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Abstract. The Rosetta mission was launched in 2004 and ended in 2016, after the
lander Philae had been successfully placed on the comet Churyumov - Gerasimenko in
2014. What is less known is that the mission came within an ace of failure due to a fault
in one of the thrusters, which was discovered in 2011. The problem was serious, and
it took until 2014 to design new robust controllers and to uploaded them. Ultimately
this became possible only with the help of our control software hinfstruct. When we
invented it in 2004, we inadvertently saved the Rosetta mission.
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1. The Rosetta story

The Rosetta mission of the European Space Agency is one of the great success stories of
recent space exploration. Launched on march 2, 2004, the Rosetta orbiter reached the
comet Churyumov - Gerasimenko, for short Chury, in 2014 after a 10 year flight, and
subsequently Rosetta’s lander Philae was placed on the comet on november 12, 2014.

What is less known is that the mission came within an ace of failure, because in 2011 a
fault in thruster no. 9 was diagnosed, see Fig. 1. The thruster had a loss of efficiency
of 7.4%, which caused strong parasite torques. The fault could not be compensated by
the original feedback control software, putting the mission at stake. Good advice was
dear, and it took indeed 4 years until new controllers could be designed and uploaded in
2014. The design of these new controllers was possible due to our seminal control software
hinfstruct, which we had invented between 2004 and 2006 [1], and which we had made
available to the control engineering community since 2010 by dint of MathWorks [5]. This
is how we inadvertently had saved the mission even before it run into trouble.Systematic design methods of robust and structured. . .
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leads to consider each component of the uncertain param-
eters −→γi  fixed to ±0.4◦. As regards the thrust magnitude, 30 % 
of predictable LOS of thrust since the Beginning-Of-Life 
(BOL) assumptions have been confirmed. Including the faulty 
behaviour of the thruster led to fix the value of the uncertain 
parameters ϵi = 0.7(1 − 7.4/100)(1σ ) for i = 1, . . . , 12

. The attitude and orbit control functions used during the 
OCM are presented in Fig. 21. It mainly consists of the distur-
bance torque estimator as well as the attitude controller com-
posed of 3 SISO attitude controllers each one based on a set 
of five 2nd order filters arranged in parallel. Each controller 
Kk = !5

l=1F
k
l  is then given by the following structure:

(17)
Fk
l (p) =

akl0 + akl1s

1+ bkl1s+ bkl2s
2
,

where l = {1, 2, . . . , 5} and k = {x, y, z}. The control system 
is achieved using the Inertial Measurement Package (IMP) 
composed of 3 sets of two 3-axis gyros and 3 accelerom-
eters, a set of two star trackers and two sun sensors. Rosetta 
satellite mass properties are summarised in Table 3. This 
table includes the COM parameters and the inertia matrix 
J values with respect to the spacecraft COM. Regarding 
the solar array dynamics, by assuming that Y-axis is paral-
lel to the longest side of the array and positively oriented 
from the yoke to the end of the wing, Z-axis is normal to 
the solar array plane, with the solar cells facing Z-axis, so 
that the reference (X, Y, Z) is right handed, a simple flex-
ibility model on each axis is considered for the design. The 
whole solar array, including the yoke, is considered as a 
single flexible body. The modal properties of this body and 

Fig. 20  Rosetta structure

Table 2  Thruster’s layout THR no. Position in S/C ref. frame Force (10 N thruster)

Xa (mm) Ya (mm) Za (mm) Xa (N) Ya (N) Za (N)

1B −1238 −1151 +2102 +4.7 +8.6 −1.7

2B +1238 −1151 +2102 −4.7 +8.6 −1.7

3B −1238 −1151 −9.37 +4.7 +8.6 +1.7

4B +1238 −1151 −9.37 −4.7 +8.6 +1.7

5B +1238 +1151 −9.37 −4.7 −8.6 +1.7

6B −1238 +1151 −9.37 +4.7 −8.6 +1.7

7B +1238 +1151 +2102 −4.7 −8.6 −1.7

8B −1238 +1151 +2102 +4.7 −8.6 −1.7

9B −1160 −827 −199.2 0 0 10

10B +1160 −827 −199.2 0 0 10

11B +1160 +827 −199.2 0 0 10

12B −1160 +827 −199.2 0 0 10

Fig. 1. Axis off-pointing of thruster no. 9 discovered in 2011 just before Rosetta went into a 31 month
hibernation. At that time our software was available on request, but not known to operators Airbus or
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CNES. It took full 5 years before the problem could be fixed in 2014. Only now could the final insertion
maneuver of the probe positioning Rosetta behind the comet could be accomplished.

