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ABSTRACT

The increased need in pointing performance for Earth observation and science Space missions
together with the use of lighter and flexible structures directly comes with the need of a robust
pointing performance budget from the very beginning of the mission design. A multi-body frame-
work, the Two Input Two Output Ports approach, is used to build all the elementary flexible bodies
and mechanisms involved in a fine Line-of-Sight mission. A novel control architecture is proposed
to reduce the microvibrations induced both by Reaction Wheel (RW) imbalances and Solar Array
Drive Mechanism (SADM) driving signal, by keeping them working during the imaging phase.
Thanks to a set of accelerometers placed at the isolated base of the payload and at the mirrors
with larger size, typically the primary and secondary mirrors of a Space telescope, it is possi-
ble to estimate the line-of-sight error at the payload level by blending with the low-frequency
measurements of the camera. While a classic Fast Steering Mirror (FSM) in front of the camera
can compensate for a large amount of microvibration, an innovative architecture with a set of
six Proof-Mass Actuators (PMAs) installed at the payload isolator level can further improve the
pointing performance.

1 INTRODUCTION

With the development of the next generation of Earth observation and science Space missions, there
is an increasing trend towards highly performing payloads. This trend is leading to increased detector
resolution and sensitivity, as well as longer integration time which directly drive pointing require-
ments to higher stability and lower line-of-sight (LOS) jitter [1]. Such instruments typically comes
with stringent pointing requirements and constraints on attitude and rate stability over an extended fre-
quency range well beyond the attitude control system (ACS) bandwidth, by entailing micro-vibration
mitigation down to the arcsecond (arcsec) level or less [2][3]. Disturbances induced by internal el-
ements and propagating along the spacecraft large flexible appendages are the main contributor to
micro-vibration pointing budget. Among this class of disturbances, two types of internal disturbances
can be distinguished from their frequency content: periodic or harmonic disturbances (like RW static
and dynamic imbalances) and transient disturbances (like SADM when actuated in particular mis-
sion phases). In order to guarantee high pointing performance, it is necessary to entirely characterize
the transmission path between the micro-vibration source and the payload. The earlier the model is
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available, the easier it is to meet the stringent pointing requirements, by designing appropriate control
strategies. The main difficulties encountered in Space system characterization are both the impossi-
bility to correctly identify the system on ground due to the presence of gravity and the consideration
of all possible system uncertainties [4].
The possibility to take into account parametric variations in a model fully compatible with the stan-
dard robust analysis and control tools opens new insights to design and prototype spacecraft architec-
tures while taking into account all the subsystems (structure modelling, control, optics, mechanism
disturbances).
In this spirit the Two-Input Two-Output Ports (TITOP) approach, firstly proposed by Alazard et al.
[5] and further extended by Chebbi et al. [6] and Sanfedino et al. [7], offers the opportunity to
assemble several flexible sub-structures by keeping the analytical dependency of the overall model
on the constitutive mechanical parameters and reducing this dependency to the minimal number of
occurrences. This multi-body approach has been conceived in order to perfectly fit with the Lin-
ear Fractional Transformation (LFT) theory developed in the robust control framework [8]. It is in
fact possible to include any kind of uncertain and varying parameters with a minimum number of
occurrences and recover the dynamic (forces and torques) and kinematic (linear and angular acceler-
ations, speeds, displacements) quantities at the connection nodes of each body. In this way, a huge
family of possible plants can be incorporated in a unique LFT model that informs the control syn-
thesis algorithm of all possible uncertain and varying parameters. All substructure models derived
for simple (i.e. beams and plates) or complex (FEM models of 3D industrial bodies) geometries and
mechanisms have been integrated in a MATLAB/Simulink environment using the Satellite Dynamics
Toolbox library (SDTlib), a collection of ready-to-use blocks that allows rapid prototyping of com-
plex multi-body systems for space applications [9][10]. The resulting spacecraft model is then ready
for robust control synthesis and robust stability and performance assessment by using the MATLAB
routines available in the Robust Control Toolbox [11].
The goal of this paper is to show how to finely model an industrial flexible spacecraft with tight point-
ing requirements and design a robust controller able to push the potential achievable performance to
its limits by coping with modeled system uncertainties. In particular an innovative control architec-
ture is presented. It combines multiple passive/active control strategies in order to get a considerable
mitigation of the microvibrations induced by RW imbalances and SADM input signals. In particular,
combining the measurements of accelerometers in key points of the structure (at the payload isola-
tor base and at the primary and the secondary mirrors of the space telescope) and the low frequency
acquisitions of a camera, the LOS is directly corrected by an FSM and indirectly by a set of PMAs
installed at the payload isolator level. This strategy allows to get fine pointing performance while
leaving the RW and SADM still working during the imaging phase with consequent increase of the
time window available for the scientific observations. Indeed, one of the classical but constraining
strategies for this kind of missions is to interrupt the operation of the micro-vibration sources in or-
der to improve the pointing performance while having an impact on their primary functionalities (i.e.
attitude control for RW, optimization of the received Sun power for the SADM). After outlining the
full spacecraft dynamic model in section 2 by assembly of sub-systems using the TITOP framework,
section 3 presents the two novel robust control architectures proposed in this work, one relaying on
the estimation of the LOS and compensation with an FSM; and the second one based on a set of
PMAs controlling an active/passive isolator system placed at the base of the payload. In section 4,
results of the analysis are showcased and discussed. Finally, conclusions and remarks are presented
in section 5.
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2 FULL SPACECRAFT MODELLING

