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Abstract

Recently, a new technique has emerged to addresgetiieral problem of reconstructing the inertial
velocity of a rigid body moving in a magneticallistlirbed region. The contribution of this papetois
apply the developed method, in a prospective spiria case of space navigation in view of estingati
the performance improvement that could be obtairsdg state-of-the-art magnetometer technology
onboard heavy launchers and other space vehicles.

The main underlying idea of the approach is tonest? the inertial velocity by readings of the
magnetic field at spatially distributed (known) d&ions on the rigid body. Mathematically, through a
chain-rule differentiation involving variables coranty appearing in classic inertial navigation, an
estimate of this velocity can be obtained.

In this paper, we show the potential of this metlodhe field of navigation of heavy launchers
passing through particular regions of the Earth meéasphere as considered, e.g., for upcoming
Galileo missions. Numerical results based on thecifipations of candidate embedded magnetic
sensors stress the relevance of the approach.

The presented methodology is patent pending andingasced by the French space agency.
1. Introduction

The overall life expectation of a spacecraft iomgly related to the amount of fuel that is avdéabn-board.
Interestingly, the flight phase of injection intdbd of the payload is a critical phase with regpecthis factor. The
main reason for this is that the spacecraft magtawse a vast amount of its propellant to comgtenfer launchers
position offsets. To minimize the undesired usafypropellants during this phase, a new generatioAr@ne 5
launcher (Ariane 5 ME — Midlife Evolution) will bequipped with a re-ignitable engine: the Vinci reckngine
which can be used for the injection task. In thisitext, a new standard mission appears as veryigirggn the
GTO+. It is a new version of the usual Geosynchusn@ransfer Orbit (GTO) which is the historical s of
Ariane 5. The GTO apogee equals the altitude ofgg@synchronous orbit, while its perigee lies betw200 km
and 250 km of altitude. The GTO+ has the same andgé its perigee is significantly higher (appr6200 km). To
reach this new orbit, the launcher trajectory idelsia long ballistic phase lasting approximatebyHaurs. This very
long phase is inconsistent with the accuracy ofesurinertial navigation systems, whose drift amgpprtional to the
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total flight time. Importantly, navigation devicase critical for the success of the mission as teyneeded to
estimate the (generalized) position of the launatigr respect to an inertial frame of reference.raintain a good
level of accuracy during such long-lasting laundssions, hybridizing the inertial measures withestiources of
positioning information seems necessary. Unforlgatclassic technologies such as Global NavigaSatellite
Systems (GNSS) or GPS are discarded because teasity blurred. Lately, CNES and SYSNAV have josmd a
new paradigm of navigation exploiting the Earth metge field to address this problem. This technjgqeéerred to
as “magneto-inertial navigation” and its applicatio the field of space navigation is the subjéd¢his article.

The paper is organized as follows. In Section 2, expose the principles of the magneto-inertial gation
technique for near-Earth application and repotagesof-the-art on the useable magnetometers. dtidBe3, we give
a brief overview of the geomagnetic field modelduse evaluate the spatial derivatives (gradientjhef magnetic
field, which is one of the key factors for magnetertial navigation. In Section 4, we evaluate pméential gain of
the magneto-inertial navigation for a launcher dgra GTO+ mission, and we sketch a method of higadibn.

2. Magnetic navigation
2.1 Notation and reference frames

We consider the following frames of reference:
« The inertial Earth frame (indek~ ) which has its origin at the center of the Ealtthaxes are not rotating

with the Earth. TheOz, axis coincides with the Earth's polar axis (whigfassumed to have a constant

direction).
+ The Earth rotating frame (indekcF ) which has its origin at the center of the Ealtdhaxes are attached to

the Earth. TheéDZ. axis coincides with the Earth's polar axis.

« The body frame (indeXBF ) which is fixed to the body under consideratioahicle). The orthogonal axes
are aligned with the roll, pitch and yaw axes & tehicle, respectively.

