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A decentralized approach for formation flying reconfiguration
and maintenance using GNSS-based navigation

Francesca Scala* and Camilla Colombo®
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Manuel Martin-Neira*
European Space Agency, ESA-ESTEC, 2200 AG, Noordwijk, The Netherlands.

This paper presents the simulation results for the reconfiguration and maintenance of a
novel three-satellites formation flying mission study. The analyses are based on a decentralized
approach for the guidance, navigation, and control, to provide autonomous management of
the formation flying by each satellite. The mission concept under analysis is developed in the
remote-sensing field, to improve the performances of the Earth’s observation missions for land
and oceans applications and it is proposed as the new generation of ESA’s SMOS mission.
An in-house simulation suite, based on GNSS navigation, is used to assess the performances
of the navigation and the control during nominal and nonnominal phases of the mission.
The high-fidelity simulation analyses aim at assessing realistic performances of the proposed
guidance and control strategies, based on low-thrust engine actuators. The work opens to the
design of future formation flying missions in the Earth observation field, providing a baseline
for the guidance, navigation, and control simulator.

I. Introduction

HE importance of distributed space systems for enhanced space mission was demonstrated for different applications,

from technology demonstration to remote sensing missions, as described in [1-3]. This paper focuses on the latter
scenario, exploiting the formation flying to enhance the potentials and the performances of future interferometry missions
for Earth observation. Starting from the outcomes of ESA’s Soil Moisture and Ocean Salinity (SMOS) mission in [4], a
three-satellite formation flying mission concept with L-band aperture synthesis instruments (FFLAS) is considered in
this paper, flying in the Low Earth Orbit (LEO) region. The mission concept has been presented in previous works [5],
where a triangular formation is adopted to increase the spatial resolution of the observations up to 1 to 10 km, improving
the current state-of-the-art resolution of 40 km of the SMOS mission, as in [1]. This paper presents the decentralized
architecture and algorithms implemented for the guidance, navigation, and control (GNC) system for multiple satellites
formation flying missions. It presents the simulation results for the main operational phase of the FFLAS mission study,
focusing on the navigation and control accuracy achieved by the onboard algorithms. Different scenarios are considered
to assess the performances, given the current capabilities of Global Navigation Satellites System (GNSS) receivers and
vision-based sensors, and of the adaptive Extended Kalman Filter (EKF) for absolute and relative state reconstruction.
The operational limitations introduced by the use of a low thrust control system are also included in the analysis, for a
proper simulation of the possible uncertainties in the desired control.

The proposed GNC approach adopts a decentralized architecture for the autonomous management of the formation
flying by each satellite of the formation, without the control by a reference spacecraft. For this reason, the platforms are
assumed to have the same processing capabilities to handle the required computations by the GNC algorithm. Each
satellite computes from the outputs of the onboard sensor the current state estimate of the whole formation with respect to
the virtual central point. Then it transmits the information to the remaining satellites, via the onboard Inter-Satellite Link
(ISL). From this information, each spacecraft can derive the current formation state and the orbital elements associated
with a reference virtual spacecraft placed at the center of the formation. This approach aims at providing guidance,
navigation, and control strategy that can be performed independently by each satellite of the formation, including
the monitoring of the real-time risk of collision. The proposed analyses are based on the SKiLLeD simulation suite
environment for multiple-satellites formation flying, developed at Politecnico di Milano in the MATLAB®/Simulink
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environment, based on C++ functions [6]. It allows high-fidelity simulations of the formation flying behavior during
mission operations in an environment subject to orbital perturbations, such as the Earth’s oblateness, atmospheric drag,
and solar radiation pressure. The absolute dynamic of each satellite is propagated in the Earth Mean Equator and
Equinox of the J2000 inertial reference frame. The relative dynamic is propagated in the framework of the Relative
Orbital Elements, as well as considering the shape of the relative trajectory in the co-moving radial-transversal-normal
orbital (RTN) frame.

The decentralized GNC approach is implemented for the FFLAS mission, assumed to fly in a 6 am. — 6 p.m.
Sun-Synchronous Orbit at about 775 km of altitude. The main challenges of the formation reconfiguration and
maintenance are given by the close proximity of the satellites during the scientific phase of the mission for Earth
Observation. The three satellites of FFLAS will fly at the vertex of an equilateral triangular formation of 12 m sides. As
a consequence, the assessment of control and navigation accuracy is of primary importance, and its precision level
depends on several factors, such as the complexity of the system, the onboard algorithms, the hardware technology, etc.
The analyses presented in this paper are based on state-of-the-art available technology for absolute and relative state
reconstruction, such as the RUAG LEORIX GNSS receiver and the PRISMA vision-based sensors. Moreover, the use
of the adaptive EKF to filter the sensor measurements can provide a navigation accuracy at centimeter level, as in [7]. A
feedback linearization control algorithm is implemented to assess the control performances over the desired guidance
reconfiguration and maintenance trajectories. The control of the formation is implemented with a low thrust engine, as
required by the nominal formation baseline, which needs a continuous control profile to keep a rigid formation - with a
fixed relative attitude profile - and safe flight conditions.

