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ABSTRACT

This paper presents the modeling and analysis of the induced oscillations due to the Solar Array
Drive Mechanism (SADM) on the pointing performances of a generic Earth observation space-
craft. First the SDT (Satellite Dynamics Toolbox) is used to obtain a Linear Parameter Varying
model of the spacecraft fitted with a flexible solar panel parameterized according to its angular
configuration. Then a detailed model of the SADM including the stepper motor and the gear box
is included using the TITOP (Two-Input Two-Output Ports) approach. Such an approach allows
to buils the dynamic model of the structure just by assembling the sub-structure models. TITOP
models consider the 6 d.o.f. (degrees of freedom) to take into account all the geometrical, kine-
matic and dynamic couplings required to capture the propagation of the perturbations inside the
overall flexible structure. Moreover these models allows the user to evaluate the pointing errors
on the 3 axes. Parametric robustness analysis tools are then used to isolate the worst harmonics
of the various SADM imperfections and the solar array angular configuration from the pointing
performance point of view.

1 INTRODUCTION

Among spacecraft internal disturbance sources, the imperfections on the SADM contribute signif-
icantly to the overall spacecraft pointing error budget [1, 2]. These imperfections create harmonic
disturbing torques when the solar array is driven at a constant angular rate and they are due to: (i)
the micro steps in the stepper motor operating mode, (ii) the potential imperfections in the gear pair
contacts inside the gearbox commonly used between the stepper motor and the solar array. These
harmonic disturbances can be magnified considering the flexible modes of the solar panels which
induce resonances in the dynamic model of the whole spacecraft. These resonance frequencies and
magnitudes depend on the mass/inertia ratios between the spacecraft main body and the solar array.
Moreover these mass/inertia ratios depends also on the angular configuration of the solar array with
respect to the main body and require to consider the 3 attitudes degrees-of-freedom simultaneously.
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From the modeling point of view, the challenge consists in deriving the required model in order to
capture just the dynamic interactions on the 3 axes between:

• the SADM which requires a detailed and accurate model, including harmonic disturbances,
located at the connection point between the spacecraft main body and the solar array,

• the flexible modes of the overall spacecraft structure, which requires a sub-structured modeling
approach and which depends both on the angular configuration of the solar array and on the
attitude control system.

Starting from the Satellite Dynamic Toolbox (SDT) User Guide [3], this paper summarizes the equa-
tions and the TITOP models which will be used to take into account the SADM in the overall space-
craft model developed with the SDT.
The SADM model is composed of a stepper motor and a gear box. A stepper motor model is described
in [4] and [2]. In [2], the proposed model is a simulation model and takes also into account the
electronic part used to control the stepper motor. This part is highly non-linear and is not considered
here where the objective is to derive a model for analysis purpose (rather than a pure simulation)
which could be used during preliminary design phase. The model described in [4] focuses on the
electro-mechanical behavior of the stepper model and is suitable for analysis in the linear domain.
The gearbox TITOP model includes also a disturbance input whose harmonic content is derived
thanks to an accurate kinematic model. This kinematic model [5, 6], previously developed for the
power transmission gear box of an helicopter rotor, provides the list of all the fundamental frequen-
cies of the various imperfections that can appear in contact pairs of a gear mechanism.
This paper is organized as follows. In section 2, a summary on the SDT and TITOP models, seen
as tools for flexible-multi-body system modeling, is presented. Section 3 details the TITOP model
of a SADM with the two components: the stepper motor and the gear box, including the internal
torque disturbances. Sections 4 and 5 present the application on a generic Earth observation spacecraft
where reccoded telemetries highlight some oscillations on the pointing errors with magnitudes varying
according the solar array angular configuration. More particularly: the results of the worst case
analysis are presented in Section 4 and the simulation model with time-domain analysis are presented
in Section 5. Conclusion and perspectives are provided in Section 6.
The results presented in this paper have been achieved under funding by the ESA TDE programme
with contract 4000122779/18/NL/GCL. The view expressed in this paper can in no way be taken to
reflect the official opinion of the European Space Agency.)

