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Comparison of Adaptive Control Laws
on a Satellite Attitude Control Benchmark*

Yoni Lahana!, Mauro Mancini2, Dimitri Peaucelle!, Elisa Capelloz3 and Hélene Evain?

Abstract—The CNES satellite DEMETER is taken as a
Benchmark to test several control laws. The original control
strategy for this mission was to switch between two different
control laws according to the pointing error. This switching
control made its proof on this mission, but it induces some
unwanted behaviour such as oscillations in the control torque
at the appearance of the switch and long time responses. In
this work, we compare the switching control with continuous
adaptive control laws that avoid discontinuities, allow a wider
range of initial conditions, and have faster convergence. Three
adaptive control laws are described and compared: (i) the
DEMETER switching control, (ii) a robust adaptive control
where gain evolution is driven by the attitude pointing error,
and (iii) a sliding mode control with an adaptive sliding surface.
The obtained closed-loop performances are illustrated in small
and large pointing error situations.

I. INTRODUCTION

Attitude control of space vehicles such as satellites is
a widely studied problem. It comprises several challenges.
One is related to the geometry of rotations in 3-dimensional
space [1]. This challenge is particularly stringent for high
amplitude maneuvers for which the non-linear nature of the
dynamics with multiple equilibria cannot be neglected. So-
lutions such as those provided by [2] enable global stability,
and as described for example in [3], non-linearity compen-
sation enables to simplify the challenge as the stabilization
of an almost linear plant. Such results assume the satellite
to be a rigid body which is reasonable for large variations
of the attitude but are no more appropriate when considering
dynamics close to the equilibrium. This is the case for the
DEMETER satellite that we use as a benchmark in this
paper. As described in [4], the DEMETER mission aimed
at measuring transient very-low-frequency electromagnetic
phenomena and for that the satellite comprised three long
antennas whose (uncertain) flexible modes could not be ne-
glected when considering the very accurate attitude pointing
requirements. Robust H,/H> performance results [5] were
applied to obtain high-quality control at low pointing errors
as reported in [6]. A third challenge for attitude control is
to consider the intermediate situation when the geometry
related non-linearities are not stringent but the high-quality
aggressive control for low pointing error is not appropriate
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because of actuators’ limitations. One possibility is to have
a control law dedicated to such transients. Another solution
adopted by CNES is to have an automatic modification
of a few control parameters to cope with non-negligible
deviations from the small pointing error situation, but has
the drawback to generate discontinuities in the control input
and gives long time responses. The aim of this paper is
to compare the switching strategy that was implemented on
DEMETER with alternative adaptive methods.

Adaptive control strategies classically aim for updating
control parameters facing complications such as external
disturbances or parametric uncertainties. To this end, the
indirect adaptive controllers are composed of online estima-
tors of the unknown complications, and adaptation is done
based on these estimates [7], while direct adaptive controllers
involve an automatic tuning of the parameters based on
measurements only. In the paper, we adopt such direct
adaptive schemes. More precisely we consider adaptive gains
that are tuned by differential equations as in the passivity-
based adaptive control literature [8], [9], [10]. Although the
adaptation algorithms are very similar, the automatic tuning
adopted in the present paper is not ruled by passivity (hence
high gain) considerations. On the contrary, following the
results already successfully tested in [11], the adaptation
strategy enables a mitigation between nominal gain and low
gain control, thus avoiding saturation in actuators. This satu-
ration avoidance adaptive rule is applied to the gains involved
in the existing switching strategy and to the parameters of a
sliding mode controller.

Sliding Mode Control (SMC) theory is a nonlinear control
technique with remarkable properties of precision and robust-
ness, which allow a n-order non-linear system with [ inputs
to be replaced by an equivalent n — [ order problem [12].
In this work, we consider the classical First Order Sliding
Mode (FOSM) algorithm, whose design consists in two steps.
First, a sliding variable is defined as a function of the states
of the system. The sliding surface, i.e. the region where
the sliding variable is null, is chosen such that trajectories
have appropriate stable properties thus guaranteeing the error
converges to zero when on the sliding surface (sliding phase)
[13]. The second step is the design of a discontinuous
control law that enforces the system’s trajectories to reach
the sliding surface in finite time and stay there (reaching
phase) [14]. It is well known that chattering is the most
critical problem of the FOSM algorithm [15], in this work
we use the boundary layer SMC [16] to avoid high-frequency
oscillations in the command line. Classical FOSM has a
constant linear sliding surface, but several strategies for time-