The manuscript is organized as follows. Section II presents a brief introduction of the FFLAS mission study,
including the main performance and simulation requirements. Section III describes the Guidance, Navigation, and
Control (GNC) simulator developed at Politecnico di Milano based on GNSS navigation sensors and high-fidelity
dynamical description. Section IV presents the simulations and the results of the main test case scenarios. Moreover, it
presents a discussion on the results and performance assessment for different operational phases of the FFLAS mission.
Finally, Section V presents the conclusion of the manuscript.

II. FFLAS mission study

The analyses presented in this manuscript are developed for the FFLAS mission, but are valid for a general multiple
satellite formation in LEO, based on GNSS navigation with a decentralized approach. The FFLAS mission wants to
study the possibility to increase the virtual aperture of radiometer instruments with a formation of three satellites, flying
at close distance in the range of 10 m. Some mission studies were already presented in the literature in this sense, as in
[8, 9]. Following the work of [1], hexagonal array geometry is selected for the tree satellites, with a diameter of about 8
m. Moreover, the spacecraft will fly at the vertex of a triangular formation with dimension side in the order 10 m to
15 m. This configuration provides an equivalent aperture of 21 m for the L-band interferometers, achieving a spatial
resolution of about 10 km, as described in [1, 4]. The increase in the spatial resolution performances with combined
interferometry requires the satellites to fly in a fixed relative position during the scientific phase. Moreover, the payload
requires a period of calibration once per month, to maintain the highest performances. This phase requires a maneuver
for the formation to switch to an inertial orientation. This possibility was presented for the FFLAS case in [10], where
optimal guidance based on low thrust technology was presented.

The nominal formation geometry for the interferometry phase is shown in Fig. 1. The satellites are placed at the
vertex of an equilateral triangle, and the aperture plane lies in the transversal-normal (TN) plane facing the Earth
direction, as shown in Fig. 1. The most important part of the study is the simulation for the verification of the possibility
to achieve the following mission requirements:

» The relative position between the phase centers of any pair of antenna elements, belonging to the same array or
different arrays, shall be controlled to be within + 2 cm (1 ) from the nominal values (nominal hexagonal grid
underlying the 3 arrays).

* The real-time relative position between the phase centers of any pair of antenna elements, belonging to the same
array or different arrays, shall be known to + 2 cm (1 o).

* The ground reconstruction of the relative position between the phase centers of any pair of antenna elements,
belonging to the same array or different arrays, shall be known within + 2 mm (1 o).

For this purpose, a GNC simulator with a high-fidelity dynamical propagator is proposed to evaluate the performances
for the two main operational phases of the mission study, the Earth pointing phase and the payload calibration phase.
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Fig.1 FFLAS nominal geometry in Earth pointing configuration.

1. Reference frames definition

This section presents the main reference frames currently used in the GNC simulator design. Concerning the
absolute reference frame, we consider the classical Earth-centered Equatorial Coordinate System (EME2000) for the
high-fidelity dynamical propagation of each satellite. The dynamical propagation of the absolute state of the satellites
is performed in EME2000, to include the major sources of perturbation of the LEO region. Then the True-of-Date
(ToD) reference frame is introduced in the simulator, to include the effects of nutation and precession in the dynamical
propagation. It is related to the current epoch, and, for this reason, the axes of the coordinates system are time-dependent.
The values in ToD are computed from the dynamical propagation in EME2000, to gain the knowledge of the nutation
and precession effects and are used to compute the relative motion in RTN and ROEs. Consequently, we define the local
Hill orbital frame (RTN) with the following vector triad, to describe the relative motion of two or more satellites with
respect to the reference orbit:

* The x-axis of the RTN frame is aligned with radial direction of the reference orbit: e, =r/r

* The z-axis is aligned with the angular momentum of the reference orbit: e, = ;i:l

* The y-axis completes the right-hand side frame: e, = e, X e,
Moreover, we also considered the ROEs framework to describe the orbital elements of each satellite in the formation
(deputies) with respect to the reference orbital elements (chief). This final representation allows a semi-analytical
description of the dynamical model, with a deep insight into the relative motion, and the definition of the inter-satellite
collision avoidance constraint in terms of the eccentricity-inclination vector separation. The reference orbit for the
FFLAS is the virtual central point of the triangular formation. We selected the reference orbit equal to the nominal one
of the SMOS mission, i.e. a 6 a.m. to 6 p.m. Sun-Synchronous orbit at 775 km of altitude.