Notations are reported in Table 1.
2.1 Basic equations of magneto-inertial navigation

Magneto-inertial navigation is a newly introduceghnique to evaluate the velocity of a rigid bodyai spatially
disturbed and time-invariant magnetic field ([R16]R It has been introduced for navigation applaad on the
ground (for pedestrians [R7] and automotive vekidlR8], mostly). Interestingly, it can be generadizto space
vehicles, at the expense of more sophisticatedtiemsamodelling the Earth magnetic field as rotgtinith the
Earth. As will be discussed, magneto-inertial natimn uses inertial measurements to evaluate saraT@ters.
Therefore, the body we study is assumed to be pgdiith an Inertial Measurement Unit (IMU).

The main equation used is the differentiation efitagnetic field

dB _ aé{ae} dx
dt ot

— | = 1
0X | dt M

Let us now detail each term in equation (1):
. dé/dt can be measured with a 3-axes magnetometer attécliee body. The measuredé/dt‘ -
. aB/at can not be easily measured. We make the folloveisgumption: at the vicinity of the Earth
(<800km), the magnetic field is rotating with thart. Thereforeﬁé/at‘ . 0.

. [GB/GX] is the magnetic field gradient. This quantity ¢enestimated from measurements obtained with
an array of 3-axes magnetometers located at kmtistimct locations in the body.

. d)Z/dt is the body velocity with respect to IF. To usis tariable in the navigation algorithms one needs

to considmd)?/dt‘IF .
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Table 1: Nomenclature and notations

Symbol Quantity Unit
B(M,t) Magnetic field vector TorG
X (M,1t) Position of the body m

0B _ o _ .

6_X Spatial derivatives (gradient) of the magneticdfiel T/m or G/m
M & Matrix transformation from inertial frame to bodwine -
Qo Angular speed from inertial frame to body frame rad/s
ABF Vector A written in the body frame axis set | Al
dA _ . _
ot Time derivative of the vector A in the body frame |Al/s

t BF

AIF
dA Time derivative of the vector A in the body framexpressed in the inertial |A|/s

dt frame axis set

BF

AA First order error on the component of A | Al
V(R,6,¢) Magnetic potential (IGRF model) TImorGIm
a Mean Earth's radius (IGRF model) m
R Radius m
g Co-latitude (IGRF model) rad
¢ Longitude (IGRF model) rad
9nmr N IGRF-2011 Coefficient
Pn’m Legendre polynomials

Considering the above measurement principles, yweess the vector equation (1) in the Earth frame EF

[6B}dﬁ
4+ — | =]
L Loxdt

This equation can be transformed under the formake the velocity with respect to the inertiahfiealF appear
[68}(dﬁ

+ _ EE—

o Lox ] dt

As one can measurdé/dt‘ o e use the following transformation

&
dt

_ 0B

=— 2
3 2

EF EF

_®
ot

EF

dt

+Q,FQEFD>H(] 3)

IF

@&
dt

= dB +QBFAEF|:|B (4)

Cdt

EF

BF

in equation (3), and we finally obtain



03.07 Navigation, Estimation, and Filtering Techugg

&
dt BF

Let us now discuss each term appearing in equéion

) oY a%| - :
Z_QBF-.EFDB-F[&}_ +QIF-'EFDX (5)

IF

—

e Qg ¢ isthe sum of :QBFJF which is the angular velocity of the body withpest to IF (measured
with a 3-axes gyrometer) aré”: _gr Which is the angular velocity of the Earth witlspect to IF.

. X isthe position of the body and can be determmmethtegrating the acceleration (measured by thg)iM
or the velocity.

Because all the magnetic measurements are performibeé body frame BF, we now express equationn(8his
reference frame

B - . . .
dt =_QSE—>IF DBBF_(MIFqBFQg:F-.EF)D B®"
BF
oB 1™ dx *
oo MIF*BF—
X dt |
OB BF ~ -
+[&} MIF-'BF(Q:E-'EF O XIF) (6)

To evaluate the potential accuracy improvement iobth by hybridization of the inertial navigation darthe
magneto-inertial technique, we detail the accumaftthe standard IMU and the accuracy of embeddatagnetic
sensors. We use data from the Ariane 5 IMU andyaratheir impact through equation (6). Prelimingythis
analysis, we present a state-of-the-art of magnetiens in the following section.