varying sliding surfaces have been proposed and collected in
[17] and [18]. These include the usage of predefined time
polynomials or fuzzy logic. In the first case, the movement
of the sliding surface is merely a function of time and is
not adjusted according to the states of the dynamic system.
On the other side, fuzzy logic allows to move the sliding
surface according to the states of the system but requires the
definition of fuzzy sets, input and output decision rules, and
defuzzification methods. Here, we propose the usage of a
modified FOSM algorithm with a novel direct adaptive law
to rotate the linear sliding surface in real-time. This strategy
offers the main advantage of requiring only a numerical
integration to automatically update the position of the sliding
surface based on the states of the system. The details and
stability analysis of the new control algorithm are discussed
in [19]. The adaptation of the sliding surface allows to reduce
the aggressive reaching phase before sliding, thus limiting the
saturation of actuators and providing an appropriate solution
for the attitude control problem.

The outline of the paper is as follows. First, we recall
briefly the attitude control problem for DEMETER as for-
malized by the CNES engineers. In section 3 we describe
the different adaptive and non-adaptive control laws to be
compared. Section 4 is then devoted to the exposure of the
comparison results in realistic simulations.

II. DEMETER

In this paper, we focus our work on the control of
the attitude of the microsatellite DEMETER, the first of
the CNES’ Myriade series of microsatellites, which was
launched in 2004 in Low-Earth Orbit. It was designed to
analyze the electromagnetic environment of the Earth [20].

A. Dynamics of the satellite

For the purpose of this work, the CNES provided a
benchmark based on [4] and [6] including the simulation of
the dynamic and kinematic of the microsatellite, its actuators,
the measure of its angular position, the estimation of its
angular velocity and the control of its attitude. The Attitude
and Orbit Control System (AOCS) of DEMETER includes
four different modes. However this paper is only focusing on
the normal mode, where the only available actuators are the
reaction wheels (one per axis), and magnetotorquers used to
desaturate the wheels. The measure of the attitude is provided
by a star tracker and the angular velocity is estimated from
the attitude. Based on [21], we can write the simplified model
of the attitude dynamics and kinematics as

huot = J& + hry = Ty 0

hew = 1 = —K,0 — Kqw
where hyy is the total angular momentum of the spacecraft,
hrw the angular momentum of the reaction wheels, J is the
inertia, @ is the dynamic attitude error expressed in cardan
angles, w is the angular velocity error, and 7} a disturbance
torque induced by external forces. The DEMETER control
law is composed of two blocks in series. The first one
is a simple diagonal proportional derivative designed for

the linearized model (1) of the type u = —K,0 — Kqw.
The second block is a high-order linear time-invariant con-
troller designed with Hy/H,, optimization assuming the
Proportional-Derivative (PD) controller is given and includ-
ing in the model many complications such as the flexible
modes and the reaction wheels. This design is described in
[6], and the model of the reaction wheels can be found in
[4]. This design allows very accurate tracking performance
for small pointing errors.

B. Control objectives

The control objectives of the mission DEMETER are
detailed in [4]. For this work, we considered the main
requirements:

1) Pointing accuracy should be less than 6.98 x 10~% rad
(= 0.04°)

2) Avoidance of reaction wheels’ angular rate (Wywmax =
293 rad/s) and torque (Crymax = 0.005 Nm) saturation

The first of the two items shall be achieved if the control law
mimics the (PD, stabilizing filter) structure at small pointing
errors. The second criterion needs to diminish appropriately
the control efforts when the pointing error is large.

III. CONTROL LAWS

The adopted strategy is to keep in the loop the stabilizing
filters and to replace the static PD controller with advanced
versions of it that are ultimately equivalent to the PD control
at small pointing errors. To keep it simple, all controllers
keep the diagonal structure of the initial PD control. The
index j = {X,Y, Z} indicates the satellite’s main axes.

A. Switching PD

The control law developed by CNES and implemented on
the spacecraft’s onboard computer [4] is a switching control
law. It switches according to the pointing error as follows:

0;] > 01 = u;(t) = —b;sign(0;(t)) — w;(t) (2a)

1051 < 01 = u;(t) = —Kp;0;(t) — Kgjw; (1) (2b)
The numerical values of the parameters can be found in [4].
K,; and K4 are the static PD gains chosen for the linearized
model (1). The switching value 6,; is given from engineering
considerations and the speed bias b; is such that K, 0;; =
K4;b; in order to minimize discontinuities when u,(t) ~ 0.

