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Mission Analysis and Navigation Design
for Uranus Atmospheric Flight

E. Bessette®, E. MooijT and D.M. Stam?*
Faculty of Aerospace Engineering, Delft University of Technology, Kluyverweg 1, 2629 HS Delft, The Netherlands

We present a 3 Degrees of Freedom mission design and analysis for in-situ probing of Uranus’
atmosphere consisting of two un-propelled gliders and one orbiting spacecraft in continuous
line of sight. We focus on the study of the gliders’ navigation and science modules. Because
of the lack of a Global Navigation Satellite System around Uranus and the ineffective use of
optical sensors due to the planet’s large distance to the Sun and high atmospheric opacity, the
post-processing relation between the vehicles’ estimated state and measured scientific data is
investigated to yield accurate state estimations. In-situ probing by the two gliders will make

2 it possible to measure spatially variable atmospheric properties over a flight duration of up
% to 12 Earth days, as compared to a few hours for a conventional descent probe. Future work
S will include a 6 Degrees of Freedom simulation of the vehicles’ flight, the chosen planet’s wind
§ model, a Flush Air Data Sensor as an additional navigation sensor, and a band-pass filter to
ﬁ reduce the estimated variables’ noise.

-

3

2 Nomenclature

g

g A,B,C = material resistance constants, K~! s = accelerometer scale factor, -

3 a = acceleration, m/s2 T = temperature, K

§ b = accelerometer bias, m/s? t = time, s

S Cp,Cp = drag and lift coefficient, - % = velocity, m/s

g c = speed of light, m/s w/S = aircraft wing loading, N/m?

:g f = frequency, Hz a = angle of attack, rad

é m = mass, kg A = latitude, rad

E m = accelerometer misalignment, - P = density, kg/m?

g Rt = resistance at temperature T, Q p = pseudo range, m

= Ry.e = Uranus equatorial radius, m Jol pseudo range rate, m/s

2 r = position vector, m loa = standard deviation, -

% I = velocity vector, m/s T = longitude, rad

§ S'ef = vehicle reference area, m?

[a)]

I. Introduction

OYAGER 2 was the first and only spacecraft to visit Uranus and Neptune in 1986 and 1989, respectively. Since then,
Vall Ice Giants’ studies have been performed with ground-based and space telescopes in Earth orbits. No spacecraft
has ever performed in-situ measurements of either of these planets. Thanks to a fortuitous alignment of the Solar
System’s planets, the 2030s will offer this possibility, as gravity assists of both Venus and Jupiter, combined with the
illumination of Uranus’ and Neptune’s hemispheres unobservable to Voyager will allow for a smaller fuel consumption
and new science opportunities respectively. NASA and ESA have worked independently and collaboratively to define
elements essential to such a mission: science priorities, mission concepts with potential architectures, promising science
payload to fulfil the science objectives, and science return potential in studying Uranus and Neptune [[1H5]. The main
conclusions from these studies are that Uranus and Neptune are considered equally valuable to explore, and that there is
a need for an atmospheric vehicle in a mission’s architecture. The highest priority science objectives were specified as
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measuring abundances of noble gases and their isotopes, pressure, temperature, and density profiles, and abundances of
heavier elements and disequilibrium species. The latter measurements require much deeper probing of the atmospheres.

In-situ knowledge of an Ice Giant’s atmosphere can provide information on the planet’s formation and on that of the
Solar System as a whole. In particular, it could provide insight into why several models predict the formation of these
planets to be much closer to the Sun than where they presently are [6H11]]. The following research question will drive
this paper’s study: How can knowledge about Uranus’ current atmosphere help us understand the formation of the Ice
Giants, and in a broader sense, that of the Solar System?