ITI. Guidance, Navigation, and Control system design

This section presents the GNC simulator developed to evaluate the performances of the operational scenarios
of the FFLAS study. This tool aims at assessing the performances of the system and at supporting functional and
performance tests for feasibility studies. The main outcome is the accuracy in the control and in the navigation solution
reconstruction that is achievable on-board. A key aspect is the possibility to perform an autonomous GNC during the
nominal phase of the mission, without the need of including continuously the ground reconstruction in the algorithms.
This will support the feasibility of performing the main operatiional modes independently, including the collision risk
assessment and the eventual transition to a safe mode. For this purpose, a control in the centimeters level is required for
a safe flight of the spacecraft, which nominally, are just 10 meters apart. The requirement in the control is correlated
to the onboard navigation solution, which is required to be lower than the control solution. So far, several missions
demonstrated the feasibility of a precise millimeter and centimeter relative navigation in LEO, for the ground and



onboard reconstruction, respectively, as discussed in [11]. Global Navigation Satellite System (GNSS) based navigation
systems were implemented on several occasions, thanks to the possibility to recover information on both the absolute and
relative state of the satellites, such as for the on-ground navigation system of the GRACE mission. For LEO satellites,
the first challenge in the design of navigation algorithms is related to the presence of uncertainties in the carrier phase
measurements and to the limited duration time of the continuous positioning signal from one single GNSS satellite.
These conditions require proper algorithms and onboard filter development, to provide a precise relative navigation
reconstruction onboard the satellites. The possibility to implement a combination of GNSS and vision-based navigation
could also be considered to increase the accuracy and the reliability in the position reconstruction [12]. Additional
optical sensors could provide accurate measurements of the inter-satellite distance, to be combined by the navigation
filter with the GNSS information.

A. High-fidelity dynamical propagator

The in-house high-fidelity dynamical propagator, called Simulation Kit for Logic Layout Design of Formation
Flying (SKiLLeD) developed by Gaias [13], was adapted to the FFLAS environment in preparation for the performance
simulations. The simulator aims at providing support to the design of relative GNC algorithms for LEO missions.
The absolute orbits of a chief and a deputy satellites are propagated in the EME2000 and then a conversion between
osculating/mean elements is provided after the transformation into the TOD reference system. The main propagation is
based on a C++ algorithm which includes the main gravitational perturbations effects due to the gravitational J,, ,
terms. For propagating the FFLAS formation, we introduced some modification to the original code, as follow:

¢ Inclusion of the possibility to simulate simultaneously one chief satellite and up to N deputies’ satellites, by

vectorizing the C++ based functions.

* Development of a high-fidelity atmospheric drag model in the perturbing acceleration of the relative motion, in a

separated C++ function, based on the NRLMSISE-00 model of [14].

The high-fidelity propagator is made of three main blocks. The first is the Orbit Dynamics Block, based on C++
S-function for the MATLAB®/Simulink environment. It takes as input parameters the absolute EME2000 state of the
reference and of the satellites in the formation. It computes the accelerations of an Earth-orbiting satellite under the
influence of the Earth’s harmonic gravity field a4y, the atmospheric drag ag4;4¢, and the commanded thrust from
the GNC simulator a.,,q. The acceleration is computed in the EME2000 Orbital frame from the information on the
position and velocity of a generic satellite at time t:

as/c(t) = agrav(t) + adrag(t) + acemal(t) (D

The acceleration due to the harmonic gravity field is computed from the information on the position of the satellite at
time t and the n,,4x, Mymax parameters, which represents the zonal and harmonic order of the gravitational field. The
geopotential gravity field implemented in the model is based on the GRACE Earth Gravity model 02 (GGMO02S), as in
[15]. This model is based on the analysis of the in-flight data collected by GRACE during 363 days of measurements. It
describes the gravitational field up to 160x160 degree order and includes the gravity anomalies over the surface of the
Earth.