B. Adaptive PD

A continuous adaptive version of the PD-controller has
been proposed in [22] and tested in flight on the PICARD
satellite [11]. The control law is exactly that of the switching
PD controller

uj(t) = —Kg;(£)0;(t) — Ko (H)w; (1) 3)



with the difference that the gains evolve in time according
to differential equations:

Koj(t) = Proji,. (—Go;07(t) — co;(Koj(t) — Kp)))
(4a)

Koj(t) = Projyc_ (=Gt (t) — cu, (Kuy(t) — Kg))
(4b)

In these equations the Proj, is a projection operator that
guarantees that the gains are at all times bounded K (t) €
K. In practice, these differential equations are coded as
saturated integrators. The sets are chosen as follows Ky; =
[ 0.02K,; , K,; ] and K,,; = [ 1, Ky |, where K,
and Ky, are the same PD gains as previously. Ky; is hence
allowed to be at most equal to the proportional gain of the
PD controller and to decrease close to zero down to 2% of its
maximal value. K,,; is allowed to vary continuously between
the two values in the switching control law. The Gy; > 0
gain is designed to decrease the proportional gain Ky;(t) if
the pointing error ¢; is large. The same reasoning applies
to the G,; gain. These adaptation terms aim at avoiding
actuator saturation and lead to a controller that behaves as
(2a) for large pointing errors. The cp; > 0 and ¢,; > 0
damping coefficients drive the control gains to the PD values
K,; and K4 when pointing errors are small. Having in mind
the value 0;; that is used by the engineers to distinguish the
large and small pointing errors the following constraint is
considered in the design of the parameters:

Go;07; =~ coj(Kp; — 0.02K,;) (5)

and a similar constraint is considered for the gains in (4b).
Gyg; and G,,; values are chosen reasonably high but not too
high in order to be implementable, that is, if 5]- is an upper
bound on the pointing error and T is the sampling time,
then one has to guarantee

1

—2
7 (B = 0.02,7) > Go;;. (6)

A similar constraint is considered for the gains in (4b).

As described, the design of the adaptive law is done in the
present case based on engineering considerations. It is not
based on any formal condition that would ensure stability
or other properties (the same holds for the switching control
law). But proofs of stability may nevertheless be achieved
based on Lyapunov certificates and solved numerically by
LMI solvers. As described in [23], [24] the matrix inequality
conditions may also help in tuning the control parameters.

C. First order sliding mode controller

Before considering adaptive sliding mode control, let us
formulate the classical sliding mode controller that may
replace the switching PD controller. Such control law is of
the type u;(t) = —K;sign(o;(t)) where o,(t) = 0 is the
sliding surface. It is well known that such controller suffers
from high-frequency switching near the sliding surface (and
hence at the equilibrium point) as chattering occurs due

to discontinuity of signum function. To avoid chattering, a
boundary layer of width S; is introduced:

u;j(t) = —Kjsatg; (0;(t)) (7)

where the saturation function is:

sign(c) if |o| > S
sat = 8
s(9) {J/s if |o] < S ©
The sliding surface is chosen to be:
oj(t) = w;(t) + X;0;(t), A €RT 9)

and is such that when o (t) ~ 0 (sliding phase) the system

behaves as a stable first-order plant w;(t) = 0;(t) =~
—A;05(t).

Close to the origin the actual control is wu;(t) =
—5205(t) = —5H(w;(t) + A6, (1). It coincides with the

static PD controller (2b) for the choice of K;\;/S; = K,
and K;/S; = K 4. Parameters of the sliding mode controller
are selected to satisfy this property in order to recover the
performances of the switching PD control at low pointing
error. K; is chosen as a trade-off between good disturbance
rejection (high gain) and saturation avoidance (low gain).

