DLy T (94
c c
.1 [t 1 [t
vhr— | adt, Vir-— | aydt. (95)
C 1o C to

B. What does spacecraft jitter mean?

Particular attention must be set on the definition of the
spacecraft acceleration used in Eq. (93). Indeed, one still
needs to identify the geometrical point of the spacecraft
whose noisy dynamical motion contributes to the ISI beat
note in Eq. (95)—a geometrical point that we will denote
with the letter C from now on. That is, not only does the
c.m. longitudinal noisy motion contribute to v, but so
does the spacecraft rotational motion around its c.m. which
translates into a translational acceleration of the point C
relative to its local inertial frame. Accounting for such a
lever-arm effect, Eq. (95) now becomes

o1 t o - -
Vi R [/ adt’ — (@pj0 X Fc,/p) ’eHT,x:|a (96)
)

| t - IR -
l/llsé ~ Z |:/ Clzdf/ - (wB/O X rCZ/B) . eH;x] . (97)
)

As confirmed by simulations, the nominal location for C,
and C, are actually the housing centers H and H,, in order to
suppress large geometrical tilt to length, deteriorating detec-
tor sensitivity significantly beyond requirements. In such a
nominal case, the geometrical point of any local spacecraft
imaged to the distant spacecraft corresponds to the nominal
position of the test masses, and the test mass to test mass
optical measurement can be reconstituted independently of
the spacecraft dynamics.

C. Simulating spacecraft jitter suppression

We performed a series of simulation runs using LISANode
to demonstrate this suppression. We use the pyTDI software
[26] to build the TDI data streams out of the interferometer
beat notes generated by LISANode, while LISAOrbits Python
software [27] is utilized to compute the light travel times
between spacecraft required for PyTDI computations.
Figure 8 shows the TDI-X spectrum for four simulations:
A run using default, expected values for all noise (orange),

disabling noise on the micropropulsion system (green),
disabling dynamics entirely (red), and finally default noise
with disabled TMI channel (filled with Os) to emulate a
failure of spacecraft and MOSA jitters correction by TDI
(blue). In all but the latter case, the summing method used
by TDI reduces the error to a comparable level. In the final
case, as expected, the postprocessing combination of TMI
and ISI cannot isolate the long-range measurement from
spacecraft jitter, which starts to impact significantly the
sensitivity around 4 mHz—above the drag-free frequency
bandwidth. It results in greater noise leaking into the TDI
channels in this case.

Hence, the blue curve provides an estimate of how the
spacecraft jitter would impact LISA sensitivity in the case
where TDI would not be efficient at isolating the detector
performance from spacecraft dynamics noise or in the case
of a failure in the TMI. The green and red traces are both
giving the no spacecraft jitter reference curve: in the first
case, force noise on spacecraft is essentially turned off,
while in the second case, there are no spacecraft dynamics
modeled in the first place, so no jitter exists by construc-
tion. Figure 8 then shows that the orange curve, including
both force noise on spacecraft and a correct setup for TDI,

10716 T
—— no jitter supp. (tmi off)
~——— nominal, thrust noise on
_17] nominal, thrust noise off
10 —— no dynamics
----- drag-free efficiency drop
10—18
< 10—19
a
F 10-20
10—21
1072
=23
10 1074 1073 1072 107! 10°
frequency [Hz]
FIG. 8. Spectrum of TDI-X channel in relative frequency

deviation units (i.e. as fraction of the laser central frequency
vy = 281.6 THz) in four different analysis cases: no dynamics
data (red), thrust noise on (orange) and off (green), no jitter
information from local test mass IFO (blue). This plot demon-
strates TDI efficiency of suppressing realistic spacecraft longi-
tudinal and angular jitters. Below 2 mHz, the noise spectrum is
compatible with the acceleration noise injected in the simulation.
The black dashed line is drawn as a reference for drag-free jitter
suppression authority, and represents the frequency from which
the drag-free looses efficiency sensibly, that is, drops enough to
let noisy spacecraft-to-test mass accelerations through at a level
comparable to the test mass (absolute) acceleration noise.
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lines up well with the no jitter reference spectra, demon-
strating that TDI is mitigating efficiently the spacecraft
jitter, and bringing it down to subdominant contributions. It
is the first numerical demonstration of TDI jitter suppres-
sion within a full, time-domain LISA simulation.

