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In this paper, a nonlinear direct adaptive output control methodology is developed to
address the problem of spacecraft attitude control under large dynamics uncertainties.
The main advantage of the proposed approach over other adaptive approaches for space-
craft attitude control is that it can handle significantly large inertia uncertainties, without
requiring any on-line estimation of the unknown moments of inertia. Furthermore, the
implementation of the controller does not require a mathematical model of the plant as
the control gain adaptation mechanism relies on feedforward signals from an ideal model
designed to provide a satisfactory response to the desired attitude commands, as well as
on output tracking errors between the uncertain spacecraft and the ideal model. By mod-
eling the spacecraft as a square nonlinear state-space plant through the use of the modified
Rodrigues parameters allows the system to satisfy the almost striclty passive conditions,
which are required to establish the formal proof of stability. The performance of the new
adaptive attitude control approach is illustrated in numerical simulations for both a simple
rigid-body rest-to-rest maneuver and a high-fidelity ISS free-flyer robotic capture maneu-
ver.

I. Introduction

Spacecraft rendezvous and docking is playing an important role in missions involving autonomous prox-
imity operations, such as automated inspection, maintenance, repair or refurbishing of a malfunctioning

satellite, space structure assembly, and space debris removal. Using a robotic arm to capture a target
spacecraft for the purpose of docking provides operation flexibility in the mission planning and allows less
massive and complex docking interfaces. The idea of using a robotic manipulator to perform a free-flyer
capture was initially tested and perfected by the Space Shuttle during operations in which free-flying satel-
lites were captured by the Shuttle Remote Manipulator System (SRMS). These free-flying satellites include
the Spartan satellite, the Wake Shield Facility, and the widely-recognized Hubble Space Telescope (HST).
Over the years, various free-flyer captures and docking of spacecraft have been performed, ranging from
small satellite missions such as the Japan Aerospace Exploration Agency (JAXA) Engineering Test Satellite
71 and Boeing’s Orbital Express,2 to large space platform missions such as the HST Servicing Mission3

and International Space Station (ISS) cargo spacecraft operations.4 A recent survey by Flores-Abad et al.5

provides a comprehensive list of free-flyer spacecraft robotic operations.
Free-flyer capture operations are traditionally performed by human crew operator tracking and capturing

the free-flyer target vehicle using the manipulator end-effector camera. For the ISS to achieve a capture of a
free-flyer cargo vehicle, the Space Station Remote Manipulator System (SSRMS) maneuvers into a free-flyer
inner capture box zone where the free-flyer cargo vehicle is waiting approximately 10 meters below the ISS.6

Once the astronaut operator on the ISS determines the relative motion is acceptable, the free-flyer vehicle
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is commanded to a free-drift modea while the SSRMS latching end-effector (LEE) is maneuvered towards
a flight releasable grapple fixture (FRGF) or a power and video grapple fixture (PVGF) on the free-flyer
so it can capture the vehicle with its three snare cables in the snaring end ring. To date, three types of
free-flyer cargo vehicles are making use of this approach; JAXA’s H-II Transfer Vehicle, Space Exploration
Technologies Corporation’s (SpaceX) Dragon Vehicle, and Orbital Science Corporation’s Cygnus Vehicle.
From a control perspective, the ISS attitude control system must be able to support a free-flyer capture
operation by maintaining stable attitude control while the SSRMS captures and repositions the free-flyer
cargo spacecraft. This implies that, as stated in the Space Station Program flight rule, the ISS attitude
control system must be placed in an attitude hold mode. The ISS utilizes both control moment gyros
(CMGs) and reaction control system for attitude control. While the Russian Orbital Segment (ROS) provides
propulsive control, the US On-Orbit Segment (USOS) provides non-propulsive control. More specifically,
the ROS utilizes a phase-plane based attitude control system and the USOS utilizes a Proportional, Integral
and Derivative (PID) attitude control system.7–9 When the control torque command exceeds CMG torque
capability or when CMG momentum is saturated, the USOS can command the RS thrusters to either
augment the control command or desaturate the CMGs. However, in the free-flyer capture attitude hold
mode, the current flight rule requires all thrusters to be disabled, including CMG desaturation requests.