Most mission studies to the Ice Giants recommend the use of a mission architecture comprising of a parachuted
descent probe and a relay spacecraft, to measure and transmit the scientific data back to Earth. This architecture has
been proven to be safe and efficient, through the heritage of the Galileo mission to Jupiter and the Cassini-Huygens
mission to Saturn and Titan. This study, however, will investigate the feasibility of conducting this class of mission with
another type of craft, namely two gliders that explore Uranus’ atmosphere in-situ. The focus will be on the systems’
navigation filter, and on the post-processing relation between their estimated state and in-situ measured scientific data.
All chosen navigation sensors and scientific instruments related to navigation will be modelled and coupled with a 3
Degrees of Freedom (DoF) flight dynamics model to prove that the gliders’ state can be estimated accurately, and that
the mission can be flown in a controlled manner. Scientific instruments are used as navigation sensors to tackle the
absence of Global Navigation Satellite System (GNSS) satellites and the ineffective use of optical sensors due to Uranus’
large distance to the Sun and high-opacity atmosphere. The navigation module shall provide accurate information on
the gliders’ estimated state, and on any other knowledge needed to interpret the measured scientific data. Modelling
of the sensors will be restricted to those relevant to the navigation system. In addition, no wind model is considered,
although it will be integrated in future work.

The layout of this paper is as follows. In Sec.[[llan overview of the proposed method is given, including a motivation
for the choice of target planet, the mission’s scientific aim and choice for target areas to probe, the chosen platform, and
its scientific payload. The orbiter’s launch and interplanetary trajectory parameters, as well as orbital parameters at
Uranus are mentioned, the software used and GNC configuration are introduced, and the navigation and science aspects
are documented. In Sec. |[II we present the results related to estimates of the vehicles’ state and auxiliary parameters
used for post-processing the science data. Section[[V] finally, provides concluding remarks on the work performed and
gives an outlook of the ongoing work.

II. Proposed Method
The proposed mission architecture consists of a spacecraft orbiting Uranus in a circular orbit, in continuous line of
sight of two gliders flying in symmetrical flights, at different latitudes.

A. Choice of Planet

Uranus was the preferred candidate for this study because its atmosphere appears to be less active and thus less prone
to destabilise a vehicle with strong winds. Indeed, Uranus was observed to be much quieter than Neptune, showing
less cloud activity and infrequent storms [12]]. Moreover, it is closer to Earth than Neptune, which means that the
mission’s costs would be reduced due to a shorter travel time and most probably a lighter craft. The planet’s gravity
was modelled as a central field as other perturbations (solar radiation pressure, planetary albedo, planetary radiation
pressure, thermal radiation, antenna thrust, and gravitational attraction of the Sun and other Solar System planets) were
determined to be negligible. For the atmospheric density, the model described in Helled et al. [13] was implemented.
The temperature-pressure profiles were modelled and extrapolated from the data given by Lindal [14] as derived from
the Voyager 2 radio occultation measurements. Although not used in the work presented here, the planet’s zonal wind
model is modelled following Hammel et al. [15]].

B. Scientific Aim and Choice of Target Areas

With all known properties of Uranus and Neptune having been obtained from fly-by spacecraft observations, and
ground-based or space-based telescopes, the need for in-situ knowledge is all the more important. Remote-sensing cannot
provide a complete picture of a planet’s atmospheric parameters, dynamics, and interiors, and is ultimately constrained
by multiple elements such as the limited penetration depth of solar visible and thermal radiation, degeneracies between
the effects of temperatures, clouds, hazes, and gas abundances on the emergent spectra, as well as the essential fact that
some key atmospheric constituents cannot be detected remotely [[16]]. The formation of the Ice Giants is predicted to
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have taken place much closer to the Sun than where these planets presently are [6H11]. To help tackle such a knowledge
gap, in-situ knowledge on Uranus’ atmosphere could be extrapolated to the planet’s formation and thus to the formation
of Ice Giants and consequently of the Solar System.

As a priority in this mission, it is hence decided to focus on the in-situ study of Uranus’ atmosphere. The science
objectives of a mission to one of the Ice Giants can be divided into three categories: Tier 1, Tier 2A, and Tier 2B, in
order of decreasing importance [16]. Tier 1 and Tier 2A science objectives can be performed with the same instruments
and consist in measuring atmospheric constituents well beneath the tropopause. Tier 2B science objectives require
an even deeper probing and are much more sensitive to the local weather, and thus to the entry and descent location
and time. To yield a more complete measurement dataset, it is interesting to probe layers of the atmosphere that are
dominated by solar insolation, and layers that are beyond the reach of the Sun’s direct influence, as well as the transition
region between the two. Moreover, exploring the planets’ northern hemisphere, as opposed to the southern hemisphere
observed by Voyager 2, would undoubtedly yield new science data.