2.3 Magnetometers state-of-the-art
Various sensing technologies could be embeddedardbm heavy launcher such as Ariane 5. Becauseceg to
evaluate the three coordinates of the magnetid,fhly vector magnetometer are considered in tindys Table 2

reports a list of the main technologies along \liir respective advantages and drawbacks.

Table 2: Magnetometers state-of-the-art

Technology Advantages Drawbacks Accuracy (nT)
e Good accuracy
Fluxgate* « Most exploited technology in e creates a magnetic field 102 - 10
space

GMR sensors +  Small size +  poor accuracy 10' - 10°
Magnetoelectric ¢  Good accuracy * nonlinearity for measuring 3

: e 10°- 10
Sensors  Small size small magnetic field
MTJ sensors + Small size +  poor accuracy 10 10
Search-Coil* * Very good accuracy « time dependent magnetic field 10° - 10°
SQUID sensors E(()evsvt r?é:ic;léracy « low working temperature 10°- 10

(*) already used in space applications

As will appear, SQUID sensors seem to be the ovdylable technology measuring the magnetic fielthveinough
accuracy to exploit the principles of magneto-ilarriavigation in space applications.
To evaluate the magnetic field gradient, an arrby-axes magnetometers is used. Two configuraticars be
considered:
» A tight network of magnetometers will ensure a thalr stability and an increased knowledge of the
mechanical properties (distance between the magmtéos, orientation, limited mechanical
deformation...). On the other hand, the sensitigftthis arrangement is greatly reduced.
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» A spread-out network of magnetometers will ensurgreater sensitivity, but thermal and mechanical
fluctuations may reveal much larger than in the gact network.

3. Modd of Earth magnetic field and evaluation of its gradient

There exist numerous models of the Earth magnitid {e.g. [3], [9] and [10]). Earlier, we have foulated the
assumption of a time-invariant magnetic field ie tharth frame at low altitudes. An internal-soufieéd model is
consistent with the hypothesis. Among such modethé IGRF-2011 ([3]). This model describes thengagnetic
internal field, and its secular variations, as geihe gradient of a scalar potentialthat is expressed through a
spherical harmonic expansion with respect to sphkgeocentric coordinates:

V(R,6,9) = azzn:(%j (g wmcogmg) +h, sin(mqo))Pn'm cogq8)) @)

n=1m=0
Notations are given in Table 1.

The potential model (7) can be used to evaluatejplagial derivatives of the magnetic field at aoynp In Figure 1,
the variations of the components of the magnegid fyradient are reported for altitude variatioypgdal of a launch
vehicle performing a GTO mission (from liftoff toE® altitude). A typical value of 10to 10° nT/m is observed for
altitudes below 800 km. Such values can be effeltimeasured with an embedded network of SQUID asns
located at 1m from each other, because their thieatesensitivity is 10 nT/m. Interestingly, thanks to this high
sensitivity, the measure of the magnetic field ggaticould also be achieved at GEO altitude. Howesae this
altitude, the assumption of a stationarity of thagmetic field in the Earth frame may prove untrae fultiple
reasons, e.g. solar activity.