2. The time table

Rosetta launched march 2, 2004 on Ariane 5 carrier
First fly-by-earth march 3, 2005

2004-06 hinfstruct prototype. Published 2006 in [1]
Fly-by-mars february 26, 2007
Second fly-by-earth november 14, 2007
Fly-by Asteroid Steins september 5, 2008
Third fly-by-earth november 11, 2009
Fly-by Asteroid 21 Lutetia july 10, 2010
Deep-space maneuvers 2011

Off-pointing of thruster no. 9 discovered just before hibernation1

Rosetta hibernation june 2011 – january 2014
Before 2014 Airbus and CNES fail to design new controllers due to inappropriate software.

March 2014 new controllers designed using our software hinfstruct

New controllers uploaded may 2014 – just in time.
Breaking and final insertion maneuver august 6, 2014
Philae lands on surface november 12, 2014
Mission ends september 30, 2016. A. Falcoz et al.
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the shelf tuning or when controller retrofit was too far from 
optimality. Convinced by its optimisation performances and 
algorithmic reliability and stability, the presented nonsmooth 
designed methods and Hinfstruct solver have been incorpo-
rated in the Airbus Defence and Space development process. 
Hinfstruct allowed to enhance the existing tuning tool (i.e., 
Neptune) by providing a high-quality initial guess, Neptune 
being still necessary to refine Hinfstruct solution as regards 
others multi-rate and nonlinear constraints. This updated tool 
has been successfully used for the tuning of further control-
lers. For instance, the Chemical Station Keeping control-
lers of three Telecommunication satellites (Eurostar E3000 
satellites) have been recently designed as well as the the 
Orbit Control Mode of Bepi Colombo space probe. More 
recently, Hinfstruct has been involved for the refinement of 
the in-flight orbit controller of Rosetta space probe to fit with 
updated thrust authority assumptions. The next section is 
entirely devoted to the presentation of this challenge which 
contributed to the success of Rosetta’s mission.

4  Rosetta’s orbit controller refinement

4.1  Mission presentation

ESA’s Rosetta mission was launched on 2nd of March 2004 
with an Ariane-5 launch from Kourou in French Guiana. 
Along this roundabout route, Rosetta entered the asteroid 
belt twice and gained velocity from gravitational assists 
provided by close fly-bys of Mars and Earth. After the first 
fly-by of Earth in March 2005, Rosetta headed towards Mars 
and returned to Earth twice in November 2007 and Novem-
ber 2009. After a large set of deep-space manoeuvres, the 
spacecraft entered into hibernation between June 2011 and 

January 2014 (Fig. 19). Just before this 31-month deep space 
hibernation mode, a rendez-vous manoeuvre (RDVM) led to 
an unexpected satellite off-pointing about the Y-axis space-
craft axis triggering attitude off-pointing FDIR (Fault Detec-
tion Isolation and Recovery) and leading the space probe 
in safe mode. In-depth on-ground analysis of the anomaly 
revealed a Loss-Of-Efficiency (LOS) of one thruster [7.4% 
(1σ ) on Thurster 9] leading to strong parasite torques which 
could not be compensated by the initially designed orbit 
controller. Orbit Control System returning was necessary 
to improve the robustness properties as regards unpredict-
able thruster under-performances. New attitude control-
lers have been synthesized in March 2014 according to the 
multi-model design methodology presented in Sect. 2.4. The 
refined controllers have been uploaded in May 2014 just 
before engaging the braking and final insertion manoeuvres 
to reduce relative velocity and distance to the comet. The 
next section provides an overview of the tuning process with 
comparison between the initial and refined controller.