In a spirit of comparing multiple micro-vibration control system architectures, this paper proposes to
assess their respective performances (disturbance rejection, stability, robustness) on a dummy space
telescope from a generic observation mission. The satellite dynamics can be assembled with the
TITOP models derived in the previous sections, in a MATLAB/Simulink environment and the SDT.
The proposed spacecraft in Fig. 1 is composed of a central flexible body B connected to two rotating
solar arrays, A1 and A2, at points A1 and A2 respectively, one flexible optical payload P and one
RWS, respectively connected at two distinct points Ip and Iw. Moreover the payload is anchored at the
spacecraft through an isolator assembly as the one presented in Fig. 2 at point Ip. The optical payload
is composed of a flexible structure enclosing the optical elements: the two mirrors M1 and M2,
the charge-coupled device (CCD) and the FSM. The physical parameters of the model, i.e. flexible
modes and dampings, are input data from an industrial benchmark, imported in the SDTlib directly
with PATRAN/NASTRAN files [10].
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Figure 1: Spacecraft architecture with essential nomenclature

Thanks to SDTlib, it is possible to build the entire spacecraft model by interconnections of elementary
blocks corresponding to each sub-structure as depicted in Fig. 3. Note that blocks’ colors are the same
as each sub-system in Fig. 1. For more details on how to connect several blocks in SDTlib please
refer to [12].
In Fig. 3 several models are found:

• MB
G,Iw,Ip,A1,A2

(s) is the TITOP model of the flexible central body B imported from NASTRAN
with parent point G (center of mass) and children connection points Iw, Ip, A1, A2. The external
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Figure 3: Full space telescope TITOP interconnection diagram (left) and equivalent LFT model (right)

wrench wext,G acting at G is the input of this model and the acceleration twist ẍG of the point
G is the output;
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• MA1
A1
(s) and MA2

A2
(s) are respectively the TITOP models of the two flexible solar panels A1 and

A2, connected to B at A1 and A2 respectively through two identical SADM, taking into account
the stiffness of a reduction gearbox. See [13] for more detail on SADM TITOP model. The
block ∆τ = τI32 is the parametric uncertainty of the two solar arrays configurations modeling
the different orientation of the rotating SA where τ = tan(θ/4) is the parametrization of the SA
rotation angle θ presented in [13]. The uncertain block ∆A• takes into account the uncertainties
on the first two frequencies of the flexible modes of the two SA. wsa is the vector of the 2
disturbance torques transmitted by the two SADM driving signals to the SA rotation axes;