The second block is the State Conversion Block from EME2000 to the ToD reference frame. The transformation is
based on the rotation matrix Ree2:04, from [16]:

X700 = RemertodXEME (2)

Where R.me2tod includes both the effect of nutation and precession. Finally, the third block is the State Conversion
Block for the computations of relative quantities. It implements several S-function blocks for the computation of the
relative state of the deputies:
* The relative cartesian block implements the conversion from the inertial state (position and velocity) of two
spacecraft to the Cartesian relative state (position and velocity), in the local Hill orbital frame of the chief satellite.
It is implemented in a C++ function, taking as input the chief and the deputy inertial state.
* The ROE Block implements the conversion from the Keplerian elements of the chief and deputy satellites to the
relative orbital element framework. It is implemented in a C++ function, taking as input the Keplerian elements of
chief and deputies’ satellites



B. Guidance algorithms

The guidance algorithm is based on a convex optimization problem, which aims at providing the delta-v optimal
trajectory solution. Given different case scenarios for the FFLAS, the guidance trajectory is computed together with the
reference control law. As fully described in [10], the optimal trajectory problem is written in a convex formulation to
guarantee a unique solution. Moreover, the problem is defined to include the main constraint for the FFLAS satellites,
such as the maximum thrust level for the control law, the desired final configuration or the maintenance period, and
the minimum distance among the satellites to guarantee a safe formation. The latter is important to avoid possible
nonnominal flight conditions, which could result in a collision among the satellites. The optimization procedure is
based on the MATLAB® environment, and it is inserted in the closed-loop GNC simulation, for the definition of the
reference trajectory and control. These are the inputs for the control block, described in Section III.E The schematics for
the guidance block is shown in Fig. 2.

INPUT file

Case scenarios
+ Commis,
+EPM,

+ CSPM,

+SM Guidance Block

Formation Flying reference trajectory
from MATLAB script
OUTPUTS:
To Control
Block

+ Select the case scenario
+ Select reference trajectory
+ Provide the guidance to the close-loop

Simulink basic blocks
INPUT Trajectory

Optimal reference trajectory
+ Convex optimisation
Case scenarios:

+ Commis, CSPM, SM

from outcomes in D04

Fig. 2 Block diagram schematics of the Guidance algorithm.

C. Decentralized architecture

The proposed GNC analysis aims at verifying the main operational phases and the GNC performances of FFLAS. A
decentralized approach is selected for autonomous GNC management without the mediation from a specific satellite.
Each spacecraft is supposed to have the same computational and data-handling capabilities and to autonomously
elaborate their GNC algorithms. The continuous mutual exchange of GNSS navigation data enables the reconstruction
of the absolute formation status at each time instant onboard each satellite. Moreover, each spacecraft could recover,
from the information on the absolute formation status, its relative state associated with a virtual spacecraft at the center
of the formation triangle. The elements of the virtual satellite are propagated in time thanks to the onboard dynamical
propagator. The GNC algorithms are elaborated by each satellite of the formation in the RTN reference frame of the
virtual platform. This architecture is shown in Fig. 3, where the virtual platform is identified by dashed contours, and the
FFLAS satellites are called "A", "B", and "C" respectively. During the nominal phases of the mission, it is important
the correct sharing of data among the satellites, to enable the autonomous navigation and path planning of the formation.
The navigation logic for the exchange of data is selected as follow:

 Each satellite (A, B, or C) transmits the current state to the remaining satellites.

* Each satellite receives the data from the other platforms.

 Each satellite computes the current navigation state estimate in the local frame of the virtual satellite.

D. Navigation algorithms and sensor design

The Navigation block includes the procedures and algorithms necessary to estimate the absolute and the relative
state of the satellites in the formation. For the FFLAS formation, we consider a decentralized architecture, where
the reference satellite computes the absolute state measurement and shares the information with the other satellites
in the formation. At this point, each vehicle computes its relative state through a navigation filter. Specifically, the
onboard sensors provide measurements on the position and velocity evolution of each satellite during the time. These
measurements are subject to noise and disturbances, caused by the sensor’s accuracy on the measures, and the navigation
algorithms aim at filtering and processing such information, to generate a good estimation of the actual state of the
satellite. The navigation algorithm is made of two main blocks. The first is the GNSS receiver block, which provides



Fig. 3 Selected logic for the navigation system based on a decentralised approach.

the measure absolute and relative state from the ground truth reference for the satellites in the formation. Then the
absolute state estimation block and the relative state estimation block consist of an Extended Kalman Filter (EKF),
which is used for absolute state and relative state reconstruction from the measurements values.