2 BACKGROUND ON FLEXIBLE-MULTI-BODY SYSTEMS DYNAMICS

2.1 Summary of the SDT

The objective is to compute the inverse dynamic model, that is the relation between the 6 components
of the wrench Wext,B = [FT

ext TT
ext,B]T of the resulting external force and torque applied to the

satellite at its center of massB (input) and the 6 components of the acceleration twist ẍB = [aTB ω̇
T ]T

of point B (output). The satellite is assumed to be composed of a rigid main body or base B with one
or several flexible appendages Ai connected to the base at points Pi. The model can also take into
account a revolute joint at the point Pi between the appendage and the main body. Then the 6 × 6
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inverse dynamic model is augmented by a new channel corresponding to the transfer betweenCmi , the
torque applied around the joint axis by a mechanism (for instance the SADM) and the relative angular
acceleration θ̈i inside the joint. In the case of a single appendageA, the block diagram representation
of this model is depicted in Figure 1 where (see [3],for a detailed nomenclature):

• [DBB]Rb =

[
mBI3 03×3
03×3 [IBB]Rb

]
,

•
[
MA

P

]
Ra

(s) =

[
I6

0 0 0 xra yra zra

] [
DAP
]
Ra

(s)




I6

0
0
0
xra
yra
zra




(A is the center of mass of

bodyA and [ra]Ra = [xra , yra , zra , ]
T is a unit vector along the revolute joint axis expressed in

the body A frameRa),

•
[
DAP
]
Ra

(s) = [DAP ]Ra −
∑N

i=1 l
T
i,P li,P

s2

s2+2ξiωis+ω2
i

(li,P , ωi, ξi are, respectively: the modal
participation factors at point P , the frequencies and the damping ratios of the N flexible modes
of body A),

• [DAP ]Ra = [τAP ]TRa

[
mAI3 03×3
03×3 [IAA]Ra

]
[τAP ]Ra (τAP is the kimematic model between points

A and P ),

• the notation
[
MA

P

]−17
Ra

(s) stands for the inversion of the 7-th channel in the system
[
MA

P

]
Ra

(s)
(see also [7]),

• Pa/b is the Direction Cosine Matrix (DCM) of the rotation from frameRb to frameRa.

Finally,

• the inverse dynamic model [MB+A
B ]−1Rb(s) of the assembled B + A can be transported to any

reference point O of the main body B (then denoted [MB+A
O ]−1Rb(s)),

• the obtained model can be parameterized according to

σ4 = tan
θ

4

where θ is the angular configuration (in radian) of the revolute joint [8, 9] (see also appendix).
Such a model, denoted as [MB+A

O ]−1Rb(s, σ4) is an LPV (Linear Paremetric Variant) model valid
for a whole revolution of the appendage (θ ∈ [−π, +π] or σ4 ∈ [−1, 1]) and is fully compatible
with the tools of the MATLABr Robust Control Toolbox.

ESA GNC 2021 – D.Alazard, Ch. Cumer, F. Sanfedino, D. Oddenino 3



+
−

[
Fext

Text,B

]

Rb

[
aB
ω̇

]

Rb

[
DBB
]−1
Rb

τT
PB

τPB

θ̈ Cm

[
PT

a/b 03×3
03×3 PT

a/b

][
Pa/b 03×3
03×3 Pa/b

]

[
aP
ω̇

]

Ra

[
FB/A
TB/A,P

]

Ra

[
FB/A
TB/A,B

]

Rb

[MAP ]
−17
Ra

(s)

Figure 1: The block diagram representation of the inverse dynamic model [MB+A
B ]−1Rb(s) of the system

composed of a main body B with a flexible appendage A connected to the main body at the point P
through a revolute joint. Cm is the driving torque around the joint axis. θ̈ is the angular acceleration
inside the joint.