IX. CONCLUSION

With this work, we provide a comprehensive framework
for describing mathematically the closed-loop dynamics
of the 3 x 17 d.o.f.s at play in the LISA constellation
system. We have derived the differential EOMs for the
longitudinal and rotational d.o.f.s of the moving bodies,
both in a vectorial form [Egs. (48), (51), (53), and (58)] and
expressed in coordinate systems of interest specified in
Sec. IT A [Egs. (69)—(72)]. These EOM were inserted in a
MIMO feedback system, interfaced with sensors, actuators,
controllers, and noise sources within a control loop, the so-
called DFACS loop (cf. Sec. V). The resulting MIMO
differential system has been solved using several numerical
schemes, depending on whether the system dynamics was
linearized or not. For linear systems, semianalytical sol-
utions are available, while for the full nonlinear simula-
tions, we have preferred Runge-Kutta four numerical
solving scheme (cf. Sec. VI). In Sec. VII, the simulation
physics has been probed and interpreted with a selection of
injection experiments, and we have illustrated the excellent
agreement between the linear and the nonlinear simula-
tions, the existing residual being consistent with time-
varying and nonlinear dynamical contributions the LTI
model cannot capture (see Fig. 6). Finally, in Sec. VIII,
we have discussed the nontrivial interface between the
simulated physical quantities (spacecraft and test-mass
accelerations) with the interferometers’ beat notes, and
concluded with the numerical demonstration that the TDI
algorithm can suppress spacecraft and MOSA noisy motion
from the final interferometer data streams, in the idealized
case where no dynamical couplings (TTL, actuation cross-
talks, stiffnesses) are turned on.

This first end-to-end simulation offers the opportunity to
start quantitatively evaluating and optimizing postprocess-
ing techniques aimed at suppressing dynamical jitters’
imprints on TDI data streams (TTL mitigation, glitch
detection and suppression). More generally, it enables
the study of the impact of artifacts of dynamical origin
(jitter noise, micrometeoroids hitting the spacecraft [28])
and propagating due to physical couplings such as TTL or
stiffness forces [18,29], through the instrument response
and all the way down to the TDI time series. It breaks down
and reproduces the complex interplay between the DFACS
response, the propagation time delays and various echo
phenomena due to postprocessing which transforms an
impulse excitation signal into a much richer signature.
Because LISA will open a novel window on the Universe,
potentially capturing unexpected, transient signals, it is
crucial to characterize instrumental artifacts with the best

accuracy to discriminate instrumental from astrophysical
events. This E2E simulation will provide key information
to that end. We finally note that all the codes and the
software dependencies (LISAOrbits, PyTDI, ...) are available
(on demand) to the consortium in the rny-lisanode—sim1
GITLAB repository, from which one can download the full
environment encapsulated in a DOCKER Or a SINGULARITY
container and from which one can run the E2E and
reproduce the results hereby presented (dedicated experi-
ment scripts are also provided).
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APPENDIX A: ANGULAR VELOCITY AND
ACCELERATION FROM BASIS VECTORS

In this appendix, we derive an analytical expression of the
angular velocity of the body as a function of the unit vectors
basis of a reference frame attached rigidly to the body.

Using the transport theorem at Eq. (1) as well as cross-
product properties, it can be found that

dl .. d| . R N
4 €, 5] a& &, 5] +@p/; x &5
J B
= (T)B/J X €, 5, (A1)
d|l . d| .. o N
& &, 5] = a@ B[ey,B] +wp/yXe,
= Wp/y % & p. (A2)
d d N R
—| [.5] = | [&.5] +@p/; x &5
dr| ;- © dr|z- © 7
=gy ¥ €5, (A3)

lhttps://gitlab.ir12p3.fr/hinchalus/my-lisanode-sim.
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which simplify since the basis vectors appear static in the
body frame B by definition. We now cross-multiply both
sides by its respective basis

N d| .. R R R

€5 X a (6, 5] =&, p % Wp/; X €3, (Ad)
J

A d A A b A

€8x, [6,5] =&, px g, x &5  (AS)

N d| .. R R R

€5Xq (6.5 =€, 53X W/, X & p. (A6)

From Lagrange’s vector triple product formula: a x (b x ¢) =
(a-c)b—(a-b)c, and adding up Egs. (A4)—(A6), we find