To achieve the science objectives mentioned by Atkinson et al. [[16], we target Uranus’ tropospheric region, which
extends from 1 bar (0 km altitude) to 100 bar (-375 km altitude). The target latitudes and longitudes depend on both the
planet’s Summer/Winter arrangement at arrival, and on its wind patterns. Two types of zones have to be avoided: the
ones with high zonal winds, and the ones where a transition between prograde and retrograde winds occur, as they
might more easily destabilise the vehicles. The mission’s target latitudes and longitudes were chosen by focusing on the
science return they can offer and on their wind speeds:

* Equatorial Domain: This area is less challenging in terms of zonal winds. The deep atmosphere is enriched in
CH4 and H,S, and possibly other volatiles such as NH3 and H,O due to rising motions from the 100 bar level or
deeper. It is safer to remain between 0°-18.5° N to avoid the prograde/retrograde wind shift occurring at 18.5°
N. However, the atmospheric vehicles should not probe too close to the equator, as a local minimum in upper
tropospheric volatiles species is suspected there. An off-equatorial entry site is thus optimal, however the storm
bands and strong up-welling of mid-latitudes [[L7] should also be avoided. The zonal wind velocity was calculated
for different values of latitude close to the 18.5°N limit. It was decided to keep a 1° separation between the
wind-shifting 18.5° latitude and the target latitude to minimise the zonal winds as much as possible. We therefore
chose an equatorial latitude of 17.5°N, where the zonal wind is equal to -6.21 m/s.

e Polar Domain: The polar domain enables the measurement of noble gases and small-scale convective activity
leading to potentially enhanced H, humidity immediately above the clouds. In order to encounter minimal zonal
winds without being exactly on top of the planet’s north pole, a separation of 1° was again taken between the limit
and target latitude. This led to a polar target latitude of 89°N, where the zonal wind is of about 10.67 m/s.

Two atmospheric vehicles are thus needed to explore these two domains, with the equatorial one flying in retrograde
direction, and the polar one flying in prograde direction to always experience tailwind. Uranus’ northern hemisphere is
visible before the planet’s Spring solstice, which will take place in 2049. A launch on May 25, 2031 can bring the
spacecraft to Uranus in 12 years, arriving on May 17, 2043 [1]]. To explore both the day/Summer and night/Winter sides
of Uranus at arrival, the polar glider will find itself on the day side of the planet. The equatorial glider will be placed on
the night side of the planet, at longitudes higher than 10.5°, where the day/night terminator will be, as seen in Fig.

C. Scientific Payload

Inspired by Atkinson et al. [16]], our Tier 1 and Tier 2A instruments include: a Mass Spectrometer, a Tunable
Laser Spectrometer, a Helium Abundance Detector, and an Atmospheric Structure Instrument, which contains an
accelerometer and sensors for atmospheric pressure and temperature profile measurements used to derive the speed of
sound. This speed of sound data are used to determine the ortho- to para-hydrogen ratios, which helps the interpretation
of the atmosphere’s properties such as its thermal profile and density structure. A NanoChem instrument is added to
this Tier 1A instrument suite. Introduced by Sayanagi et al. [[18]], it consists of a set of carbon nanotube-based sensing
elements, a pressure sensor, and a temperature sensor [[19} [20]. It has demonstrated sensitivities to molecules such
as CHy, NH3, H)S. As mentioned before, Tier 2B instruments operate at lower altitudes than Tier 1 and 2A ones.
They include the following instruments: a Nephelometer, a Net Flux Radiometer, and an Ultra High Frequency (UHF)
Transceiver. The latter will be used for the Doppler wind experiment using the relay spacecraft’s radio subsystem. All
these instruments will be onboard the gliders, with the addition of radio transmitters and receivers on the orbiter for the
Doppler wind experiment. The mission’s science traceability matrix is shown in Table [5]and summarises how each
scientific instrument helps to answer this study’s research question, for a total payload mass of approximately 25 kg.
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Fig. 1 The geometry of Uranus’ day and night sides in 2043. The two yellow lines (1 = 17.5° N and A = 89° N)
indicate the target latitudes followed by the two gliders

Table 1 Scaled down GL-01 glider properties.