2.2 Summary of the TITOP model approach

The TITOP model approach extends the previous framework to any kind of open kinematics chain
(or tree-like structure) of flexible bodies; i.e. systems where an intermediate body can be flexible. In
the previous approach, flexible bodies can only be located at the ends of the chain (as the leaves of
the tree-like structure).
The flexible substructure A connected to the parent substructure P at the point P and to the child
substructure C at point C is depicted in Fig. 2. The double-port or TITOP (Two-Input Two-Output
Port) model DAP,C(s), proposed in [7, 10], is a linear dynamic model between 12 inputs:

• the 6 components inRa of the wrench WC/A,C =

[
FC/A
TC/A,C

]
applied by the child substructure

C to A at point C,

• the 6 components in Ra of the acceleration twist ẍP =

[
aP
ω̇P

]
(time-derivative of the twist)

of point P ,

and 12 outputs:

• the 6 components inRa of the acceleration twist ẍC =

[
aC
ω̇C

]
of point C,

• the 6 components in Ra of the wrench WA/P,P =

[
FA/P
TA/P,P

]
applied by A to the parent

substructure P at point P ,
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P

P

C
ẍP =

[
aP
ω̇P

]

WA/P,P =


 FA/P
TA/P,P




ẍC =

[
aC
ω̇C

] WC/A,C =


 FC/A
TC/A,C




A
A

C

Ra

Figure 2: The flexible sub-structure A in the structure.

ẍC

WA/P,PDA
PC(s)ẍP

WC/A,C

6

6

6

6

Figure 3: Block-diagram of the TITOP model DAP,C(s) of A.
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ẍC

WA/P,PDAPC(s)ẍP

WC/A,C

DP∗P (s)

DCC∗(s)

Figure 4: Connection of the substructures P , A, C.

and can be represented by the block-diagram depicted in Fig. 3.
The state space representation of such a TITOP model DAP,C(s) is detailed in [10] and involves data
(frequencies ωi, damping ratios ξi, modal participation factors li,p at point P , modal shapes ϕi,C
at point C of the flexible modes and the kinematic model τCP ) which can be directly read in the
NASTRANr/PATRANr analysis output fils when the sub-structure A is clamped at point P and
free at point C. The TITOP model embeds, in the same minimal state-space realization, the direct
dynamic model (transfer from acceleration to force) of the substructure A at the point P and the
inverse dynamic model (transfer from force to acceleration) of A at the point C.
The connection of A to the parent substructure P at point P and the child substructure C at point
C can be modeled just by feedback connections of the TITOP models of the various sub-structures
according to Fig. 4.
Furthermore,

[
DAP,C

]−1I (s) denotes the model where the channels numbered in the index vector I are
inverted (according to the procedure described in [7]). This channel inversion operation is very useful
to analyze the dynamics of the link A for various boundary conditions:

• clamped at P and clamped at C:

[
DAPC

]−1[1:6] (s)
WC/A,CẍC

ẍP
WA/P,P

• free at P and free at C:

[
DAPC

]−1[7:12] (s)
ẍC

WC/A,C

WA/P,P ẍP

• free at P and clamped at C:

[
DAPC

]−1
(s)

ẍP

WC/A,CẍC

WA/P,P

The TITOP model of a beam was used in [11] to co-design the attitude control laws and the boom
linking the deployable reflector to the main body. An extension to NINOP (N -port model) was
proposed in [2, 12] to model a solar array composed of several panels. Channel inversion operation
can be used to model closed kinematics chain of flexible bodies as it was highlighted in [7] on the
four bar mechanism.
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3 TITOP MODEL OF THE SADM

The TITOP approach is used here to model the SADM. Although this mechanism is located at a
particular point in the structure, this approach is suitable:

• to propagate the 6 d.o.f wrench and twist from each input/output side of the SADM, between
the solar panel A and the main body B,

• to set the stator of the stepper motor or the gearbox frame on a moving body (that is not the
case in [4]),

• to add additional inputs in order to consider the internal disturbing torque and its transmission
to the entire spacecraft structure.

The SADM is composed of two main elements: the stepper motor, referenced as body r and the
gearbox, referenced as body g.