1. GNSS receiver block

The GNSS receivers can provide three different measures: the pseudo-range p,,, the carrier phase p.p, and the
doppler measurement ¢. The former is the range between the GNSS satellite and the user, in our case one of the
satellites of the formation. It is subject to some noises, the receiver clock error, the ionospheric error, and other sources.
The second instead, measure the difference between the carrier phase of the GNSS and the receiver satellite, and
the doppler measurement provides information on the range rate [17]. In this simulator, information on the absolute
position and velocity given by the GNSS receiver is obtained by perturbing the state of the satellites in ToD with a noise
term. The high-fidelity propagation in ToD from the SKiLLeD environment is considered representative of the ground
truth dynamics of the formation, whereas the noise term is representative of the sources of uncertainties in the signal
received from the GNSS satellites. A zero-mean Gaussian noise used to perturb the ground truth propagation is selected
according to the physical properties of the GNSS receivers for FFLAS.

2. Absolute and relative state estimation block

The state estimation block is based on an EKF, which processes the information from the GNSS satellites and the
state variable connected to the other satellites in the formation. The inputs to the state estimation block are the satellite
state computed from the GNSS sensors and the formation status. The latter is exchanged among the formation with the
inter-satellite communication link. The initial covariance on the satellite state knowledge is given as a covariance matrix
Py. Moreover, an additive measurement noise with covariance Ry is included in the model, as well as a measurement
function to recover the state from the nonlinear dynamics. In the estimation filter, the knowledge on the onboard
nonlinear dynamical propagator for the absolute state reference is the state transition value and it implements the main
LEO perturbing effects. The algorithm includes both the mean J> contribution of the Earth’s oblateness and the drag
effects. Besides, to improve the performances of the state reconstruction, the Jacobian function of the dynamical
propagator is included in the model. Finally, the process noise is included in the state transition value with the covariance
matrix Qg, which represents the additive process noise. The parameters used in the simulator to provide the absolute
and the relative state estimation in the close-loop of the GNC simulator are used as input for the (EKF) to estimate the
actual state from the GNSS sensor measurements. The variance of the position and velocity is selected according to the
estimated error in the measurements to make the filter converge to the ideal trajectory:

* For the absolute estimation, an error in the measurements in the order of 1 m and 0.002 m/s, for the position and

velocity respectively, is considered in the variance definition.
* For the relative navigation estimation, an error in the measurements in the order of 1 cm and 0.001 mm/s is
considered for the position and velocity, respectively.

For both absolute and relative state estimation, the initial state estimation covariance matrix Py is selected for the



initial step and then at each time is updated in the algorithm considering the residual error from the previous step.
Consequently, an adaptive EKF is considered in the navigation block, to improve the state reconstruction performances.

Relative navigation The relative state is computed from the GNSS measurements between a couple of satellites in the
formation. Between two receivers of two different satellites, i and j, the single difference carrier phase measurement
can be computed as: - )
; )
Paep 1) = Plp = Pep 3)
This procedure can be applied to any couple of satellites in the formation. Similarly, a single difference among the
doppler measurement can be computed to provide the range-rate change in time:
Ap = ¢ — ¢' (4)
The advantage of using the differential measurement is the canceling of the ionospheric noise, which affects the accuracy
of the GNSS measurements. Moreover, it provides a value with smaller uncertainties and external noises. Now the state
vector for the formation can be computed at each time instant as:
_ i 1i Ji (N-1)i
XREL = Xaps> XRerL> > XRer> - YREL o)
Where the index i stands for the reference satellite in the formation and the index j represents the other satellites for
j=1:N -1, with N the number of vehicles in the formation. The relative state xgg represents the position and
velocity of satellite j with respect to satellite i. In this work, we start from the absolute state estimation in the ToD
frame, and we recover the relative state of the satellite j of the formation with respect to the reference i satellite. The
measurement vector is the relative state of the satellites in the formation corrupted by a zero-mean Gaussian noise, as in

[6]. The relative navigation filter is used to estimate the relative position and velocities of the satellites in the formation
from the noisy measurement.

Navigation error The characterization of the estimation error is important to assess the performance of the navigation
filter. The state estimation error can be computed at each time step by subtracting the actual x(z;) and the estimated
state £(t):

enav(ti) = x(tx) — 2(1x) (6)

Another parameter to assess the performance of the state estimation is the standard deviation, from the filter covariance

matrix Py:
o = \Pr @)

Both the navigation error and the standard deviation provide a performance of the navigation solution with respect to the
actual state at each time instant.

E. Control algorithms and actuators design

The Control Block includes the procedures and algorithms necessary to provide a commanded thrust to the satellites
in the formation. It takes both the information on the desired state from the Guidance Block and the estimated state
from the Navigation Block. The control algorithm is composed of two main blocks. The controller block provides
the ideal control to the close-loop simulator from the error difference between the desired and the estimated satellites
state. Then the actuator block implements the ideal control in the onboard thrusters, considering the technological
limitations to provide the actual control to the close loop simulator. For the FFLAS formation, we consider a low thrust
architecture, with the engines lying on the x3,, z; plane of the body frame of each satellite. Specifically, the QinetiQ TS
engines are considered in the analysis. The control algorithm requires two input information. First, the desired relative
xRTN or ROE:s state of the deputies, given by the Guidance block, and second the estimated absolute and relative states
of the deputies, given by the Navigation block.