. . d
[ey,B] + €. 5X —l

€. 5]
7 dr|;

J

6,5 +¢€ xd
7 x.B y.B dr

€, 3 X —
AT

_ a2 B A B 4 B a
=3wp) 7 - Wy 7€xB =Wy 7€y 8= @, 5/ 7€

= 2. (A7)
This leads to the final equation for angular velocity
D7 = b sl + s x- 6]
Wp 7 == — —€,5X—
B/T D) x.B dr Py x,B ) v.B dr 7 v.B
1 d
+_é.’3X— [é B] (Ag)
2707 T dr) s

APPENDIX B: FULL DERIVATION
OF EQUATIONS OF MOTION
FOR NONSTATIC MASS DISTRIBUTION

In the main part of this document, we have considered a
fully static mass distribution of the satellite system in its
body frame. However, since the two MOSASs onboard will
rotate accounting for yearly breathing of the constellation,
all masses within the spacecraft are not strictly static with
respect to the B frame. As a result, the c.m. will be
nonstationary in the body frame B. To model this extra
physical feature, it is convenient to define a new geomet-
rical point, denoted S, which corresponds to the c.m. of
the spacecraft platform alone, that is, excluding the two
MOSA bodies.

1. Test-mass longitudinal dynamics

Equipped with this new definition, the position of the
housing geometrical centers H relatively to the c.m. B writes
Fup =Tup +Tpjs — s (B1)

where again P is the pivot point of the MOS As rotation, and S

is the position of the c.m. of the spacecraft platform only
(excluding the MOSAs).

The term 7p /s 1s assumed to be constant by construction,
and the term Fy, /p 1s the null vector since P coincides with
H by design (and in first approximation), so that

d? d?

J— 7 = —_-— r . B2

i B[’ Bl =~ qn B[rs/s] (B2)
Deriving the term % B[?B/S] requires expressing the

spacecraft’s c.m. as a function of the telescopes orientation.
The equation of the c.m. provides
N N —
mSBS +mHlBQ1 +mH2BQ2 :0, (B3)
introducing the c.m. of the two MOSAs, respectively, Q;
and Q,, the masses my, and my, of the two MOSAs, and
the mass myg of the platform alone. Hence, using our
notation convention
mS7S/B+mH]7QI/B+mHZ?QZ/B :0, (B4)
using rg/p = Tp/s +Ts/p +Tpjo, We get after a few steps
of basic algebra
Fg;s = €1(Fsyp, —Tg,/p,) + €2(Fs/p, =To,/p,).  (B5)
where we have introduced mass ratio parameters [Eq. (B6)]

between the MOSA masses and the total mass in order to
lighten the writing,

my my

1

€ = : . (B6)

€1 = =
mg +my, + my,

- )
mg+ my, + mg,

The term Fgp is constant so that the time derivative of
Fp/s Writes

d

dr Fa/s] = €1(@p, /3 X Fo, p,) + €2(@p, 8 X To,p,).

B

(B7)

and its second derivative writes

d2
—| [Fgys]
dlz B /
d| .. - R R N
=y B[‘UH,/B} XTg,/p, +@p, 3 X (@p, /8 XTg, /p,)

+e [E’B[CBHZ/B] XFg,/p, + @, p X (B, X;Qz/Pz)] '

(B8)

Finally, adding the two contributions (B7) and (B8) from
the spacecraft c.m. time variations to the test-mass longi-
tudinal EOM (48), one finds after a few straightforward,
additional steps that
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d? . d
@ +2(03/‘/X$H

- - d
o) hl
[Fr/u] + 2055 % T

[Fr/m]
H H

Fr/u) + a

d

- - d{ . -
[@ /5] X P/ + d_' [@p)/] X Fr/p
B g

+ 2(@p)y X Bp/p) X Fryy + 20,5 X (@) X Fryy) + Opjp X (@pg X Fryy) +@pjy X (@pgpy X Fryp)

d| . - - - - d| . - - - -
— € [E B[wH,/B] XTg,/m, +Op, 5 X (@, /5 X rQI/Hl)] —@ {5 B[sz/B] XTg,/H, + @, 8 X (@18 X To,/h,)
- 2(773/1 X [61(07111/3 X FQI/HI) + 62((7’H2/B X ?QZ/HZ)] + ds [(BB/J] X [7‘11/5 —e(Fo,/m, +7'H,/s) - 62(7‘Q2/H2 +7H2/s)}
J