3.1 TITOP model Mr(s) of the stepper motor

Following [4], the stepper motor inside the revolute joint is characterized by the set of parameters
depicted in Table 1. The model proposed in [4] is adapted here to take into account that the stepper

parameter description unity
z rotor teeth number .
p beat number .
n subdivision number (µ-steps) .
I amplitude of the two-phase current A
Jr rotor inertia Kgm2

Km motor torque constant Nm/A/rd
C0 viscous damping coefficient Nms/rd

Table 1: Characteristic parameters of a bi-polar stepper motor.

motor stator is hold by the main body B with an inertial angular acceleration ω̇. The inertial angular
acceleration of the stepper motor stator and rotor are respectively denoted ω̇in, ω̇out. θ is the relative
angular configuration of the rotor w.r.t. the stator. The unit vector along the mechanism axis is ra.
Thus, an intermediate frameRr attached to the motor is defined such that its third-axis is aligned with
ra. In the following description the inputs and the outputs of the TITOP model Mr(s) are expressed
in the appendage frameRa. The DCM from frameRr to frameRa is defined as:

Pr/a = Pra




det(Pra) 0 0
0 1 0
0 0 1


 , with: Pra = [null([ra]TRa) [ra]Ra ] .

Then the stepper motor TITOP model is described by the following equations or by the block-diagram
depicted in Figure 6:
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• Jr(θ̈ + [ra]
T
Ra [ω̇in]Ra) = Cm + [ra]

T
Ra [TA/r,P ]Ra︸ ︷︷ ︸
−Cl

where Cm and Cl are respectively the driving

torque and the torque applied to the load (the solar array) along the mechanism axis,

• Cm = KmIγi− C0θ̇ −K0θ with:

– K0 = KmIz (Nm/rd) is the electromagnetic stiffness,

– γ = 2π
pn

(rd) is the electrical µ-step angle,

– i (integer) is the current µ-step number.

i is the input signal of this model and it can be computed by:

i = floor(θref/α) = floor(θ̇ref t/α) .

where

– α = 2π
zpn

(rd) is the mechanical µ-step angle,

– t (s) is the time.

The stair-shape integer input signal i(t) can be generated by the following process described in
Figure 5 in order to track a given reference input on the angular rate θ̇ref ,

θ̇ref θref
1
s y = floor(u)1/α

θ0 = θ(t = 0)

i(t)

Figure 5: Generator process for i(t).

• ω̇in = ω̇,

• ω̇out = ω̇in + θ̈,

• Fr/B = FA/r,

• [Tr/B,P ]Rr(1 : 2) = [TA/r,P ]Rr(1 : 2),

• [Tr/B,P ]Rr(3) = −Cm.

The TITOP model includes one additional input i(t): the µ-step number (integer) and one additional
output: θ. The angle θ is also the angular configuration of the input shaft of the gear box described in
the next section.
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[
FA/r

TA/r,P

]
Ra

[
aP
ω̇in

]
Ra

[
aP
ω̇out

]
Ra

[
Fr/B
Tr/B,P

]
Ra

PT
r/a

PT
r/a

Pr/a

Pr/a

θ

i

Cm

Figure 6: The block diagram representation of the TITOP model Mr(s) of the stepper motor around
ra inRa.

3.2 TITOP model Mr(s) of the gearbox

It is also possible to define the TITOP model of the gear box in order to take into account:

• the two angular rates of the input (fast) and the output (slow) shafts,

• the disturbances torque due to contact imperfections in the gear pairs.

The gearbox model depends on the following parameters:

• Ng: the gearbox ratio,

• Kg and Cg: respectively stiffness and damping of the gearbox,

• Jo: inertia of the output shaft,

• Ji: inertia of the input shaft,

• ra: direction of the gear axis in load frame. The load is represented by the solar array (SA)

Let us denote:

• T/o = [ra]
T
Ra [TA/g,P ]Ra the torque applied by the SA on the output shaft of the gearbox at the

connection point P around ra,

• Ti/ = [ra]
T
Ra [Tg/r,P ]Ra the torque applied by the input shaft of the gearbox to the stepper motor

rotor at the connection point P around ra,

• θ̈o = [ra]
T
Ra [ω̇out]Ra the angular acceleration of the output shaft around ra,
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• θ̈i = [ra]
T
Ra [ω̇in]Ra the angular acceleration of the input shaft around ra.