D. First order sliding mode controller with adaptive sliding
surface

The non-adaptive sliding mode control exposed upper
behaves exactly the same as the static PD control when close
to the sliding surface. It therefore has the same drawbacks
as this controller in terms of saturation of the actuators when
far from zero pointing error. Moreover, the saturation may
prevent the control from actually reaching the sliding sur-
face. Inspired by the adaptive control strategy, the proposed
adaptive sliding mode control is as upper (7) but with an
equivalent proportional gain K j\,;(t)/S; that is decreased
when the pointing error is large. The adaptive sliding surface
is:

0;(t) = w;(t) + Aaj (£)0;(t) (10)
where the parameter evolves in time according to
Aaj(t) = Proj,  (—G;65(t) — ¢;(Aaj (1) = A))  (11)

The projection operator guarantees the slope of the sliding
surface to remain in A; = [ 0.05)\; , A; ]. At most the slope
is that of the non-adaptive controller but it is allowed to have
positive values close to zero (down to 5% of its maximal
value).

The adaptive sliding mode control has the following
characteristics. Only the sketch of the Lyapunov-based proofs
are given for limited space reasons.

1) Aslong as G;03(t) > ¢;(A;—0.05);) 4 the function
V15 = (>\aj — 0.05)\j)2 is such that ’l')lj < —0111)}]/-2. It
proves finite-time convergence of \,;(¢) to its minimal
value 0.05); at large pointing errors.

2) The function vg; = o7 is such that vg; < (d;— Ij—;) ;]/2
when vy; > Sj2 and where d; are terms due to non-
linearities, disturbances, the angular rate w; and ;.



TABLE I: Parameters for given K,; and Ky

I Control law [
Switching PD 05, bj
Adaptive PD Goj, Guj, Coj» Cwj

Classical sliding mode K;, S

iy Aj
Jr N
Adaptive sliding mode | K, S;, \j, Gj, ¢;

Parameters i

TABLE II: Numerical values of the parameters

6; =1073 (5.2 87 2.5) Kp,=(01 01 0.1)
b=10"%(2.618 4.363 2.618) Kg=(2 2 2

Go = (3992 39.92 39.92) K=10"%(5 5 5)

Gy = (7984 798.4 798.4) §=10"*(25 25 2.5)
co =cw = (1.0966 3.0462 1.0966) | A= (0.05 0.05 0.05)
G=10"2(-4.54 —2.72 —4.54) c=10"3(5 5 5)

Under some mild assumptions, one can conclude about
finite-time convergence of o,(t) to the set {|o;| < S;}
for large enough values of K;. The smaller S; is, the
smaller is this sliding boundary layer.

The function vs; = 6% is such that v3; < —0.1\;v3; +
20;0;. It allows to conclude about the asymptotic con-
vergence of 0;(t) to a neighborhood of zero once o, (t)
has reached the small sliding boundary layer.

The function vy; = (Agj — )\j)2 is such that v4; <
—cjva; + G507(A; — 0.05);). It proves asymptotic
convergence of \,;(t) to \; when the pointing error
6;(t) is small.

1) is a phase where the sliding surface rotates rapidly in
presence of a large pointing error thus helping the avoidance
of actuator saturation. 2) is the classical reaching phase of
sliding mode control. 3) is the sliding phase. 4) ensures high
gain control when close to zero pointing error.

3)

4)

E. Overview of the controllers

All controllers are variations on the original switching
PD controller and introduce a limited number of additional
parameters (summarized in Table I). The tuning of these
parameters, as described, is rather easy based on engineering
considerations.

Concerning onboard implementation, the adaptive control
laws are slightly more involved than the switching controller
because they include first-order differential equations. Com-
pared to the high-order ‘stabilizing filters’ this does not bring
much complication to the implementation.

Table II gives the values of the parameters used in
all our simulations. The format is such that K, =
(Kpo Kpy Kpz).

IV. SIMULATION RESULTS

All tests are done on a non-linear simulator of the DEME-
TER satellite provided by CNES and described in [4]. It
simulates in particular the dynamics of the rigid satellite
and the reaction wheels including the saturations in velocity
and torque. The external perturbations are modelled and
compensated partially by magnetotorquers. The goal of these
simulations is to challenge the control laws with respect
to various situations. Only part of these simulations are

described in the following for space limitation reasons. The
selected simulations illustrate the main properties of the
compared controllers.