• MRWS
Iw

(s) is the model of the assembly of four reaction wheels. The block ∆Ω takes into
account the four spin rates as varying parameters. The harmonic disturbance vector induced by
the four RWs is taken into account in the input wrws;

• MP
Ip,M1,M2,If ,LOS(s) is the TITOP model of the flexible payload P imported from NASTRAN

with parent point Ip (connection with B) and children connection points M1 (connection point
with mirror M1), M2 (connection point with mirror M2), If (connection point with payload
isolator ISO), LOS (connection point with the CCD camera). MP

Ip,M1,M2,If ,LOS(s) outputs
the acceleration vectors ẍM1 and ẍM2 of points M1 and M2 respectively and the two angular
accelerations ¨LOS of the LOS, whose double integration is measured by the CCD camera;

• MIA
P,I(s) is the isolator and PMA asembly showcased in Fig. 2. The 6 PMA control signals

upma are inputs to this block. The outputs are the acceleration vector ẍIp of point Ip and the six
relative displacements δxpma of the 6 PMAs;

• MFSM
If

(s) is the TITOP model of the FSM. The inputs to this model are the tip/tilt FSM com-
manded angles θ̃fsm and the outputs are the actual tip/tilt FSM angles θfsm.

For an extensive insight into each of the previous TITOP models the reader is invited to refer to [14].
In order to control the spacecraft attitude, a proportional-derivative (PD) controller tuned on the to-
tal inertia matrix (assumed uncoupled) with respect to the central body center of gravity G, Jtot =
blkdiag

(
Jtot
x ,Jtot

y ,Jtot
z

)
, is proposed:

urws = −Γ+
(
Kdθ̇G −KpθG

)
, (1)

where Kp = ω2
ACSJ

tot, Kd = 2ζACSωACSJ
tot (with ωACS = 0.06 rad/s, ζACS = 0.7). Γ+ is the

Moore-Penrose pseudo-inverse of the 3× 4 RWS spin axis matrix Γ whose columns are the 4 wheels
spin axes expressed in the parent (inherited) frame. The total inertia matrix Jtot can be obtained by
computing the inverse low-frequency (DC) gain of the transfer from the body torque disturbances
wext,G{4 : 6} to the body angular acceleration θG = ẍG{4 : 6}. As shown in Fig. 3 the assembled
model of the space telescope built in SDTlib is equivalent to an LFT model G(s,∆Ω,∆τ ,∆A•) =
Fu(MST (s), diag(∆Ω,∆τ ,∆A•)). G(s,∆Ω,∆τ ,∆A•) is an uncertain minimal state-space model of
order 204 with 2 occurrences of Ω1, 2 occurrences of Ω2, 2 occurrences of Ω3, 2 occurrences of Ω4, 4
occurrences of ωA•

1 , 4 occurrences of ωA•
2 and 32 occurrences of τ .

3 FINE LINE-OF-SIGHT CONTROL

When dealing with microvibrations, the first way to counteract their influence at very high frequency
is to use passive isolation. If this strategy allows having an equivalent low-pass filter behavior for high
frequencies, on the other hand it introduces some supplementary flexible modes at lower frequencies
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as shown in Fig. 4. For this reason, an hybrid (passive + active) control strategy is needed to mitigate
microvibrations in the middle range frequencies. Two complementary active control architectures are
presented in sections 3.1 and 3.2.