1. Control block

The control algorithm implements the maneuver commanded by the guidance algorithms and provides the command
control to the actuators. It implements an optimal control to minimize the error between the actual state and the desired
state, from the navigation reconstruction and the guidance algorithms, respectively. The Controller Block implements a
feedback control law for nonlinear system dynamics and in particular a feedback linearization of the system error. The
following procedure is implemented:



* The system error is computed from the comparison between the desired and the estimated relative states of the
Deputies: e(t) = XxrrN (1) — Xdgrn (1)
* Positive-definite control gain parameters (kjandk;) are introduced to compute the equivalent input for ideal
control definition.
* The onboard dynamics (/> and drag) is considered the reference for the Deputies evolution.
From the equivalent input and the reference dynamic of the Deputies, the ideal control is computed. Finally, the ideal
control in the RTN frame is provided as input to the Actuator Block.

2. Low thrust actuator model

For an accurate simulation of the formation performances, we characterize the actual control that the onboard thruster
can provide. The FFLAS satellites are equipped with four low-thrust engines, the QinetiQ T5, which are oriented
in the x,z plane of the body frame. The implemented procedure can be applied also to different low-thrust engines.
The maximum thrust is limited by a saturation value, to guarantee that the required thrust is below the technological
limit. Moreover, a control delay term is introduced to represent a real actuator, which will always introduce a delay
in the ideal control. This is mainly due to the intrinsic time delay in the actuator response. Consequently, the ideal
control is elaborated and transmitted by the propulsion control unit to the engine assembly, which has an intrinsic delay
in the response time. Finally, noise terms and error terms are introduced on the thrust level, to account for the real
behavior of the engine, as well as to simulate errors in the attitude of the satellites. For the FFLAS case, the QinetiQ TS5
performances are the following:

e Thrust range: 0 to 25 mN

* Thrust error: 5% for thrust level <3 mN and 1% for thrust level > 3 mN

* Thrust noise: 1.2 mN/vHz at 1 mHz and 0.012 mN/VHz at 100 Hz

IV. Simulation Results
This section describes the results of the simulations for formation flying maintenance of the FFLAS mission study.
This paper focuses on the preliminary results of the GNC simulator for the formation maintenance during the scientific
mode, for Earth observation purposes, and the formation transition to the calibration phase.

A. Simulation settings

This section describes the settings used for the simulation scenario. The simulations are based on MATLAB®/Simulink
R2021a, operating on an Intel Core i7-7700, 3.60 GHz processor. The simulation time is about four orbital periods, for
a preliminary evaluation of the GNC performances. This period is enough to introduce the nonlinearity of the relative
dynamics and to analyze the convergence of the controller and the navigation filter. We considered the gravity field
due to the gravitation harmonics up to a 6x6 order, and the influence of drag during the motion. The time step was
selected equal to 1.0 s to provide the velocity vector as the rate of change of the position vector in 1-second. For the
navigation system, the performance of the RUAG Leorix GNSS receiver is considered in the simulation. The initial
states of the FFLAS satellites are reported in Table 1, where the relative position is expressed in the RTN frame for each
satellite with respect to the central virtual point of the triangular formation. The formation geometry of the science
mode is shown in Fig. 4 (left), where A, B, and C represent the satellite of the formation and O is the central virtual
point. The initial conditions in the RTN frame are computed from the representation in the inertial ToD frame, which
also considers the effect of nutation and precession.

B. Science and calibration phase definition

The science and the calibration phase are the two main operational phases of the FFLAS formation during the
nominal scenario. During the science phase, the satellites are in a triangular formation with the aperture plane of
the payloads pointing to the Earth. During this phase, the three satellites fly in formation, according to the nominal
formation geometry, shown in Fig. 4 (left). The ISL for data exchange is represented by the red, green, and blue
rectangles, whereas the solar panels are Sun pointing, represented by the orange line. By system requirement in [5], the
ISL antennas shall remain in the same relative configuration during different mission phases. Once per month, the
interferometers require a calibration period, when their aperture plane should point toward the zenith. During this phase,
the satellites should be able to change their attitude of the aperture plane, from nadir to inertial pointing. As described



in [10], to maintain the correct data link among the satellites, an attitude maneuver is not enough for this purpose, but
the formation needs to make a reconfiguration to switch the position of satellites B and C, as in Fig 4 (right). The idea
of the analysis is to evaluate the compliance of the simulator with the required accuracy level of both the navigation and
the controller. The configuration conditions for the calibration geometries are reported in Table 2.