Empty mass [kg] 190 Aspect ratio 17.0

Payload mass [kg] 25 Span [m] 12.0

Wing loading [N/m?] 224.3588 | Main wing airfoil FX62-K-153/20
Wing surface area [m?] 8.479 Vertical and horizontal tail airfoil FX71-L-150/25
Angle of attack range [°]  [-8.0,9.5] | @,p, for maximum range [°] 2.3

D. Choice of Platform

Several options were considered as atmospheric vehicles for the mission. These include conventional descent probes,
propelled and un-propelled balloon-based vehicles (zero-pressure, super-pressure, and hot air balloons), cyclocopters, as
well as propelled and un-propelled winged vehicles. It was determined that only descent probes and winged vehicles
would be able to meet the mission’s science objectives. Multiple un-propelled winged vehicles were chosen to see if
such a mission could also be conducted with another type of craft than conventional descent probes.

The chosen reference vehicle is the GL-01 glider from Amalia et al. [21]], with three types of control surfaces:
ailerons, elevators, and a rudder. The GL-01 original design was scaled down to yield a more realistic wing loading in
Uranus’ atmosphere of W/S = 224.36 N/m?. The vehicle and the reproduction of its geometry can be seen in Fig.
This glider was not designed with the aim of being folded to fit in a descent probe, but it is assumed that by folding its
fuselage and its wings, it can fit in a descent probe such as the Mars Science Laboratory entry vehicle, which has an
interior space of 3.7 m in diameter and 1.2 m in height. Concerning the vehicle’s power system, if the weight of charged
batteries is too large, the use of RTGs or fuel cells can be considered. Table [I|summarises the vehicles’ properties.
The optimal angle of attack was obtained after simulating the flight of both gliders and retrieving the angle of attack

associated to their (S—L) condition for maximum range, at each altitude’s respective velocity condition. It was found
max

that depending on the altitude, a,p, lied between 1.5° and 2.0°. It was then increased to 2.3° for the proper functioning
of the density calculation derived from the accelerometer measurements. The glider’s aerodynamic coefficients were
generated with the software XFLRS5 [22] for the range of parameters mentioned in Table[2] It was determined that when
flying at maximum range conditions, the equatorial and polar gliders can have a time-of-flight of up to 11.57 and 12.73
Earth days, respectively.
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(a) Three view drawing of GL-01 glider [21]. (b) A GL-01 glider reproduced with XFLRS, including fuselage.

Fig. 2 GL-01 glider from literature (a) and from a reproduction made with XFLRS5 (b).

Table 2 Range of parameters explored in XFLRS5 to generate the vehicle’s aerodynamic coefficients.

Altitude [km] [0, -100, -200, -300, -375]

Velocity [m/s] [9, 25, 50, 70]

Angle of attack [°] (-8, 9.5, 0.5) for clean configuration ; (1.5, 3.5, 0.5) for deflected configuration
Aileron deflection [°]  [-25, -20, -15, -5, 0, 5, 15, 20, 25]

Rudder deflection [°]  [-25, -20, -15, -5, 0, 5, 15, 20, 25]

Elevator deflection [°]  [-30, -20, -15, -5, 0, 5, 15, 20, 30]

E. Mission Design

With a launch on May 25, 2031, the orbiter would reach Uranus 12 years later on May 17, 2043, through a purely
chemical interplanetary trajectory of Venus-Earth-Earth-Jupiter fly-bys [1]]. The two gliders would be released into
Uranus’ atmosphere by two independent descent probes targeting different latitudes: the equatorial and polar domains.
The orbiter will perform the science data relay between the gliders and Earth ground stations, the Doppler wind
experiment, but also the radio tracking related to navigation. It will perform a gravity-assisted capture of Uranus, release
each descent probe at strategic instances making use of Uranus’ fast rotation to reach the target latitudes and longitudes,
and insert itself into a circular orbit.