Spatial Magnetic Gradient on a GTO mission

) T T T ;
10 : : ~ —0aB /o XY
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10° —oB 07
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Figure 1: Variations of the magnetic field gradialing a GTO launch mission.
4, Performance of magneto-inertial navigation duringa GTO mission
4.1 Accuracy

Equation (6) is the projection of equation (5)he body frame axes set. We now wish to estimaterbgagation of
errors (uncertainties) in this equation. Using arent Ariane 5 IMU, the orientation error is sm@#L0® rad at
1500s). Developing equation (5) at first order give
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dB - 5 & s & 5
Aa -AQ. . 0B-Q, 0AB-Q, . OAB
BF
Aa_B % +Q|FQEFDX
oX | dt]
B, dX| = S
{&} AE +Q, o OAX (8)

An estimation of the accuracy for an injection &a0 injection point£700 km from Earth) is given in Table 3,
using equation (8) and the sensors accuracies. client Ariane 5 injection accuracy [4] is 30 to fis.
Considering the data reported in Table 3, one @atlade that magneto-inertial navigation technigbase the
potential to improve the injection accuracy by etda of 10 to 100.

Table 3: Accuracy of magnetic navigation at an aldtojection point

Parameter ~ Order of Magnitude Unit
dB
Ad— 106 nT/s
t BF
AB 10° nT
oB
A[a—x} 106 nT/m
AQg 10° (9 rad/s
AX 10° () m
B 10 nT
0B 2 3
a—x 10°-10 nT/m
X
— 10° m/s
dt IF
Qur 10° rad/s
Qr 10° rad/s
X 10° m
X
A— 10°- 10™ m/s
dt IF

(*) IMU parameter taken from [4]
(**) injection accuracy taken from [5]

4.2 Typical use of magneto-inertial navigation in launch vehicle and other spacecr aft

By contrast to pure inertial systems, magneto-ialenavigation devices can provide an absolutaredt of velocity
(which may be uncertain but does not drift as itas the result of an integration over time). Asdaas the orders of
magnitude of the various parameters remain unclthrihe accuracy on the estimated velocity is carstéet,
during the launch mission, the magnetic field ggatldecreases as discussed earlier and reportédure 1. Then,
the obtained velocity estimate becomes less arsddesurate. With respect to the preceding discossine can
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define a 3 phases navigation strategy for a launddsion. This strategy is illustrated in Figurel2combines
traditional inertial navigation and magneto-indrtechniques:

e The first phase consists in using the inertial gation estimates to calibrate the magneto-inema@igation
system. During this phase, the inertial navigaiaccurate as the drift is small.

« After some time, due to the inertial navigationftdthe magneto-inertial navigation technique pded a
better estimate of the velocity than the inertigdtem. Hybridization of the inertial and magneteriral
information yields an improvement of the flight pareter estimates.

» As the altitude rises, the magneto-inertial naviatelocity estimates loses accuracy. Then, tleetiad
navigation technique, whose error has been kepll slowéng the previous phase (second phase), id fese
the rest of the mission.

A |
inertial navigation's 7|
velocit o

> ' y //

Q |

s 7

= !

53 e |

Q |

< L i i !
———~ magnetic navigation’s:

' velocity ! ~time
magnetic | magnetic/inertial  inertial
system hybridization ' navigation
calibration

Figure 2: Typical inertial and magnetic navigata@ma space launch.
5. Conclusion

Information about absolute and Earth's relativeeity is critical for numerous space applicationsluding putting
payloads into orbit. The magneto-inertial navigatiechnique presented in this paper brings a néutico for this

problem. Considering the theoretical performanc&QUID magnetometers, we have shown that this tdobg

has the potential of improving the current launehigle navigation accuracy (and thus the injectioauracy) by a
factor of 10 to 100.

The potential gain is related to i) the magnitufighe magnetic field gradient observed along tlagetitory ii) the
accuracy of the employed magnetometers. This pirgdirp study and its promising results call for hat

investigations. Information on the real near-Eartagnetic gradient, and the impact of the spaceclellectric
environment onto the magnetometers sensors areagritical to evaluate the actually obtainable perfance of the
system.

Finally, it is interesting to note that other pdtehapplications for magnetic navigation can barfd in the domain
of interplanetary space probe navigation. As magiredrtial navigation takes advantage of the disinces of the
magnetic field, every celestial body with a sufficily strong and stationary magnetic field and avkm motion

could allow us to compensate the drift of classariial navigation systems.
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