One of the main challenges inherent to an attitude hold mode during a free-flyer capture operation is
related to the interface misalignment between the LEE and the free-flyer GF since higher interface mis-
alignments may generate higher capture loads in the SSRMS and connecting interfaces. The higher capture
loading is due to greater motor torque energy applied into the system to enable the rigidization motor to
correct the free-flyer interface misalignments between the LEE cam pockets and the GF cam arms during
the rigidization operation. As a consequence of a large misalignment, the ISS attitude control system may
be required to compensate for higher and unknown external torques using the ISS CMGs.10 Additionally,
time-varying and uncertain mass properties of the free-flyer vehicle poses a significant control challenge, as
mass property and time-varuing flexible modes information may not be available to update the ISS attitude
control system. As a result, a single controller which can adapt to these uncertainties, i.e., an adaptive
controller, is desired.

Another mission scenario which may benefit from an adaptive controller include the upcoming DARPA’s
Phoenix on-orbit servicing demonstration mission.b One of the key characteristics of this mission is to
demonstrate the ability of robotic servicer spacecraft to dock and undock with an uncooperative geostation-
nary satellite, and the ability to harvest components from this satellite in order to assemble a new structure
in space. The servicer spacecraft will then be expected to handle various objects of masses and sizes on the
same order as its own. Similarly to an ISS robotic capture of a free-flyer cargo vehicle, such tasks involve
large uncertainties in the dynamics properties.

Conventional model-based spacecraft attitude control laws require good knowledge of the different physi-
cal parameters used in the dynamics model formulation. Typical examples of model-based nonlinear control
schemes are those that include a control input torque term that directly counteracts the gyroscopic term
of Euler’s rotational equation of motion.11–13 For this reason, it is well known that model-based control
approaches may perform inadequately under unknown parameter variations. To address this problem, sev-
eral indirect adaptive attitude control laws have been proposed to maintain desired closed-loop dynamics in
the presence of unknown dynamics properties.14–24 These adaptive attitude control laws estimate unknown
parameters upon which the controller gains are obtained using some design procedure.25 However, indirect
adaptive control nevertheless requires good knowledge of the dynamics model, as explained by Egardt.26 In
addition, the real-time estimation of unknown physical parameters usually require significant computational
power. For example, the indirect adaptive control law by Costic et al.20 incorporates an angular rate-
generating filter in the estimation process of the uncertain spacecraft inertia matrix, which is then explicitly
employed in the control law. Ahmed et al.23 present an approach that identifies the inertia matrix in real
time and proves that the process is asymptotically stable. Schaub et al.24 expand upon this approach by
also estimating for disturbance inputs. The aforementioned approaches represent the foundation to provide
robustness for large-angle spacecraft slewing maneuvers. Alternatively, direct adaptive control techniques,
with the controller gains updated directly in response to tracking errors can be used to address the prob-
lem of uncertain dynamics parameters. Advantages of direct adaptive approches is that no estimation of
the unknown plant parameters is required. However, until the recent developments made by Barkana,27

aA free-drifting vehicle will have its reaction control system disabled
bhttp://www.darpa.mil/Our˙Work/TTO/Programs/Phoenix.aspx
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the stability of direct adaptive techniques to nonlinear and non-stationary dynamics systems could not be
guaranteed.

In this context, the main original contribution of this paper is the development of a direct adaptive
controller for the attitude control of spacecraft handling large loads of unknown dynamics properties. The
resulting nonlinear output feedback direct adaptive control law is developed upon the Simple Adaptive
Control (SAC) theory,28 is based on the modified Rodrigues parameters attitude representation, and copes
with dynamics uncertainties (e.g., unknown principal moments of inertia) by time-varying the controller
gains in a way to ensure the plant behaves as closely as possible to an ideal model. Contrarily to other
attitude representations such as the quaternion or the Rodrigues (Gibbs vector) parameters, the modified
Rodrigues parameters form a minimal parametrization and allow rotations of up to 2π. Based on Barkana’s
recent work,27 asymptotic stability is guaranteed by making use of Lyapunov’s stability theory and LaSalle’s
invariance principle.

This paper is organized as follows: Section II presents the derivation of the nonlinear state-space model
of a rigid spacecraft using the modified Rodrigues parameters. Section III formally defines the model output
tracking problem. In Sec. IV, the direct adaptive controller is developed and the error dynamics is obtained,
and in Sec. V, the closed-loop stability of the adaptive system is analyzed. A simple rest-to-rest simulation
study in Sec. VI demonstrates the performance of the adaptive control system under large dynamics un-
certainties. Finally, in Sec. VII, high-fidelity numerical simulation results obtained with the Space Station
Portable Operations Training Simulator (SPOTS) facility are reported to demonstrate the increased perfor-
mance of the developed adaptive control law compared to a PID control law for an ISS free-flyer robotic
capture maneuver.