4.2  System characteristics

Rosetta is a 3-tonne spacecraft based on a box-type central 
structure, 2.8 × 2.1 × 2.0 m, on which all subsystems and pay-
load equipment are mounted. Two solar panels, with a com-
bined area of 64 m2, each stretch out to 16 m in length. The 
platform is actuated by two sets of 12 redundant thrusters of 
10 N (Beginning Of Life assumptions) as illustrated in Fig. 20. 
Thrusters nos. 1–8 are tilted to ensure the attitude control and 
Thrusters nos. 9–12 are used to perform pure velocity incre-
ments. The position and forces of the thrusters are reported 
in Table 2. The thruster alignment accuracy is 0.4°, which is 
modelled as constant bias for all thrusters and is assumed to 
include any thrust jet misalignment. Referring to Eq. (2), this 

Fig. 18  Roll (right) and yaw (blue) depointing—structured µ con-
troller (colour figure online)

Fig. 19  Milestones from Rosetta’s launch to its encounter with the 
comet 67P/Churyumov–Gerasimenko

Fig. 2. Rosetta time table revisited. 1 Rosetta launched and hinfstruct conceived. 2 hinfstruct

prototype. 3 Mars fly-by and hinfstruct algorithm already published [1]. After 6 failure of thruster
no. 9 discovered. Hibernation starts. During hibernation analysis of problem. Operators do not succeed

1Teams of the European Space Operations Centre (Darmstadt) were instrumental in detecting and
diagnosing the dysfunction. Airbus Defence and Space was charged to synthesize new control laws taking
into account the unexpected attitude of the probe, and accomplished this using our code hinfstruct.
Controllers were uploaded by ESOC.
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to fix problem with their own software, but fortunately realize that hinfstruct exists and use it to design
robust controllers. Just before breaking at 8 hinfstruct controllers uploaded.

Fig. 3. Function hinfstruct based on [1] was developed 2004-06 and adopted by MathWorks in
2010. This represents a fundamental change in feedback control, as for the first time since the 1960s the
H∞-control paradigm can be used in practice.

Fig. 4. Rosetta satellite with lander Philae. If not repaired, the dysfunction of thruster no. 9 would have
made the final insertion maneuver of Rosetta behind the comet Chury impossible. Once this position
was reached, the Philae story was ready to be told.

3. The context

Designing new attitude controllers for the Rosetta probe turned out impossible with the original software
developed by CNES and Airbus Defence and Space. Only with our novel structured H∞-control method
hinfstruct based on [1, 2] was it possible to design appropriate regulators [6], the main limitations being
that the on-board architecture accepted only controllers of order 8 or less. This is a typical example of
what we call a structural contraint on the control law. Applying the H∞-paradigm to design structured
controllers was not possible before the seminal work [1, 2].

While robust control design has now become the standard approach, inspecting [6, Sect. 4] shows that de-
signing the new controllers for thruster no. 9 could have benefitted by an extended version of hinfstruct,
which includes parametric robustness. And this is where history repeats itself. Namely, in 2014 when
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this crisis was at its peak, we were just developing this next generation software for parametric robust
H∞-synthesis. In 2014 the parametric robust version was not published, but would have been available on
request. In the meantime this new function is also made available to the control engineering community
through the design tool systune in [5], which is an outcome of our papers [1, 2].

Fig. 5. The successor of hinfstruct is systune, based on [1,2], published in 2006, and available in
the robust control toolbox since 2014. Parametric robustness is published in 2015 [3] and made available
through [5] since 2015.

4. The mathematical background

The authors of [1, 2] started their academic cooperation in the late 1990s. We had recognized that a
radically new approach to feedback control design was required, which would allow to bridge theoretical
results obtained by the robust control community since the early 1990s with the challenging constraints
of engineering practice. This ultimately led to the powerful tool hinfstruct, which for the first time
enables engineers to apply the H∞-paradigm in practice.

This strongly hinges on the use of sophisticated non-differential non-convex optimization methods, which
we developed since the early 2000s. Our idea to create such a structured H∞-theory was first presented
at a Workshop in Toulouse in 2001, and even though it had to face strong opposition by adherents of the
LMI-theory, the resistance was quickly overcome due to the evident superiority of our techniques. Today
non-smooth H∞-synthesis is undisputedly the standard way to solve difficult synthesis problems.
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