Figure 4: Transmissibility from microvibration disturbance sources (both RW and SADM) to the LOS
for the plant G(s,∆Ω,∆τ ,∆A•) without and with a payload passive isolator

3.1 Hybrid control of LOS with FSM

A piezo-electric FSM is positioned on the optical path of the payload to perform active control at LOS
level. Such actuator can perform control over a wide bandwidth, typically ranging from a few Hz to
a few hundreds of Hz, which makes it efficient over the entire active control bandwidth. The FSM
being controlled in position, one can directly cancel the motion of the LOS by applying the negative
of the LOS to the FSM input. The main drawback of such architecture is the need to estimate the LOS
at higher frequency than the one offered by direct measurements of a CCD camera LOSm

c , that does
not generally overcome few tens of Hz. For this reason, an estimation of the LOS is done by blending
the camera measurements with the measurements provided by the accelerometers (at payload isolator
ẍm
Ip

and at mirrors M1 and M2, respectively ẍm
M1 and ẍm

M2) and the FSM strain gauges (measuring the
FSM tip/tilt deflections θm

fsm) along the optical path till the CCD camera. The FSM control law is
thus an observer-based controller that reads:

ufsm = −S−1
FSM L̂OS (2)

Where SFSM = diag (0.1, 0.1) is the FSM sensitivity matrix that relates the motion of the FSM to the
LOS, and L̂OS is an estimate of the LOS.
The control architecture for FSM robust control synthesis is shown in Fig. 5, where the generalized
plant P(s,∆Ω,∆τ ,∆A•) with normalized input/output weighting filters and the FSM controller
KFSM(s) are depicted. The objective is to obtain the 2× 18 dynamic observer KFSM(s) by ensuring
a prescribed level of pointing performance (LOS error) given an expected amplitude of microvibration
disturbance as input to the system and coping with FSM actuation authority and all identified model
uncertainties and varying parameters. Note that in the diagram a washout filter Fw(s) is applied to the
accelerometer measurements to reject sensor bias:

Fw(s) =
s

s + 0.1
I6 (3)
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In order to take into account the low-pass behavior of the CCD camera, the filter FLOS is used as well:

FLOS(s) =
100

s2 + 14s + 100
I2 (4)

The set of sensors is characterized by the following levels of white Gaussian noise, with their standard
deviations σ and sampling times dt:

• accelerometers noise nap , nam : σa = blkdiag
(
0.0012 I3 (m/s2/

√
Hz), 0.0023 I3 (rad/s2/

√
Hz)

)
,

dta = 1ms;

• CCD noise nLOS: σLOS = 10−8 I3 (rad/
√
Hz), dtLOS = 1 (ms);

• strain gauge noise nFSM: σFSM = 10−8 I3 (rad/
√
Hz), dtFSM = 1ms

θfsm

ufsm

¨LOS

ẍM1

ẍM2wsa
MST (s)

∆Ω

∆τ

ẍIp

∆A•

SFSM

nap nam
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I2

s
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s

nLOS

nFSM
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Fw

Fw
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−S−1FSM KFSM
L̂OS

WAPE

WRPE

Wufsm

LOSc

eAPE

eRPE

efsm
u

Wsaw̃sa

wrws
Wrwsw̃rws

P(s,∆Ω,∆τ ,∆A•)

ẍmIp

ẍmM1

ẍmM2

LOSmc

θmfsm

Figure 5: Control architecture for FSM robust control synthesis

For the H∞ robust control synthesis, we specify the following input weighting functions:

• Wrws shapes the amplitude of the expected five harmonic perturbations for each of the four
RW. For the i-th wheel this filter takes the form:

Wi
rws(s) = diag(0.4N, 0.4N, 0.35N, 0.3Nm, 0.3Nm) · s + 5.101 · 10−5

s + 5.101
I5 (5)

• Wsa fixes the upper bound of the SADM input disturbance torque:

Wsa = 0.1Nm · I2 (6)

On the other hand, the following output weighting functions have been considered:
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• WAPE bounds the maximum tolerated Absolute Performance Error (APE) [15] on the LOS:

WAPE = ϵ−1
APEI2 (7)

In this study ϵAPE = 10 arcsec.