II. Spacecraft Attitude Dynamics and Kinematics

In this section, a brief review of the attitude dynamics as well as the kinematics equations using the
modified Rodrigues parameters (MRP) is given. Then, for convenience, the nonlinear model for spacecraft
rotational motion is rewritten as an Euler-Lagrange system and finally, it is formulated as a nonlinear
state-space model, which will be used for the adaptive controller development.

In a body-fixed reference frame, the attitude dynamics of a rigid spacecraft are29

Jω̇ + ω×Jω = τ (1)

where J denotes the spacecraft inertia matrix, ω is the angular velocity of the rigid body with respect to
an inertial frame, and τ is the control input torque which is assumed to be provided by thruster jets. It is
further assumed that the spacecraft body-fixed reference frame is a principal-axis reference frame and such
that inertia matrix has the form

J =

 Jx 0 0

0 Jy 0

0 0 Jz

 (2)

where Jx, Jy, and Jz are the principal moments of inertia.
The MRP parameterization is adopted as a rigid body attitude representation, resulting in a minimal,

non-singular attitude description. The MRP is obtained by applying a stereographic projection of the
attitude quaternion, which is denoted by q and defined as

q =

[
ε

η

]
(3)

with

ε =

 ε1

ε2

ε3

 = â sin (φ/2) (4)
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and

η = cos (φ/2) (5)

where â represents the unit vector corresponding to the axis of rotation and φ is the angle of rotation. The
MRP, denoted by σ, are given by30,31

σ =
ε

1 + η
= â tan (φ/4) (6)

The kinematics equations of motions are described by using the spacecraft angular velocity, as follows31,32

σ̇ = T(σ)ω (7)

where

T(σ) =
1

4

[(
1− σTσ

)
I3 + 2σ× + 2σσT

]
(8)

In Eq. (8), I3 is the 3 × 3 identity matrix and σ× denotes the skew-symmetric matrix associated with

σ =
[
σ1 σ2 σ3

]T
, that is

σ× ≡

 0 −σ3 σ2

σ3 0 −σ1
−σ2 σ1 0

 (9)

For convenience, Eqs. (1) and (7) are rewritten as an advantageous nonlinear Euler-Lagrange form14,33,34

H(σ)σ̈ + C(σ, σ̇)σ̇ = u (10)

where the matrices H(σ) and C(σ, σ̇), and control input vector u are defined as

H(σ) , T−T (σ)JT−1(σ) (11)

C(σ, σ̇) , −T−T (σ)
[
JT−1(σ)Ṫ(σ)T−1(σ) +

(
JT−1(σ)σ̇

)×
T−1(σ)

]
(12)

u , T−T (σ)τ (13)

and where

T−1(σ) = 4
(
1 + σTσ

)−2 [(
1− σTσ

)
I3 − 2σ× + 2σσT

]
(14)

Property 3.1 : The matrix H(σ) is symmetric positive definite.14

Assuming that measurements of both the spacecraft attitude and angular rate are available, which may
be provided by a Kalman filter,35 the Euler-Lagrange dynamics model can further be expressed as a nonlinear
square state-space formulation

ẋ = A(x, t)x + B(x, t)u, y = Cx (15)

where, by defining the state vector as x =
[
σT σ̇T

]T
, the system matrices are given by

A(x, t) =

[
0 I3
0 −H−1(σ)C(σ, σ̇)

]
, B(x, t) =

[
0

H−1(σ)

]
, C =

[
αI3 I3

]
(16)

such that the scaled-position-and-velocity output is given by

y = ασ + σ̇ (17)

where α is the scaling factor. This way, the spacecraft orientation can be controlled through the position
feedback while the velocity provides beneficial damping effects.
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III. Control Objective

The control objective consists in forcing the closed-loop dynamics to have the following prescribed linear
form

ẋm = Amxm + Bmum, ym = Cmxm (18)

with the state vector defined as

xm =
[
σTm σ̇Tm

]T
(19)

and where the subsript m refers to the ideal model. Specifically, the desired input-output plant response is
expressed in terms of the ideal damping ratio ζ and undamped natural frequency ωn, as follows

Am =

[
0 I3

−ω2
nI3 −2ζωnI3

]
, Bm =

[
0

ω2
nI3

]
, Cm =

[
αmI3 I3

]
(20)

Note that this ideal model only represents the desired, or ideal, input-output closed-loop behavior of the
plant, and it is not based on any explicit a priori knowledge about the plant parameters. Indeed, the above
differential equations only contain kinematic quantities and no system properties such as inertia terms are
present. Additionally, the order of the ideal model can be very small in comparison with the plant order.