The angular deflection of the gearbox due to its stiffness, seen from the output shaft reads:

δθo = θo −
θi
Ng

(1)

and the internal reaction torque on the output shaft can be described by:

Tg/o = −Kgδθo − Cg ˙δθo + Tpert

where Tpert is an harmonic disturbance due to one or more contact imperfection(s) in gear pairs inside
the gear box. The harmonic frequencies are characterized in the following paragraphs. Then, the
dynamic model of he gearbox reads:

Joθ̈o = T/o + Tg/o (2)

Jiθ̈i = −Ti/ − Tg/o/Ng . (3)

The TITOP model Mg(s) of the gearbox can be described by the block-diagram represented in Figure
7. Note that one can chose Ji = 0 to implement this model but Jo 6= 0.

PT
r/a

PT
r/a

Pr/a

Pr/a

[
FA/g

TA/g,P

]
Ra

[
Fg/r

Tg/r,P

]
Ra

[
aP
ω̇in

]
Ra

[
aP
ω̇out

]
Ra

Tpert

δθo

T/o
Ti/

θ̈i

θ̈o

Figure 7: The block diagram representation of the TITOP model Mg(s) of the gearbox around ra in
Ra.

Finally the disturbing torque Tpert can be characterized thanks to a previously developed toolbox
([5],[6]). This toolbox requires only the kinematic description of the mechanism as it is depicted in
Figure 8 for the case of the considered SADM gearbox.
Then the toolbox can compute the angular rate of each body involved in the mechanism (see Table 2)
and the frequencies ωdi of each contact imperfection i in the various gear pairs (see Table 3: nf = 6
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Z1 = 69

Z2 = 74

Z3 = 75

Z4 = 80

body 4
(output crown)

body 3
(double pinion)

body 2
(fixed crown)

body 1
(input shaft)

revolute joint
(level 1)

revolute joint
(level 1)

revolute joint
(level 2)

Figure 8: Kinematic model of the SADM gearbox (Zi: gear teeth number).

contact frequencies can be identified in the SADM gearbox). Each imperfection i can create an
harmonic disturbing torque si(t) involving the fundamental frequency ωdi (rd/s) and hi−1 harmonics:
kωdi for k = 2, 3, · · · , hi. The total disturbing torque Tpert at the input of the TITOP model Mr(s)
of the gearbox reads:

Tpert(t) = Σ
nf
i=1 Σhi

k=1Ai,k sin(kωdit+ φi,k)︸ ︷︷ ︸
si(t)

. (4)

The magnitudeAi,k and the phase φi,k of the k-th harmonic of the i-th imperfection depends of course
on the shape of the imperfection. The simulation presented in Section 5 was obtained considering the
contact imperfecrions # 2 and 3 with a saw-teeth profile or a narrow square profile (see Table (4)).

body j = 1 2 3 4
ωj/ω4 -184 0 13.33 1

Table 2: Body angular rates in the gearbox mechanism, normalized according to the output shaft
(body 4).

4 ANALYSIS MODEL OF THE VALIDATION STUDY CASE

The study case is an operational European spacecraft composed of a main body (B) and a flexible
solar array (A) defined by a NASTRANr model. The SADM drives the solar pannel at a constant
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imperfection i = ω̃di = ωdi/ω4 gear pair cause number of sources
1 13616 (2,3) gear frequency 1
2 184 (2,3) a tooth on body 2 74
3 197.3 (2,3) a tooth on body 3 69
4 14800 (3,4) gear frequency 1
5 197.3 (3,4) a tooth on body 3 75
6 185 (3,4) a tooth on body 4 80

Table 3: Contact frequencies in the gearbox mechanism, normalized according to the output shaft
(body 4) such that ω4 = ωSA.

profile Ai,k φi,k

saw-teeth
2π
ωdi

ai

0
t

si(t)

−2ai
kπ

(−1)k 0

dt− narrow square
π
ωdi

2π
ωdi

ai

0

dt
t

si(t)

2ai
kπ

(−1)k (cos(k dt ωdi)− 1) 0

Table 4: Harmonic magnitudes of typical profiles.
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angular rate ωSA (ωSA = 0.06 deg/s).
The previous development are embedded in a SIMULINKr interface so that the model of the whole
system can be assembled just by connection of the various subsystems, as it can be seen in Figure 9.
This SIMULINKr model involves 4 subsystems:

• u HUB (body) (white): the rigid main body B with 2 ports (points): the ports P1 (center of
gravity: B ) and P2, (the connection point P with the SADM),

• 2 phase stepper motor (green): the TITOP model Mr(s) of the stepper motor r with
its own input # 1 (µ-step integer i(t)),

• Gear Box (g) (cyan): the TITOP model Mg(s) of the gear box g with its own disturbing
torque input # 2 (Tpert (Nm)),

• u SA (body) (magenta): the flexible solar array A taking into account the first 6 flexible
modes provided by the NASTRANr analysis output file. This model is plugged to the output
shaft of the gear box thought the 6× 6 DCM matrix 6x6 v-u rotation (and its transposed
6x6 v-u rotation’) which is parameterized according to the angular configuration of the
solar array (see appendix). In the nominal configuration the appendage frame Ra is aligned on
the main body frameRb.

A classical decentralized proportional derivative attitude control law (yellow) is tuned on the rigid
model to have a given bandwidth (0.01 rd/s) on the three axis. This block diagram highlights also
the definition of the different signals according to the notation proposed in the previous sections. Due
to the mechanism located at point P , the acceleration twist is also referenced w.r.t. the considered
body. For instance: [ẍgP ]Rb means the 6 dofs acceleration of point P on the output shaft of the gear
box, prjoected in the main body frame..
The LPV model of the whole spacecraft is computed thanks to the function ulinearize. The
frequency-domain response of the transfer from the 2 disturbances i(t) and Tpert to the 3 pointing
errors [φ, θ, ψ] is depicted in Figure 10. It shows that the response to Tpert is 20dB higher than the
response to i(t). So the response to the stepper motor disturbance i(t) will be no-more considered
in the following parts. Furthermore the disturbance on i(t) due to µ-step signal (integer) is a high
frequency signal compared to the signal si(t) due to an imperfection in the gearbox. Indeed, when
the SADM drives the solar panel at a constant angular rate ωSA, the ramp profile on the stepper motor
angle, ”angularly sampled” with µ-step value α = 0.125 deg generates a disturbance which can be
modeled by a saw-teeth signal depicted in Table 4. The frequency ω and the magnitude a of this
signal are ω = 2π|N |

α
ωSA and a = α/2 (N = −184 is the gear-box ratio). Thus ω = 529920ωSA:

this frequency ratio is significantly higher than the gearbox imperfection frequency ratio depicted in
Table 3.
Considering Table 3, it is clear that the gearbox imperfections are low frequency signals and they can
excite the solar array flexible modes. That is highlighted on Figure 11 where the 14-th to 49-th har-
monics (H14 to H49) of the imperfection #3 fundamental frequency are superposed to the mechanical
system frequency-domain responses for various solar array angular configurations. From this Figure
one can conclude that:

• H15 and H16 can interact with the first mechanical resonance (around 3.2 rad/s),
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Figure 9: SIMULINKr analysis model of the generic Earth observation spacecraft.

• H22 to H25 can interact with the second mechanical resonance (around 5 rad/s),

• there are no harmonics which can interact with the third resonance (around 9.4 rad/s).

Due to the numerous possible imperfections in the gear box and their different harmonics a MATLABr

function wcgainsfreqh, based on µ-analysis, was developed to compute the worst case gain and
the corresponding worst-case parametric configuration (the solar panel angular configuration in our
case) for the various transfers of a MIMO system. This function can be used to find the worst-case
gains gwc, the worst-case solar array configurations θwc and the worst-case harmonics hwc for a gear-
box imperfection modeled with a particular profile (corresponding to a particular set of amplitudes)
for its first Nh harmonics (see Table 4). For instance: for the gear box imperfections # 2, 3 and 6
modeled with the saw-teeth profile and Nh = 60, the obtained results are summarized in Table 5.
Conclusion: for the 3 considered gear-box imperfections, the worst-case appears on the mechanical
resonance around 5 rd/s (2-nd flexible mode of the solar array, see Figure 11). Note also that the
results presented in Table 5 are consistent with the spectral contributions computed from telemetries
and presented in the next section.
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Figure 10: Frequency-domain response from disturbances to pointing errors.