The telecommunication between the gliders and the orbiter is inspired by the Mission Option 5 design by Hofstadter
et al. [1]. It consists of an IRIS radio (X-band), an Ultra High Frequency (UHF) Solid State Power Amplifier (SSPA), and
an UHF low gain antenna on-board the gliders. This design’s constraints include a maximum aspect angle of 30° zenith
of the gliders, and a maximum range of 100,000 km between gliders and orbiter [[18]]. Respecting these constraints, a
geostationary orbit following the equatorial glider was found to be optimal. Respecting the planet’s 17.24 h period, this
places the orbiter at a maximum distance of 57,300 km and within a communication cone of 17° from the gliders.

A total data rate of 1,493 bps was estimated for the chosen scientific instrument suite, which in view of the maximum
gliders’ flight time of 12.73 Earth days, corresponds to 1.64 Gbits of scientific data. Considering the orbiter’s uplink
and downlink data rates of respectively 3 Mbps and 15,000 bps [[1], 9.12 min will be needed per glider to uplink their
scientific data to the orbiter, and 30.41 hr for the orbiter to transmit those data to Earth.

F. Software and GNC

The tool used and developed in this study consists of several modules describing the gliders’ Environment,
Aerodynamics, Flight Dynamics, Sensors, Guidance, Navigation, and Control systems. Concerning the guidance and
control aspect of the mission, simple concepts were implemented to focus on navigation. The guidance system uses a
reference trajectory (aerodynamic angles and heading angle) that it tries to replicate by following a set of pre-defined
way-points. With the difference between the reference trajectory and the actual trajectory that the vehicle is following,
the guidance system computes the necessary steering commands for the control system. It also outputs the trimming
command consisting of an elevator deflection which is shown to remain quite small (between 0.048° and 0.68°). For
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the purpose of this paper, a correction was applied to the bank angle for the gliders to follow their respective desired
trajectories. The control module is divided into a longitudinal and a lateral controller to decouple the vehicles’ symmetric
and asymmetric motions, and its gains are tuned with a Linear Quadratic Regulator (LQR). We plan to simulate the
vehicles’ flight in 6 DoF in future work.

G. Navigation and Science

An Extended Kalman Filter (EKF) estimator is the preferred candidate for this mission and its non-linear equations
of motion due to its faster convergence behaviour and lower CPU load compared to a Particle Filter (PF).

We have not implemented typical optical navigation sensors such as star sensors, Sun sensors, and navigation
imagers for the navigation system’s sensors due to the planet’s high atmospheric opacity. Magnetometers would also be
unreliable due to the poor knowledge on Uranus’ magnetosphere. We considered laser ranging, where the distance
between the gliders and the orbiter is deduced by measuring the time of travel between the emission and receiving of
a short flash of infrared laser light. However, as the performance of laser ranging between different vehicles would
present a too demanding pointing accuracy, this sensor technology was set aside as well. We thus selected sensors from
the scientific instrument suite to provide input to the navigation module.

These sensors consist of an Inertial Measurement Unit (IMU), an Atmospheric Structure Instrument (ASI), and an
Ultra High Frequency (UHF) transceiver. Future work will also include a Flush Air Data Sensor (FADS) [23]], which is
for the prupose of this work, simulated by adding white-noise errors to the gliders’ real velocity values retrieved from the
Flight Dynamics module. The IMU contains an accelerometer and a gyroscope to measure translational and rotational
motions. The ASI consists of an accelerometer, a pressure, and a temperature sensor. It outputs static temperature,
pressure, the vehicle’s acceleration due to the experienced drag force, as well as the atmospheric density, from which the
speed of sound and the ortho- to para-hydrogen ratio can be deduced. The modelling of this sensor is illustrated in Fig.
[/l The accelerometer determines the vehicle’s acceleration due to drag from the drag force retrieved from the software’s
Flight Dynamics module For now, the drag coefficient Cp is assumed to be determined correctly before flight, but will
be updated in the final version of this study. The atmospheric density is computed from that acceleration as in Equation
@, where m is the vehicle’s mass, ap its acceleration due to the drag force, Cp its drag coefficient, S, its reference
area, and V the glider’s velocity relative to the atmosphere in the direction of the descent trajectory.