The above control objective is to be met under the constraints of no knowledge of the spacecraft inertia
parameters (i.e., J is unknown). To quantify the control objective, an output tracking error, denoted by ey,
is defined

ey , ym − y (21)

Since J is unknown, the subsequent controller will contain a direct adaptation law that varies in real-time
the control gains in response to the tracking error ey, without generating a dynamics parameter estimate.

IV. Adaptive Control Design

Let consider the following attitude control law

τ = TT (σ)u (22)

with the control input u corresponding to the Simple Adaptive Control (SAC) algorithm28

u = Ke(t)ey + Kx(t)xm + Ku(t)um (23)

IV.A. Adaptation Law

In Eq. (23), Ke(t) is a stabilizing gain, and Kx(t) and Ku(t) are feedforward gains that contribute to bringing
the tracking error to zero. The tracking error is used to generate integral adaptive control gains

K̇Ie(t) = eye
T
y ΓIe (24)

K̇Ix(t) = eyx
T
mΓIx (25)

K̇Iu(t) = eyu
T
mΓIu (26)

where ΓIe, ΓIx, and ΓIu are matrical coefficients that determine the rate of adaptation of the algorithm.
Equations (24)-(26) can be written concisely by defining

KI(t) =
[
KIe(t) KIx(t) KIu(t)

]
(27)

r =
[
eTy xTm uTm

]T
(28)
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such that

K̇I(t) = eyr
TΓI (29)

where ΓI is the resulting adaptation matrix associated with the integral gain KI(t). Although only the
integral adaptive gain KI(t) is absolutely necessary to guarantee the convergence of the adaptive control
system, it is customary to include the adaptive gain KP (t) as well, to increase the rate of convergence of the
adaptive system toward theoretically perfect tracking. Therefore, the adaptive control gains used in Eq. (23)
are obtained as

Ke(t) = KPe(t) + KIe(t) (30)

Kx(t) = KPx(t) + KIx(t) (31)

Ku(t) = KPu(t) + KIu(t) (32)

where the proportional adaptive control terms are defined similarly to the integral terms

KPe(t) = eye
T
y ΓPe (33)

KPx(t) = eyx
T
mΓPx (34)

KPu(t) = eyu
T
mΓPu (35)

Let define the proportional gain matrix as

KP (t) =
[
KPe(t) KPx(t) KPu(t)

]
= eyr

TΓP (36)

such that the total adaptive gain, denoted by K(t) can be obtained as

K(t) = KI(t) + KP (t) (37)

Making use of Eq. (37), the attitude control law (22) can be rewritten as

τ = TT (σ)K(t)r (38)

IV.B. Error Dynamics

When the system tracks the ideal model perfectly, i.e. ym = y∗ = Cx∗, it moves along some bounded ideal
state trajectory denoted by x∗, such that Eq. (21) can be rewritten as

ey = Cx∗ −Cx = Cex (39)

where ex denotes the state error defined as

ex , x∗ − x (40)

By time-differentiating Eq. (40), and after some algebra, the following differential equation of the state
error is obtained

ėx =
(
A−BK̃eC

)
ex + (A∗ −A)x∗ + (B∗ −B)u∗ −BKp(t)r−B

(
KI(t)− K̃

)
r (41)

where K̃ denotes a fictious constant control gain matrix (unknown and not required for the implementation)
given by

K̃ =
[
K̃e K̃x K̃u

]
(42)
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where K̃e denotes the ideal stabilizing control gain and K̃x and K̃u represent the ideal feedforward control
gains. The ideal control input, denoted by u∗, occurs under a perfect tracking situation defined by ey =
ym − y = 0, such that

u∗ = K̃xxm + K̃uum (43)

V. Stability

For completeness, preliminary definitions and a theorem that defines under which conditions a nonlinear
square system is almost strictly passive (ASP) is reported (see Barkana27 for more details). Then, based
on these definitions and the ASP theorem, a proof which ensures that the nonlinear attitude dynamics of a
spacecraft modeled with the modified Rodrigues parameters and with a scaled-position-and-velocity output
matrix is ASP, is developed. Finally, making use of the ASP conditions, the closed-loop stability is discussed.