Figure 11: Frequency-domain response between gear disturbance Tpert and angular rates p, q, r and
interaction with the harmonics H14 to H49 of imperfection #3 .

5 SIMULATION MODEL AND RESULTS

Due to the numerous algebraic loops in the SIMULINKr analysis model (Figure 9), the simulation is
too much time consuming (around 8 hours to simulate the 3600 s) and this model will not be used any
more. For simulation purpose it is highly recommended to evaluate this LPV model on a grid of the
scheduling parameter σ4 = tan (θSA/4) (for instance with a step of one degree on θSA). The set of
models thus obtained can then be stocked in array of LTI models, named sysLPV. The SIMULINKr

bock from the Control toolbox LPV system can then be used to simulated the LPV model with θSA
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imperfection # 2, ωd2 = 0.1927 rd/s 3, ωd3 = 0.2066 rd/s 6, ωd6 = 0.1937 rd/s
gwc θwc hwc gwc θwc hwc gwc θwc hwc

p 69.6 −119 26 71.0 −126 24 63.8 −136 25
q 1.26 −177 23 1.35 −161 22 1.43 −174 23
r 42.1 −177 23 41.3 −161 22 32.3 −173 24

Table 5: Worst case gains (gwc µrad/N/m/s), SA angular configurations (θwc deg) and harmonics
(hwc )for the imperfections #2, #3 and #6 identified in Table 3 and modeled as saw-teeth signals.

(the first output of the model) as scheduling parameter. The SIMULINKr file is shown in Figure 12.

Figure 12: SIMULINK model for simulation.

The response of the 3 angular rates is depicted in Figure 13 (over 3600 s). This simulation was
obtained considering the imperfections # 2 and 3 (see Table 3), modeled as saw-teeth signal with a
magnitude a = 0.5Nm. This simulation highlights, in the time-domain, the excitation of SA flexible
modes for particular angular configurations as it was noticed on the tele-measurements.

6 CONCLUSION AND PERSPECTIVES

This paper presents a dynamic model of a flexible spacecraft with an accurate model of a local mech-
anism (SADM) in order to perform deep analysis of pointing errors due to the mechanism internal
disturbances. This approach was successfully applied o an Earth observation spacecraft and validaded
thanks to the reccorded telemetries. The developed model allows to predict where is located the most
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Figure 13: Time-domain response of the satellite angular rates.

critical imperfection in the gearbox. This model will be used in further studies to develop an on-board
estimator of the attitude pointing error.
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APPENDIX: LPV MODEL ACCORDING TO THE ANGULAR CONFIGURATION

Let us define Pa+θ/a as the DCM between the appendage frame Ra+θ after a rotation of θ around
ra-axis and the initial appendage frameRa, i.e. (for a given vector v):

[v]Ra = Pa+θ/a[v]Ra+θ

with:

• Pa+θ/a = Pr/a




cos θ − sin θ 0
sin θ cos θ 0

0 0 1


PT

r/a,

• Pr/a = Pra




det(Pra) 0 0
0 1 0
0 0 1


,
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• Pra = [ker([ra]TRa) [ra]Ra ].

It is possible de define a LPV (Linear Parameter Varying) model of the system valid ∀ θ ∈ [−π, +π],
using the new parameter σ4 = tan θ

4
∈ [−1, 1]. Indeed, the trigonometric relations [8]:

cos θ =
(1 + σ2

4)2 − 8σ2
4

(1 + σ2
4)2

, sin θ =
4σ4(1− σ2

4)

(1 + σ2
4)2

allows to define the block diagram representation of Pa+θ/a depicted in Figure 14 where the varying
parameter σ4 can be declared using the MATLAB function ureal of the Robust Control Toolbox.
Then, the MATLAB function ulinearize allows to compute an LFT representation of the system
and gives access to all the tools of the Robust Control Toolbox.

σ4

σ4

σ4

σ4

PT
r/a

Pr/a

Figure 14: The block diagram representation of Pa+θ/a parameterized with σ4 = tan θ
4
.
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