2map

- b 1
CD Srefv2 ( )

el
The density measurement is then fed to the pressure sensor module where the static pressure is determined by subtracting
the dynamic pressure to a database of total pressures. The temperature and pressure sensors are inspired from those
presented by Ferri, F. et al. [24]], where the former uses wire resistance thermometers and the latter consists of a pitot
tube surrounded by a Kiel probe shielding. The temperature sensor uses two Resistance Temperature Detectors (RTDs)
whose principle is based upon the Callendar-Van Dusen equation, which is used in this study to generate the instrument’s
data:

Rr =R0(1 + AT + BT? + (T - 100)CT3) )

Here, Ry represents the resistance in Q at temperature 7 in °C, Ry is the resistance at 7 = 0 °C, and A, B, and C are
material resistance constants. For a typical platinum resistance thermometer (PT 100/15A resistor), these constants are
the following: A =3.90830 -1073 °C~!, B =-5.77500 -107 °C~!, C = -4.18301 -107'2 °C~!, and Ry = 100.0 Q.

The UHF transceiver is used to conduct a Doppler wind experiment, yielding Doppler residuals between gliders
and the orbiter, as well as between the two gliders, from which wind speeds and the presence of microwave absorbers
(clouds, water, hydrogen sulfide, ammonia) can be determined. This sensor was modelled as seen in Fig.[6] where the
emitting signal source is referred to as ‘emitter’, and the receiving one as the ‘observer’. The emitter and observer’s
location and velocity are provided by the software’s Flight Dynamics module. Equation (3) is used to calculate the
pseudo range § and pseudo speed § of the emitter.

- < (ro —1g)" (¥o — )

p=clir—17)=(ra—19)T(ry—1)  and p=c( —ﬁ) = 3)
IR] (o —1g)T(Fy — ¥y)

Here, the subscripts T and R correspond to transmitter of receiver frequency or clock time, respectively. The variables

r, and rg correspond to the position coordinates of the orbiter and glider, respectively. Their derivatives are denoted as

r, and rg, and c is the speed of light (¢ = 299792.458 - 103 m/s).
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Table 3 Initial errors included in the IMU accelerometer.

Bias by, by, b, [3:107%,-3.5:1074,3-1074]
Scale factor sy, sy, S, [2-1074,-1.7-107%, 2.3-1074]
Misalignments .y, Myz, Myx, Myz, My, Mzy  [1:1076,-1:107%, -1:1076, 2:107, 1-107, 2:107]

The measurements used as navigation sensor inputs thus consist of the IMU acceleration measurements, the ASI
temperature and pressure measurements translated to altitude, the UHF transceiver pseudo range and pseudo range rate
measurements, and the pseudo FADS velocity measurements. We have not yet finalised the modelling of the ASI and
FADS instruments. Their measurements are thus simulated by adding white-noise errors to the true values retrieved
from the Environment and Flight Dynamics modules. The IMU measurement frequency is set to 500 Hz, corresponding
to an accumulated position error of 75.5 m and a velocity error of -0.017 m/s in nominal-state propagation at the end of
flight (1,150,000 s).

The IMU bias, scaling, and misalignment instrument errors used are listed in Table 3] White-noise errors with a 1-o
value of 107 m/s? were also added to simulate a realistic instrument. The chosen white-noise errors associated with the
ASI, UHF transceiver, and pseudo FADS measurements have 1-o- values of o = 0.1 m, 0, = 0.1 m, 05 = 10 m/s, and
oy =[2:1073, 3.5, 1] m/s, respectively. A small value had to be attributed to the x-component of o, for successful
convergence of the y-component of the estimated position. This value contributes to reducing the measurement noise
covariance matrix R, as it was defined as a diagonal matrix of all instruments’ measurement noises, squared. A small
value of 107 was also assigned to the x-position element of the process noise covariance matrix Q, as part of the filter’s
tuning. Such small values in x-direction were necessary for the filter’s y-position successful estimation due to the large
Coriolis acceleration being present in the filter’s y-component state propagation, which depends on the gliders’ large
velocity in x-direction.