V.A. Almost Strictly Passive Nonlinear Systems

Definition 5.1 : Any nonlinear system {A(x, t),B(x, t),C} with the square state-space realization given by
Eq. (15) is uniformly strictly minimum-phase if its zero-dynamics is uniformly stable. In other words, there
exist two matrices M(x, t) and N(x, t) satisfying the following relations

CM(x, t) = 0 (44)

N(x, t)B(x, t) = 0 (45)

N(x, t)M(x, t) = In−m (46)

such that the resulting zero dynamics given by

ż =
(
Ṅ(x, t) + N(x, t)A(x, t)

)
M(x, t)z (47)

is uniformly asymptotically stable.
Definition 5.2 : Any nonlinear system {A(x, t),B(x, t),C} with the square state-space realization given

by Eq. (15) is strictly passive if there exist two positive definite symmetric (PDS) matrices P(x, t) and Q(x, t)
such that the following two conditions are simultaneously satisfied

Ṗ(x, t) + P(x, t)A(x, t) + AT (x, t)P(x, t) = −Q(x, t) (48)

P(x, t)B(x, t) = CT (49)

Equation (48) corresponds to the Lyapunov differential equation and shows that a strictly passive system is
uniformly asymptotically stable, whereas Eq. (49) shows that

BT (x, t)P(x, t)B(x, t) = BT (x, t)CT = CB(x, t) (50)

which implies that the product CB(x, t) is PDS. As most real-world systems are not inherently strictly
passive, a class of ASP systems can be defined through Definition 5.3.

Definition 5.3 : Any nonlinear system {A(x, t),B(x, t),C} with the square state-space realization given
by Eq. (15) is ASP if there exist two PDS matrices P(x, t) and Q(x, t) and a constant output feedback gain
K̃e such that the closed-loop system defined by

AC(x, t) =
(
A(x, t)−B(x, t)K̃eC

)
(51)

simultaneously satisfies the following ASP relations

Ṗ(x, t) + P(x, t)AC(x, t) + AT
C(x, t)P(x, t) = −Q(x, t) (52)
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P(x, t)B(x, t) = CT (53)

Theorem 5.1 : Any uniformly strictly minimum-phase nonlinear system {A(x, t),B(x, t),C} with the
square state-space realization given by Eq. (15), and with the product CB(x, t) being PDS is ASP.

Proof : See Barkana.27

V.B. ASP Property of Spacecraft Attitude Dynamics

Theorem 5.2 : The attitude dynamics of a spacecraft modeled with the modified Rodrigues parameters, and
represented as a nonlinear state-space system with a scaled-position-and-velocity output matrix is ASP and
satisfies the conditions given by Eqs. (52) and (53).

Proof : Invoking Property 3.1, it can be seen that the product of C and B(x, t), both defined in Eq. (16),
is PDS

CB(x, t) =
[
αI3 I3

] [
0

H−1(σ)

]
= H−1(σ) > 0 (54)

Moreover, a simple selection of matrices that satisfies Eqs. (44)- (46) is

M =

[
I3
−αI3

]
, N =

[
I3 0

]
(55)

Such that the zero dynamics is

ż = (N(x, t)A(x, t))M(x, t)z = −αz (56)

which shows that the zero dynamics is stable and that the nonlinear model of the spacecraft attitude dynamics
is uniformly minimum-phase. Invoking Theorem 5.1 completes the proof.

�

V.C. Stability Analysis

The proof of stability must considers the adaptive system defined by both Eqs. (29) and (41), in order to
show the asymptotic convergence of the errors and that the adaptive control gains are bounded. This is
demonstrated through the following theorem.