• WRPE defines the expected pointing performance in terms of Relative Performance Error (RPE),
which is defined in [15] as the angular difference between the instantaneous LOS error vector
and the short-time average LOS error vector during a given integration time period t∆. In fre-
quency domain the RPE performance corresponds to the high-pass performance weight applied
to the LOS error signal:

WRPE(s) = ϵ−1
RPE

t∆s
(
t∆s +

√
12
)

(t∆s)
2 + 6 (t∆s) + 12

I2 (8)

where ϵRPE overbounds the maximum RPE target value. For the present study case t∆ = 20ms
and ϵRPE = 100marcsec.

• Wufsm
bounds the maximum available FSM input commands:

Wufsm
=

1

ūfsm

I2, with ūfsm = 5.3mrad (9)

The robust 4-th order LOS observer is synthesized in an H∞ framework using the non-smooth opti-
mization algorithms [16, 17] available in the MATLAB routine systune. This approach allows fixed
structure low order controllers to be designed by imposing multi-objective optimization criteria and
by coping with all parametric uncertainties in the model.
The H∞ optimization problem to find the optimal observer K̂FSM(s) is formulated as it follows:

K̂FSM(s) = argmin
KFSM(s)

max
∆Ω,∆τ ,∆A•

 γ1 =
∣∣∣∣∣∣Fl(P(s,∆Ω,∆τ ,∆A•),KFSM)[w̃T

rws w̃
T
sa]

T→eAPE

∣∣∣∣∣∣
∞

γ2 =
∣∣∣∣∣∣Fl(P(s,∆Ω,∆τ ,∆A•),KFSM)[w̃T

rws w̃
T
sa]

T→eRPE

∣∣∣∣∣∣
∞

such that: γ3 = max
∆Ω,∆τ ,∆A•

∣∣∣∣∣∣Fl(P(s,∆Ω,∆τ ,∆A•),KFSM)[w̃T
rws w̃

T
sa]

T→efsmu

∣∣∣∣∣∣
∞

< 1

(10)

Due to the gradient-based optimization nature of the non-smooth algorithm, it is necessary to find a
good initial guess in order to get satisfactory results. This is why before running the H∞ synthesis,
a linear Kalman filter is synthesized as first guess of KFSM(s). The simplified model used for the
Kalman filter design is shown in Fig. 6: the controlled LOS LOSc is modelled by reconstructing the
optical path from the accelerometers, the FSM strain gauges and the kinematic models between the
sensor locations in the structure and is measured by the CCD camera.
The primary measurements vector (input to the Kalman model) is composed by the inertial measure-
ments from the accelerometers placed on the various elements of the payload, as well as the FSM x
and y deflections measurements:

•
[
ẍm
Ip

]
RP

is the acceleration twist measurement at the payload isolator reference point projected

in the payload frame Rp,
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ẍm
Ip

]
RP

SM1

PT
M2/P

SM2

[ẍm
M1]RM1

{1, 2, 4, 5}
[τM1Ip]Rp

[τM2Ip]RP
[ẍm
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Figure 6: Kalman model for LOS estimation

• [ẍm
M1]RM1

is the acceleration twist measurement at the point of the mirror M1 projected in the
mirror M1 local frame RM1 ,

• [ẍm
M2]RM2

is the acceleration twist at the point of the mirror M2 projected in the mirror M2 local
frame RM2,

• θm
fsm is the angular position vector measurement of the FSM around the x and y axes in the

payload frame Rp.

The secondary measurements vector (output of the Kalman filter) is only composed of the LOS re-
construction done via image processing algorithm:

• LOSc = LOS+ SFSMθfsm is the controlled LOS.

The Kalman model contains the following kinematic parameters:

• [τMiIp ]Rp is the kinematic model between the point Ip and Mi (expressed in the frame Rp),

• PMi/p is the DCM mapping a vector expressed in the frame RMi
into a vector expressed in the

frame Rp,

• SMi
is the 2 × 6 sensibility matrix of the LOS in the payload body frame Rp to the local

deflections of the payload at the point Mi.