II1. Results

The developed EKF was used to estimate the Cartesian position in rotating frame (Xg, Yr, Zr), and the Cartesian
velocity in rotating frame (Vx, Vyg, Vz,) of the gliders, as well as the IMU’s accelerometer biases (by, by, b;). Their
estimation errors (difference between real and estimated values) are shown in Fig. [3| The curves are zoomed-in on the
last 10 s of the 1,500 s test simulation, for better visibility of the error estimate (blue) and covariance bounds (red). It
must be noted that the b, estimate lies outside of the covariance bounds, which will be addressed in future work. The
converged errors are in the order of 1073 m for the Xz and Zg position components, 1 m for the Y position component,
10~* m/s for the Vy, and Vz, velocity components, 10~ m for the Vy, velocity component, 107> m/s? for the b, and
by IMU biases, and 1073 m/s for the b, IMU bias.

The EKF was then implemented in the tool, receiving measurement inputs from the Sensor module and transforming
the estimated Cartesian position and velocity variables into Spherical velocity components (velocity, flight-path angle,
and heading angle), altitude, and aerodynamic angles (angle of attack, side-slip angle, and bank angle) to pass to
the Guidance module. New control deflections are then generated by the Control module and implemented in the
Aerodynamics and Flight Dynamics modules, thus leading to new scientific measurements from the Sensor module that
are then fed to the EKF at the next time-step. It must be noted that including the filter in this process yields different
ASI, UHF transceiver, and FADS measurements from the Sensor module, than the ones generated with the open-loop
simulation, because of the estimated state’s noise.

The tool’s estimated error in Cartesian position components, Cartesian velocity components, and IMU accelerometer
bias components are shown in Fig. [} where it can be seen that the performance of the EKF decreased as neither
the Yr nor Zg error estimates are converging within the covariance bounds. The derived error in Spherical velocity
components, aerodynamic angles, and altitude are displayed in Fig. [5] where the previously-mentioned noise caused by
the EKF can be seen. A solution to removing this noise is to implement a band-pass filter [25]] after the EKF, to feed
smooth data to the guidance module, and ultimately increase the performance of the EKF. This will be done in future
work. The converged errors of all mentioned variables with the EKF being integrated in the tool are given in Table §]
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Table 4 Converged error of estimated and derived state variables from EKF, as integrated in the tool.
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Fig. 3 Position, velocity, and IMU accelerometer bias error estimates (blue) of the EKF filter with covariance
bounds (red), as tested separately from the tool.
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Fig. 4 Position, velocity, and IMU accelerometer bias error estimates (blue) of EKF filter with covariance
bounds (red), as integrated in the tool.
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IV. Concluding Remarks

This paper discusses the mission analysis and navigation design for an Uranus atmospheric flight of two gliders.
The mission’s architecture also includes an Uranus orbiter for continuous trajectory tracking and telecommunication
purposes. Simulated in 3 DOF, the gliders’ positions and velocity components, as well as the on-board IMU acceleration
bias components are estimated with an EKF using the ASI, UHF transceiver, and FADS scientific measurements as
navigation inputs. Uranus’ northern equatorial domain (1=17.5°) and polar domain (1=89°) were selected as best target
areas for measuring atmospheric properties such as noble and other gas abundances, temperature, pressure, and density
profiles, and for investigating the structure and properties of the clouds.

Accurate state estimations were yielded from the implementation of the EKF, from which the following quantities
were computed and passed to the guidance module: Spherical velocity components, aerodynamic angles, and altitude.
The noise in the estimated state variables leads to a decrease in the navigation filter’s performance, demonstrating
less convergence of error estimations within the covariance bounds for the same simulation time. Future work will
include the implementation of a band-pass filter to reduce the noise of the estimates and to ultimately yield better EKF
performance. The IMU measurement frequency will be reduced as much as allowed by the mission requirements. The
mission will also be simulated in a 6 DOF environment, including a wind model of Uranus’ atmosphere. Finally, the
correction made to the gliders’ bank angle will also be removed through the implementation of a controller working in 6
DOF.

The significance of this work lies in the numerical proof that gliders offer a longer flight time (up to 12 Earth days)
than conventional descent probes (a few hours) for the exploration of an atmosphere like Uranus’. It also paves the way
for the use of payload instrument measurements as navigation input for missions where optical sensors and GNSS would
not be available or impractical to use.

Appendix
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