Theorem 5.3 : The application of the direct adaptive control law to the attitude dynamics of a spacecraft
modeled with the modified Rodrigues parameters, and represented as a nonlinear state-space system with
a scaled-position-and-velocity output matrix, ensures that all adaptive control gains are bounded under
closed-loop operation, and results in asymptotic convergence of the state and output tracking errors, in the
sense that

‖ey‖ → 0 and ‖ex‖ → 0 as t→∞

Proof : Choosing a continuously-differentiable positive-definite quadratic Lyapunov function of the form

V = eTxP(x, t)ex + tr

[(
KI(t)− K̃

)
Γ−1I

(
KI(t)− K̃

)T]
(57)

and making use of Theorem 5.2, i.e., using the ASP relations given by Eqs. (52) and (53), results in the
following time-derivative of the Lyapunov function

V̇ = −eTxQ(x, t)ex − 2eTx CTCexr
TΓP r (58)

The Lyapunov derivative V̇ in Eq. (58) is uniformly negative definite with respect to ex, but only negative
semi-definite with respect to the entire state space [ex,KI(t)]. Stability of the adaptive system is therefore
guaranteed from Lyapunov stability theory, and all state errors (and output errors), as well as adaptive
control gains are bounded.
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Furthermore, LaSalle’s invariance principle for non-autonomous systems28,36,37 can be used to demon-
strate the asymptotic stability of the tracking errors. As demonstrated by Kaufman et al.,28 for a negative
semi-definite Lyapunov derivative of the form (58), all system trajectories are contained within the domain
Ω0 = { [ex,KI(t)]|V ([ex,KI(t)] , t) ≤ V ([ex0

,KI0(t)] , 0)} (where the subscript {}0 denotes the initial con-
ditions), and the entire state space [ex,KI(t)] ultimately reaches the domain Ωf = Ω0 ∩Ω, where Ω denotes
the domain defined by the Lyapunov derivative identical to zero. In other words, the state space [ex,KI(t)]
ultimately reaches the domain defined by V̇ ([ex,KI(t)] , t) ≡ 0. Because V̇ ([ex,KI(t)] , t) is negative definite
in ex, the system ends with ex ≡ 0. Finally, since ex ≡ 0 implies ex = ey = 0, asymptotic stability of the
state and output tracking errors is guaranteed.

�

VI. Rest-to-Rest Simulation Results

To validate the adaptive control law, a three-axis rest-to-rest reorientation maneuver is proposed. This
maneuver is defined with the initial conditions on the angular velocity and modified Rodrigues parameters
selected as follows

ω0 =
[

0 0 0
]T

rad/s

σ0 =
[
−0.1 0.5 1.0

]T
The desired attitude parameters are set to zero, which corresponds to a rotation of approximately 193 deg.
The principal moments of inertia of the asymmetrical spacecraft are given by38,39

Jx = 114 kg ·m2 Jy = 86 kg ·m2 Jz = 87 kg ·m2

and the scaling factor of the output signal, α, is set to 1. The simulations consider an external attitude
disturbance τ d modeled by a first-order Fourier series as40

τ d = a0 + a1 cos (nt) + b1 sin (nt)

where n is the orbital mean motion and a0, a1, and b1 are the Fourier coefficients given by

a0 =
[
−4.14 10.2 −5.07

]T
× 10−6 N ·m

a1 =
[

6.92 −9.05 3.40
]T
× 10−6 N ·m

b1 =
[
−8.77 1.33 7.56

]T
× 10−6 N ·m

This disturbance model is representative of the net torque caused by the atmospheric drag, solar radiation
pressure, gravity gradient, and magnetic field, in a 728 km circular Sun-synchronous orbit.40 The ideal
model was designed with ζ = 1.0 and ωn = 0.02 rad/s. The control parameters of the adaptive algorithm
were selected as follows

ΓPe
= ΓIe = 1e5 I3 ΓPx

= ΓIx = 1e3 I6 ΓPu
= ΓIu = 1e3 I3

The integral structure of the adaptive integral gains is computed online using a standard fourth-order Runge-
Kutta (ODE4) algorithm evaluated at a sampling frequency of 100 Hz, and all integral adaptive gains were
initialized to zero. A plot of the closed-loop modified Rodrigues parameters, angular velocity and control
input torques is shown in Fig. 1.