N ® AN °

R Outward R Outward

Fig. 4 FFLAS nominal configuration during the science (left) and the calibration (right) phases.

C. Simulations results

The simulation aims to provide the performances of formation maintenance and maneuver during the payload
calibration scientific phase of the mission. During the simulation, the closed-loop control algorithm relies on onboards
GNSS navigation for reconstructing the state of the formation. Moreover, the ground state reconstruction is evaluated to
assess the feasible accuracy level, and the control algorithm provides a command thrust to the onboard actuators, which
are limited to 25 mN of maximum thrust. Finally, the onboard actuators provide the thrust only in the x-z body axis,
corresponding to the transversal and normal direction of the RTN frame.

The ideal trajectory followed during the transition to and back the calibration configuration is shown in Fig. 5. This

Table 1 Simulation settings for the initial conditions of the FFLAS case.

Guidance Values

Reference SSO {7.1531-10°m, 6.4 - 107, 2.114rad, 3.434rad, 3.36rad}
Sat A {-1.9-1073, 6.5-1073,-5.369, 0, 0, 0}

Sat B {-1.9-1073, 6.236,5.369, 0, 0, 0} m, m/s

Sat C {-1.9-1073, -6.236,5.369, 0, 0, 0} m, m/s

Navigation Values

Absolute position error 1.0 m 3D rms
Absolute velocity error 2 mm/s 3D rms
Carrier phase error < 1.8 mm rms

Code measurement error < 0.7 mm rms

Table 2 Simulation settings for the calibration case.

Guidance Values

Sat A {-1.9-1073, 6.5-1073,-5.369, 0, 0, 0}
Sat B {-1.9-1073, -6.236,5.369, 0, 0, 0} m, m/s
Sat C {-1.9-1073, 6.236,5.369, 0, 0, 0} m, m/s




trajectory was studied in [10], considering a convex formulation of the problem to assess the delta-v optimal maneuver.
It can be seen that satellites B and C follow a specular trajectory for the transition, while satellite A has to remain stable
in its original position. The trajectories of the satellites are identified with three different colors, while the central point
represents the reference virtual trajectory. Fig. 5 (right) represents the time evolution of the position and velocity in the
RTN frame. The simulations steps are the following:
1) One orbital period in Earth pointing configuration is simulated, for formation maintenance during the science
phase.
2) The maneuver from Earth to zenith pointing is simulated, where satellites B and C switch their position.
3) Then, an attitude maneuver is performed to point the satellites’ payload toward the cold sky.
4) Once the calibration configuration is reached, the inertial pointing is maintained for about 30 minutes,
implementing formation maintenance.
5) At the end of the calibration phase, another attitude maneuver is performed, to point the payload again to toward
the Earth and a formation maneuver is simulated to return to the original science phase configuration.
The necessity to include an optical link to improve the real-time and post-processing navigation accuracy will be
evaluated.
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Fig. 5 FFLAS nominal reconfiguration trajectory during the transition between science and calibration phases.
three dimensional representation on the left, and time evolution of the RTN components on the right.

1. Control profile

The control thrust profile required during the calibration phase is shown in Fig. 6, where the control in the body
frame is on the left, while the one in the EME2000 frame is on the right. It can be seen that the control required for
satellite A consists of the pure formation maintenance control, with a constant thrust in the normal (x;) direction of
about 10 mN. On the other hand, satellites B and C start with the formation maintenance control before entering the
maneuver control profile to pass to the calibration configuration. The thrust to switch their position is only in the normal
and transversal direction (xp, z5). Around the second orbital period, there is a 30-minute slot where the satellites
maintain the zenith pointing for the calibration of the payload thanks to the maintenance control profile. The maximum
thrust is limited by the technological performances of the QinetiQ TS engine of 25 mN maximum, as represented by the
red line in the body-fixed frame control in Fig. 6.