+&p); X (@) X [Fuss —€1(Fo,/u, +Tu,s) — €2(Fo,/m, +Tayys)])

S
-yl

2. Spacecraft angular dynamics

As seen in the previous section, the stationarity condition
of the mass distribution within the spacecraft—that is, the
stationarity of the inertia tensor in the body frame B—is not
strictly met, for the MOSA rotating along with constella-
tion orbital breathing. A full mathematical treatment for
spacecraft attitude modeling would consist in breaking
down the inertia tensors into nondeformable pieces, thus
static in their respective frames: spacecraft body and its
frame 3, MOSA bodies and their respective frames H, as
well as an additional body named platform to which is
attached a frame S of center S—the c.m. of the platform
considered alone, that is, MOSAs excluded. This gives a
decomposition

Ipp = Is/p + 1, /p + 1n,yp- (B10)
With this, one can treat bodies separately in applying the
transport theorem suitably so that inertia tensors are
constant in time in proper frames. In addition, one also
needs to consider that the spacecraft c.m. about which the
inertia tensor is considered is itself dynamical. Therefore, S
is preferred as the point about which to evaluate the mass
distributions, and one has

Ip/p@p g = Ls)s@p)7 + mgrps X (Fp/s X &g 7)
+ 11,1005/ + 111,008/
—muFo, /5 % (Fo,/5 X @5/7)
—mp,Fo,8 % (Fo,/p X @p/7), (B11)
where we have to introduce the c.m. of the MOSAs alone as
well, denoted Q and labeled by test-mass index. The next
steps would consist in injecting (B11) into Eq. (49),
although one immediately sees that the number of terms
will explode while going through developments similar to
Sec. III A. Accounting for this nonstatic mass distribution
is likely to introduce numerous second-order terms, and

(B9)

although full derivation of the corresponding equations of
motion have been performed symbolically, a Mathematica
treatment and cross-check will be necessary in order to
produce robust, cross-checked equations of motion able
to evaluate the magnitude of such corrections, and their
relevancy in the model.

APPENDIX C: FROM CONTINUOUS TO
DISCRETE STATE-SPACE MODEL

We start out in the continuous state-space form

X - -
— = AX(t) + Bu(z).
dr

For constant matrices A and B the solution to this is known

to be represented by matrix exponentials and given by

(C1)

- - t
X(1) = e*l=0X (19) + / eAIBii(r)dr.  (C2)

)

Then we discretize the solution with the grid spacing df in
the time domain, using the short-hand notation

X, = X(1g), (C3)
X, =X (1), (C4)
u, = (). (C5)

This yields

—

N t(n+l) . R
X, =er" X+ / A OB (T)dr,  (C6)
)

f(n _ eA(,(m_zo)XU +/

)

(C7)

To combine these two equations, multiply Eq. (C7) with
exp(A dr), use {1 — ¢(n) 4+ dr and then solve for the
first term
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< < ) + -
A0 X ) = A X, — / A" Bii(7)de.  (C8)
)

This in turn can the be plugged into the previous Eq. (C6)
to get

(n+l)
X, =etdX, + / A IBE(T)dr. (C9)
t

n)

To proceed, a choice needs to be made on how u is
discretized. As mentioned in Sec. VIB, we chose a zero-
order hold here. Thus, in the relevant interval it is given by

U(r) =u,, te[t, D] (C10)

Plugging this into the integral of Eq. (C9) and using a new
variable A = 7 — ") gives

dt
/ A4 il
0

Given that A is invertible, this can be solved by the trick

dt dt
/ CA(dt_’l)dﬂ — A-! / ACA(dt_i)dﬂ,
0 0

— AL [eA(dr—,i)]gr

(C11)

=A"1(eAM —1). (C12)
Together, we get the final form
f(n“ Ath + A-eAd — 1]Bi,,
=:Adisan + Bdiscun- (C13)

This solution to the first-order hold is more complex. There,
the external input U is approximated between time steps by

=1 -
T [un+1 - un]‘ (C14)
More details on this can be found either in the source code of
the library [24] or in [30].