A. Behaviour at small pointing errors

For a start, we consider situations when initial conditions
are rather close to zero pointing errors but above the attitude
threshold 6, ;. For the adaptive laws, the responses depend on
the initial conditions of the differential equation driving the
adaptation. To cope with extreme situations the simulations
are started with adaptive parameters at the lower bounds of
the intervals /Cy, IC, and A. Typically such initial conditions
are not appropriate for small pointing errors, but gains are
expected to converge to the upper bounds of the intervals
which correspond to the static PD-control. At the time
t = 2000s a jump is made on the system’s states (which
corresponds to a step input on the reference attitude), without
doing any reset of the adaptive gains. The time response
is then what can be expected for initial adaptive gains at
the other extreme of the admissible intervals. The difference
between the two situations illustrates the variety of responses
depending on the states of the adaptive laws. In practice, the
first part of the simulations corresponds to a behaviour after a
reset of the controller, while the second part of the simulation
corresponds to a change of reference during operation. Fig.
1 gives the time responses of the attitude in the X-axis. In
the first part of the simulation, the adaptive controllers have
worse time responses than the non-adaptive ones, because
they start from a bad initial guess of the control parameters.
In the second part of the simulation, all controllers give
approximately the same response which, as expected, is the
closed-loop performance with the static PD control. The only
controller that gives a slower time-response is the switching
PD that has a short initial speed-bias phase (2a).

Simulations are done with non-zero oscillations as external
torque perturbations. Fig. 2 provides a zoom on the pointing
error in response to these perturbations. As expected, by
design the responses are identical for all controllers and all
satisfy the pointing accuracy performance.

Fig. 3 illustrates the adaptation of the Kp,(t) gain that
indeed is almost unchanged during the second phase of the
simulation. The same behavior is observed for the adaptation
of Agz(2).

Fig. 4 shows the control signal delivered by the controllers.
The reaching phase of the sliding mode controllers (constant
control) is clearly visible. At times ¢ € [0 5]s Agp(t) is
small and hence the plant is in the neighborhood of the
adaptive sliding surface (no reaching phase). At times ¢ €
[2000 2005])s Aqz(t) is large and hence the behaviour is the
same as the non-adaptive sliding mode controller.

B. Behaviour at large pointing errors

At large pointing errors, the non-adaptive sliding mode
controller generates very aggressive saturating inputs on the
system thus generating unstable trajectories. Fig. 5 illustrates
these instabilities.
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We now concentrate our comparison between the switch-
ing PD, the adaptive PD, and the adaptive sliding mode
controllers. Fig. 6 illustrates the type of time responses
that one gets. The previous scenario is considered. The
adaptive controllers provide a convergence comparable to the
switching PD.

The Fig. 7 illustrates a discontinuity of the control signal at
t ~ {2050s, 3050s} due to switch in the CNES controller,
phenomenon that is avoided with the continuous adaptive
laws. The figure also shows a torque saturation for the
adaptive PD during a very short time. This is due to the
value of the adaptive gains that are at their maximum value
set for small pointing error, thus giving a non-appropriate
control input at the occurrence of the jump. This can be
avoided if the controller is reset simultaneously with the
jump. Although, note on Fig. 8 that the reaction wheel’s
angular rate does not saturate.

Fig. 8 gives the angular rate of the reaction wheel during
the maneuver. By construction, the switching PD provides
the smallest peaks on these angular rates. Time histories of
the adaptive gains are given in Fig. 9 and 10.

Fig. 11 gives the time response expected for numerous initial
pointing errors taken between 6;(0) = [0, 2.1] rad (= 120°).
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Fig. 4: Control signals delivered by the controllers for the

simulation of Fig. 1. Switching PD (solid red), adaptive PD
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Fig. 5: Pointing error and control input generated for the non-

adaptive sliding mode controller with large initial pointing
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axis (black).

As shown, the time response for the switching PD grows
almost linearly due to (2a) decreasing slowly the attitude
error for actuators’ limitations. The adaptive controllers
give improved time response although, for the adaptive PD,
reaction wheels’ torque and angular rate saturation occur
respectively from 6(0) ~ 0.5 rad and 6(0) ~ 1.5 rad.

V. CONCLUSION

The paper provides a comprehensive description of several
control laws and their design for the attitude control of
the DEMETER satellite benchmark. All controllers have the
same properties at close to zero pointing error. Controllers
that have no adaption properties are unable to stabilize
the plant for large pointing errors. The adaptive controllers
achieve this property with very different transients. Although
the tuning of the various parameters of the controllers
follows a comprehensive rationale we should say that it
requires nevertheless some amount of trial and error. Based
on the achieved experience, ongoing work is conducted for
providing theoretically based conditions to help the design
of the adaptive controllers.
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