The normalized noise inputs ñ• are Gaussian centered white noises with unit power spectral density
(PSD).
This Kalman model does not take into account the low-pass behavior of the camera measurements in
order to limit the order of the resulting estimator. For this reason the gain KLOS = 105 is introduced
to degrade the secondary measurement. The resulting filter, denoted Kest(s) ∈ R2×18, is a 4th order
linear Kalman filter.
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3.2 Hybrid control of LOS with FSM and PMAs

The FSM control loop presented in section 3.1 manages to achieve a broadband rejection of microvi-
brations. A further reduction of the LOS error can be obtained if a set of six PMAs, connected to the
payload isolator, is used in an active isolation feedback loop on the payload acceleration ẍm

Ip
. The con-

trol architecture is the one proposed in Fig. 7, where the generalized plant is now Q(s,∆Ω,∆τ ,∆A•)
and the 6× 6 controller to be optimized is KPMA.
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ẍM2wsa
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∆τ
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KFSM
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Wsa
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Figure 7: Control architecture for PMA robust control synthesis

In this case, a finer RPE requirement than in FSM synthesis is imposed in order to exploit the high-
pass filter behavior of the PMAs. We use then the filter:

Wf
RPE(s) = ϵ−1

RPEf

t∆s
(
t∆s +

√
12
)

(t∆s)
2 + 6 (t∆s) + 12

I2 (11)

where ϵRPEf = 40marcsec and t∆ = 20ms. Moreover, the output filter Wupma overbounds the
maximum PMA input force:

Wupma =
1

ūpma

I6 (12)

with ūpma = 31.6N.
The mixed H∞/H2 optimization problem to find the optimal controller K̂PMA is formulated as it
follows:

K̂PMA(s) = argmin
KPMA(s)

max
∆Ω,∆τ ,∆A•


γ1 =

∣∣∣∣∣∣Fl(Q(s,∆Ω,∆τ ,∆A•),KFSM)[w̃T
rws w̃

T
sa]

T→eAPE

∣∣∣∣∣∣
∞

γ2 =
∣∣∣∣∣∣Fl(Q(s,∆Ω,∆τ ,∆A•),KPMA)[w̃T

rws w̃
T
sa]

T→efRPE

∣∣∣∣∣∣
∞

γ3 =
∣∣∣∣Fl(Q(s,∆Ω,∆τ ,∆A•),KPMA)ñap→eAPE

∣∣∣∣
2

such that: γ4 = max
∆Ω,∆τ ,∆A•

∣∣∣∣∣∣Fl(Q(s,∆Ω,∆τ ,∆A•),KPMA)[w̃T
rws w̃

T
sa]

T→epma
u

∣∣∣∣∣∣
∞

< 1

(13)
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Note that the H2-norm objective γ3 is considered in order to limit the amplification of the accelerome-
ters noise by the minimization of the variance between measurement noise and pointing performance.