2. Navigation accuracy

An important parameter to consider in the performance evaluation of the simulation is navigation accuracy. The
simulation is performed considering GNSS-based navigation onboard the satellites, while the possible optical/vision-
based sensor could be included to improve the reliability of the results. The solution from the onboard navigation state
reconstruction is important to guarantee the autonomous GNC setting for FFLAS during the payload calibration phase
of the mission. The estimation of the state is used as an input to the control block to define the commanded thrust to the
actuator. Thanks to the implementation of the EKF onboard the satellite, the real-time onboard navigation accuracy
remains in the order of 1 to 2 cm. The navigation solution for each satellite in the formation is shown in Fig. 7, where
the shadowed part is the confidence interval of the navigation solution.
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Fig. 6 Control thrust for the maneuver to and back the Cold Sky Pointing Mode phase in the body-fixed frame
(left) and in the Earth Mean Equatorial Frame (right). The red line represents the maximum available thrust
from the QinetiQ T5 (25 mN).
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Fig. 7 Onboard navigation accuracy for the three satellites A (left), B (center), C (right), during the transition
to and back the calibration phase, in the RTN frame.

3. Accuracy of the formation control

A Linear Quadratic Regulator (LQR) control is implemented to follow the optimal trajectory for the initial
reconfiguration. The control matrix in the RTN frame, where we assumed that the desired attitude is guaranteed by the
onboard actuators. The satellites provide control only in the transversal and normal directions. The LQR weights are
selected after a trade-off parametric analysis to improve the control outcome. The weights for the matrix Q and R are
chosen as:

(1o o o 0o o0 0]
0 09 0 0 0 0
0 0 10 0 0
- 8
Q 0 0 0 1le5 0 0 ®
0 0 0 0 1les 0
0 0 0 0 0 Ile5
10 0 0
R=|0 5 0|-108 9
0 0 1

Starting from these weights matrices, the controller performance is computed via the difference between the guidance
trajectory and the actual trajectory. the former is the delta-v optimal strategy for the formation reconfiguration to the
calibration scenario. The following assumptions have been made during the simulation:
* the state reconstruction is based only on the onboard navigation, to allow an autonomous formation reconfiguration
even when the ground station is not in view.
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* the control could improve significantly including in the closed-loop the ground reconstruction information for the

state of the satellites.

Fig. 8 shows the error in the control for the calibration transition phase. After the initial instants where the controller
needs to converge, the error in the control is limited in the range 1 to 10 cm, over the desired position of the satellites,
with some local peak of about 20 cm accuracy. Particularly, in the initial and final time, the formation maintenance
in Earth pointing configuration is implemented, with a control accuracy for the relative position in the order of a few
centimeters (1 to 10 cm). In the central part, some peaks around 20 cm of accuracy can be identified at the moment
when begins the maneuver to switch positions between satellites B and C. This is due to the need for the controller to
converge again for a different situation than the formation maintenance for science configuration. In a successive phase
of the mission (phase B), an optimization of the controller is envisioned, to improve the controller performances in
both the formation maintenance and maneuver implementation. Moreover, the possibility to include the ground in the
closed-loop navigation will improve significantly the performances, reducing the navigation error in the order of a few
millimeters.
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Fig. 8 Error in the formation control, for the three satellites, in the RTN frame. The error on the z is zoomed to
better represent the order of magnitude of the error after the convergence of the algorithm.

V. Conclusions

This paper provides a simulator of guidance, navigation and control for multiple-satellite formation flying. It relies
on a high-fidelity dynamical propagator, based on a C++ environment, and provide a baseline for the controller and
the navigation filter to be included in the closed-loop dynamics. The scenario considered the FFLAS formation on a
quasi-circular SSO orbit in the LEO environment. Consequently, the main perturbing effects have been considered in the
dynamical propagator, such as the Earth’s oblateness and the drag effect, while the solar radiation pressure and the third
body perturbations are included in the propagation noise. The relative navigation problem based on the GNSS sensor
is presented, for the estimation of the relative position and velocity states. A preliminary result of the performances
of the EKF is discussed for the analysis case, providing the navigation error in the relative state reconstruction of
each satellite in the formation. However, the performances of the EKF strongly depends on the selected onboard
dynamic and the sensor performances (noise and covariance). For this reason, accurate analysis on the robustness of
the filter will be performed as part of the study for the FFLAS mission design. Moreover, the design approach for
the controller is presented, based on feedback linearization error. Other approaches could be considered for more
accurate control of the system dynamics, which could better include the nonlinearities and uncertainties in the system.
To conclude, the proposed analysis provides a baseline procedure for assessing the GNC performances of a multiple
satellite formation flying mission, based on the GNSS navigation system. The high-fidelity simulations aim at assessing
realistic performances of the proposed guidance and control strategies. The navigation and control accuracy for the
FFLAS mission are expected to be in the centimeters order, to comply with the mission requirements, and to provide
safe mission operations. The automatic transition to the calibration phase is presented, providing a baseline approach
for onboard operations. The methodology applies to other multi-satellite missions in similar orbital scenarios, also
considering the recent trend of employing low-thrust engines onboard scientific satellites.
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