Although the practical purpose of the adaptive controller is to achieve robust performance under large
load variations, the strongest demonstration consists in varying the mass properties of the servicer spacecraft.
To this end, numerical simulations using a spacecraft with larger principal moments of inertia were performed
as a mean to assess the robustness of the proposed controller to parametric uncertainties in the plant. The
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Figure 1. Three-axis rest-to-rest maneuver with adaptive control. The solid, dashed, and dotted lines correspond to
{p1, ωx, τx}, {p2, ωy, τy}, and {p3, ωz, τz}, respectively.
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Figure 2. Three-axis rest-to-rest maneuver with adaptive control in the presence of large inertia uncertainty. The solid,
dashed, and dotted lines correspond to {p1, ωx, τx}, {p2, ωy, τy}, and {p3, ωz, τz}, respectively.
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same attitude controller tuned previously with the nominal physical parameters was applied to a spacecraft
with principal moments of inertia given by

Jx = 171 kg ·m2 Jy = 129 kg ·m2 Jz = 131 kg ·m2

which represents an uncertainty of 50%. The obtained results are shown in Fig. 2. As shown in this figure,
the obtained results are, for all practical purposes, identical to those obtained previously. This desirable
behavior of the control system demonstrates that, once the direct adaptive algorithm is properly designed
under nominal conditions, the results are not significantly sensitive to uncertainties in the system parameters.

VII. Space Station Free-Flyer Robotic Capture

Figure 3. Visualization of the ISS Dragon free-flyer capture
maneuver simulation computed by SPOTS.

This section evaluates the adaptive control
method developed in this paper to regulate the ISS
attitude during a robotic free-flyer capture. As men-
tioned earlier, the attitude control system is required
to minimize the undesirable ISS attitude motion and
attitude bias buildup generated by large interface
misalignments, and dynamics parameter uncertain-
ties inherent to a capture maneuver with a free-flyer
spacecraft with uncertain moments of inertia. The
control methodology was experimentally validated
on the MacDonald, Dettwiler and Associates Ltd.
(MDA) Space Station Portable Operations Training
Simulator (SPOTS), a high-fidelity simulation facil-
ity primarily used by the Canadian Space Agency
(CSA) to support Mobile Servicing System (MSS)
flight software verification, partial operation procedure development and checkout, real-time flight support,
end-to-end berthing operations on various ISS robotic operations including module assembly, Orbit Replace-
ment Unit change-outs, manipulator to manipulator payload hand-offs, NASA Robotic Refueling Mission
operations, MSS robotic free-space and contact scenarios, and ISS free-flyer captures and releases. Besides
the SSP CSA Logistics and Sustaining Engineering program, SPOTS has been used in Space Shuttle pro-
gram (in aid of the SRMS ASAD dynamics simulator), HST robotic servicing mission design,41 Orbital
Express Demonstration Manipulator System design, Space Infrastructure Servicing design, and Next Gener-
ation Canadarm simulator facility. To assist the facility users in visualizing arm and contact motion, several
animation tools are also available, one of which is shown in Fig. 3.

VII.A. SPOTS Overview

SPOTS models multibody flexible dynamics, orbital mechanics, contact dynamics, encapsulated flight soft-
ware, and integrated robotic models from CSA, JAXA, NASA, and Roscosmos.42 In particular, the SSRMS
model used in this study is modeled with combining multiple elastic bodies each synthesized with flexible
springs calculated from NASA STRucture ANalysis (NASTRAN) finite element models. The link bodies are
connected together through a series of one degrees-of-freedom rotational joints. The SSRMS boom struc-
tures have the highest number of vibratory modes in comparison with other manipulator links. The SSRMS
manipulator joints and motors are modeled to provide realism in joint elasticity and resistive friction. The
elastic joint stiffness of the housing and the gear box are represented. The manipulator joint friction is
regularly characterized with SSRMS flight data to monitor for joint degradation as well as to maintain an
up-to-date calibration of the SPOTS software models. The free-flyer mass properties are simplified for this
study demonstration whereas in real operations more precise mass and stiffness matrices are provided by
each of the cargo vehicle manufacturers. In the case of the SpaceX’s Dragon vehicle, the flexibility of the
door that deploys the GF and the solar panels is nevertheless modeled in details.

With SPOTS, contact dynamics is performed by first identifying all contact regions or points and then
computing the corresponding contact forces and moments as the result of relative motion and contact of
designated bodies. Multiple validations of the SPOTS contact dynamics have been performed, as reported
by Ma.43
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The interface between the LEE and GF, both pictured in Fig. 4, is modeled with snare ring and cables,
carriage, and latches. These components are formulated with detailed sets of interacting models representing
the snare to GF probe contact, LEE end ring to GF abutment plate and cam arm contact while providing
force feedback to the LEE motor modules. A Force and Moment Sensor (FMS) in the LEE assembly is also
modeled in the simulator to monitor loads the same way as the actual FMS hardware unit.