4 RESULTS AND DISCUSSION

In this section, the results obtained with the control architectures outlined in section 3.1 and 3.2
are analyzed. Table 1 resumes the achieved optimization performance indexes. One can notice that
for the FSM robust control synthesis (optimization problem (10)), the limits of system performance
are reached since all indexes reach the unity value). The hard constraint on control authority γ3 is
satisfied by leaving a very small margin for further improvement of the two pointing performance
indexes, γ1 and γ2. Note that the RPE performance index γ2 is slightly bigger than unity, fact that is
not considered critical for this design. Moreover note that these indexes corresponds to the worst-case
achievable performance by taking into account all possible uncertainties and considering the biggest
H∞-norm on all parametric configurations. The saturation of the three performance indexes means
that a further reduction of the LOS jitter cannot be demanded since the limit of performance is already
been reached. This limit is in fact imposed both by the physical characteristics (maximum accepted
FSM input signal, noise) of the set of sensor/actuators chosen for this control architecture and the
need of performance robustness against uncertain/variable parameters.
In order to further improve the jitter rejection, a second stage of micro-vibration active control is
added to the already synthesized FSM closed-loop. A set of 6 PMA is then introduced in order to
reject the transmitted disturbances to the payload base and improve the performance reached by the
FSM. For the synthesis of the PMA controller the optimization problem (13) is solved. Note that
this time a reduction of 60 marcsec is asked in terms of RPE performance with respect to the FSM
closed-loop synthesis. As shown in Table 1 the more restrictive requirement on RPE performance
(γ2) is met. However only ≈ 12% of the available control signal (γ4) is sufficient to guarantee the
requested pointing performance (γ1 and γ2) by coping with a limitation of the accelerometer noise
propagation to the LOS (γ3). This means that a set of PMA with lower maximum available input
force could be sufficient to meet the same level of pointing performance. Moreover, one can notice
that the APE requirement is largely met (γ1 = 0.5768) since the FSM control stage already takes care
of it. The biggest limitation in this design is then due to the noise introduced by the chosen set of
accelerometers (γ3).

FSM Synthesis PMA Synthesis
γ1 γ2 γ3 γ1 γ2 γ3 γ4

0.9857 1.0026 0.9877 0.5768 0.9835 0.9835 0.1185

Table 1: Worst-case performance of FSM and PMA robust control design

Figure 8 shows the singular values of the two optimal controllers. Figure 8a compares the final
K̂FSM(s) with the initial Kalman Filter first guess Kest(s). The FSM controller is of course a 4th order
system as its corresponding Kalman Filter. For the synthesis of the PMA controller KPMA(s), several
fixed order system have been tested and finally a 4-th order structure demonstrated to be sufficient to
obtain the required level of performance without no remarkable performance improvement for higher
order. A random start option has been used with the MATLAB routine systune to get an optimal first
guess.
The optimal design of the two-stages active micro-vibration control can be also visualized in the
frequency domain, where the worst-case disturbance rejection can be analyzed as a function of the
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(a) (b)

Figure 8: Fine LOS controllers: (a) Kalman filter first guess KLOS and optimal FSM controller KFSM;
(b) optimal PMA controller KPMA

frequency. For this purpose, Fig. 9 shows the singular values of the transfer function from all nor-
malized input disturbance signals (both RW and SADM perturbation) to the controlled LOS. Four
sets of curves are depicted in order to compare the pointing performance reached by increasing the
number of adopted micro-vibrations control stages: the black lines show the transmissibility of the
microvibration to the LOS in open-loop when neither passive (no isolation at payload level) nor active
solutions are used; green lines depicts the same transfer functions when a passive isolator platform is
introduced at the base of the payload and no active LOS control is used; magenta lines corresponds to
the configuration combining the passive payload isolator together with the FSM active control stage;
blue lines finally relate to the final configuration with passive isolator and double-stage LOS active
control with FSM and PMAs on the isolator platform. Note that the line clouds of the same color
correspond to different samples of the same uncertain closed-loop system. In the same Fig. 9 the
APE and RPE specifications are illustrated as well. They all correspond to the inverse of the output
filters WAPE, WRPE and Wf

RPE.
When a passive isolator is connected at the base of the payload, an important reduction of the propa-
gation of the disturbance through the optical path is achieved for frequencies bigger than ≈ 500 rad/s
(green line). As already seen in Fig. 4, this strategy allows for a reduction of micro-vibration prop-
agation at very high frequency while introducing some extra modes at lower frequencies due to the
isolator stiffness. Only an active control strategy can then reduce the impact of these modes. The
use of an FSM drastically improves the pointing performance by dropping the APE below 10 arcsec
and the RPE below 100marcsec for frequencies above 100 rad/s. A further improvement of the RPE
is achieved with the use of a set of PMAs connected to the payload isolator (blue line) with a gain
of almost 8 dB along all frequencies and guarantees a LOS error below 40marcsec for frequencies
above 200 rad/s.
It is to be stressed that all these results are robustly guaranteed for any solar array angular config-
uration, RW speed and modeled uncertainty on the first two SA flexible modes when both RW and
SADM are kept activated during the imaging phase.