APPENDIX D: FULL SET OF EQUATIONS
OF MOTION FOR THE DIFFERENTIAL
SYSTEM SOLVER

As a reminder, the state vector has the following form:

- B Hl pd Hg
[ a0 Y50 Trym, CTyH, Try/H,
X — ~d :H, 7, - Hy 7,
X &THy Trym, P1Tn, TryH, PTomH,
5¢tel, 1 5¢tel, 1 6¢tel.2 5¢tel,2 ] .

(D1)

The derivative of X is the interest of this section. First, the
derivatives of &g/, @7, /3. and @z, 3, can be related to
a)g e w;: M, and w% Hy? respectively, by the following
type of equation [cf. Eq. (74)]

a=E (@)~ @.

b=E@a <o (D2)

For 6¢,,; the relation becomes trivial (i € {1,2}). Then,
take Eq. (70) and invert the moment of inertia matrix to get

R0 =—[TETGwY, ;1 0f 0 = (I5,5) 7 [0F 0] IS 505 0
+(Isc/B> [Ifc/BTBTOwO/j] “)B/o
—(15,5) 7 TETGw, 18 s 0
+(I55)" Ztg TeTG0%, 7
_(Isc/B) "5 JwO/j] Igz/BT TJwO/j (D3)

Note that the derivative a)g /7 18 an external input, ie.,

\_7 .
W7 is not part of the state vector.

Afterwards, the two derivatives of the MOSA attitude
(for the two MOSA s separately) of Eq. (72) can be put as

d’g/zs— (Imo/Q) l[wH/B] mo/Q“’%/B
Y
— (I0) [ TE R o I 0@ 5
HpB O H
(mo/Q) "NTETET wO/J] I 00 5
)"

Z trel H.

Then next, the two derivatives of the test-mass attitude
(for the two TMs separately) of Eq. (71) can be rewritten as

mo/Q (D4)

7 1y ==T305 5~ T5T 550
—THTRTETGwd, ) 0f 0~ THTRTETGwF
+ Tl g TR g0+ Th o g TETE TJO)O/]
+ [a)T/H] THwH/B +[@0F 5 TTTH“’B/O

e

(D5)

+[“)T/H] THTETETS 600/3+ tm/T

Note here that the derivatives d)g /o and a)z /5 have already

been calculated in the previous equations, so can be
regarded as a known input here. Equivalently you could
substitute the previous equation here to completely disen-
tangle the equations, but we believe this is conceptually not
necessary and would only increase computation times by
redundant computations, if implemented in the completely
disentangled form.
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Almost the last identity to use is that the derivatives of r;‘l' '/, and r?f/ u, are already known values recorded in the state

LH, . H,
vector, namely 7', and 7>, .

As a last step, the two second derivatives of test-mass position (for the two TMs separately) of Eq. (69) can be

reformulated as

..H o
'ryg =

H
[T T Tij/J]

- [T} wB/o] 7 T/H ~ "T/H

_2[w%/8]xi’;:‘/H - 2[T?wg/0]xi;—t/H - 2[THTgT9wg/j]Xi;‘t/H - [d);{{/B}Xr;:K/H

H B H H
-2[Ty C‘)B/o]X [wH/B]XrT/H

_Z[TngTjwo/ﬂ [(UH/B] rT/H_[wH/B} [wH/B]Xr?l:l/H

X H

- [Tﬁwg/o]x [Tﬁwg/o} Yrya —

HB 70 H B H
2(TRTST a)o/j] T a)B/O]XrT/H

[THTBTOwO/J] [THTBTOWO/J] iy i e og s = (03 5] (@] 51T
_2[[’H/P] “’H/B] TH“’B/0+2[T?T2T?“’0/§] [rH/P] wH/B

B M. B M H B H B HTBTO, M H B
+[rH/3]xTBwB/O—HT rH/B] Tyogo Trog o+ 2T ToT 0 O/j] T3 rH/B] Tgogo

THf%
58
E E — [TETETGig, 1) T s = [TETETGw), 7 [TETE TG0, 71 T 15 -

mpg

(D6)

Note that all quantities other than the second derivatives of test-mass positions are known either as external inputs or from

previous equations in this section.

This gives all the derivatives of the state vector X in a way that can be interpreted as functions f(t; )_i) and can thus

directly be fed into a numerical differential equation solver, which then gives an update for X at the next time step.
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