FSM Synthesis PMA Synthesis
γ1 γ2 γ3 γ1 γ2 γ3 γ4

0.7115 0.7160 0.9804 0.7115 0.7115 0.6150 0.4266

Table 2: Nominal performance of FSM and PMA control design

According to the achieved results, some lesson learned can be summed up:
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• The multi-body TITOP approach allowed us to easily build an industrial benchmark by con-
nection of some elementary blocks. From a preliminary design point of view, this assembling
strategy is convenient to analyze the transmissibility of vibrations at any point of a complex
system and possibly propose a different system layout by easily displacing/adding/removing
the constitutive sub-structures;

• The TITOP modeling approach facilitates the choice of the set of sensors/actuators in a prelim-
inary design phase by easily checking their efficiency at different points of the structure in the
same way as described in the previous point;

• The analytical dependency of the TITOP models on their physical mechanical parameters with
the LFT formalism allows the user to directly synthesize robust control laws by taking into
account all the possible worst-case scenarios. This point facilitates the successive analysis of
the system, that can be formally validated with analytical guarantees of system stability and
performance [18] without involving time-expensive Monte Carlo campaigns;

• The proposed double-stage active micro-vibration rejection strategy allowed us to achieve very
fine pointing performance. It combined a direct correction of the LOS with an FSM located in
front of the sensitive instrument and a set of PMAs acting on a passive isolator, that mitigate
the propagation of the microvibrations produced by the RWs and the SADM to the payload
base through the most flexible elements of the spacecraft (solar panels, large mirrors of the
telescope).

Figure 9: Singular Values of the transfer function
[
w̃T

rws w̃T
sa

]T → LOSc with robust control
design. Comparison of pointing performance achieved with just a payload passive isolator (green
line), with a payload isolator and an FSM (magenta line) and with a payload isolator, an FSM and a
set of six PMAs (blue line)
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5 CONCLUSION

The Two-Input Two-Output Ports approach was used to model a complex industrial benchmark for
robust line-of-sight control. Since in this framework an uncertain Linear Parametric-Varying sys-
tem can be directly derived by including all possible configurations and uncertainties of the plant,
two novel robust active control strategies have been proposed to mitigate the propagation of the mi-
crovibrations to the LOS error. A first one consists in synthesizing an observer of the LOS error by
blending the low-frequency measurements of the LOS directly provided by a CCD camera and the
accelerations measured in correspondence of the most flexible optical elements (mirrors M1 and M2

of a space telescope) together with the accelerations measured on a passive isolator placed at the base
of the payload. An FSM then uses this information to mitigate the pointing error. In order to obtain
even tighter micro-vibration attenuation, a second stage of active control was proposed as well. This
strategy consists in measuring the accelerations of the payload isolator and actuating six PMAs at-
tached to the same isolator. Thanks to this double-stage active control strategy, the propagation of
the micro-vibrations induced by the RWs and SADMs is finely reduced on a very large frequency
band. In particular, a reduction of the pointing error to 10 arcsec is guaranteed at low frequency
(≈ 1 rad/s) with a progressive reduction of the jitter until 40 marcsec for higher frequencies where
micro-vibration sources act.
This application finally allowed the authors to demonstrate the interest of the proposed modeling
approach, that is able to finely capture the dynamics of a complex industrial benchmark by including
all possible uncertainties in a unique LFT model. This modular framework, which permits to easily
build and design a multi-body flexible structure, was in fact conceived in order to perfectly fit with the
modern robust control theory. In this way the authors demonstrated how to push the control design
to the limits of achievable performance, which is fundamental in the preliminary design phases of
systems with very challenging pointing requirements.
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