Figure 4. SSRMS’s latching end-effector (left) and grapple fixture (right) (image credit: NASA).

VII.B. Controller Implementation Details

As mentioned earlier, the ISS uses its CMGs to stabilize its attitude during a free-flyer robotic capture
operation. Indeed, being directly controllable, CMG torque provides the means by which an attitude control
law can be implemented. In this study, the total CMG angular momemtum which was limited to 14,642
N·m·s for three operational CMGs,44 and the torque generated by the CMGs was saturated at 542 N·m per
axis.45

Since the output of the ISS dynamics in SPOTS is represented by the attitude matrix, a conversion
to the MRP attitude representation must be performed. Similar to Rodrigues parameters as described by
Hughes,29 the MRP conversion from an attitude matrix is performed. Let AISS denote the ISS attitude
matrix defined as

AISS =

 a11 a12 a13

a21 a22 a23

a31 a32 a33

 (59)

and let define ∆ as

∆ =

 a23 − a32
a31 − a13
a12 − a21

 (60)

and β as

β = 1 + trace(AISS) = 1 + a11 + a22 + a33 (61)

such that, if β 6= 0, the MRPs describing the attitude of the ISS body-fixed reference frame with respect to
the inertial reference frame are obtained as

σISS =
∆

β ± 2
√
β

(62)

Otherwise, if β = 0, the MRPs are given by

σiISS
= ±

√
1 + aii

2
, ∀i = 1, 2, 3 (63)
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VII.C. Numerical Results

The principal moments of inertia of the 400 metric-ton ISS are given by46,47

JISS =

 100 0 0

0 100 0

0 0 200

× 106 kg ·m2

The ideal model of the adaptive control scheme was designed with ζ = 1.0 and ωn = 0.02 rad/s, and the
control parameters of the adaptive algorithm were selected as follows

ΓPe
= ΓIe = 1e17 I3 ΓPx

= ΓIx = 1e3 I6 ΓPu
= ΓIu = 1e9 I3

For completeness, the adaptive controller is compared against the ISS PID attitude controller described
by7–9

τ = J ISS

[
KPεe + K I

∫
εe + KDωe

]
(64)

where KP , K I and KD are the proportional, integral, and derivative gains of the PID controller, and εe and
ωe are the vector part of the quaternion error and angular velocity command-following error, respectively.
According to common ISS practice, the integral control gain K I is set to zero9 and both KP and KD are
selected as

KP = 0.08 I3 KD = 0.2 I3

The simulation sequence is as follows. Initially, the ISS is at rest and with an attitude of
[

1 −3 0
]
RPY

deg, and the GF of free-flyer spacecraft is located
[

14 2.1 2.1
]

cm from the SSRMS LEE. The initial

free-flyer linear and angular relative motion with respect to ISS is set to 33 mm/s and 0.136 deg/s, respec-
tively. This relative motion is tracked by the SSRMS, whose LEE mechanism is setup for a free-flyer capture.
Then, at 7.5 seconds into the simulation, the operator triggers the SSRMS hand controller for a capture,
which initiates the capture maneuver. Within 60 seconds into the simulation, a full rigidization is achieved
and maintained for the duration of the simulation. All the while, the ISS is either in a free-drift mode or
in an attitude hold mode (using the benchmark PID controller or the proposed direct attitude control law).
The simulation terminates after six minutes into the simulation.

VII.C.1. Test 1: Nominal Conditions

In this test, both the PID and the adaptive controllers were validated under nominal conditions, i.e., for
the conditions under which both controllers’ parameters were tuned to provide the best stabilization results.

These conditions are defined by a nominal LEE-GF misalignment of
[

5 7.1 7.1
]
RPY

deg, and a free-

flyer cargo spacecraft with principal moments of inertia corresponding to those of the axisymmetrical 10
metric-ton Dragon spacecraft depicted in Fig. 5, which are given by48

JDragon =

 20 0 0

0 20 0

0 0 25

× 103 kg ·m2

Figures 6 to 8 illustrate the ISS orientation devitation from its initial state, the ISS angular velocity, the
ISS control torque, and the rigidization force in a free-drift mode, with the PID control law, and with the
adaptive control law, respectively. The rigidization force is obtained by a load cell inside the LEE mechanism
which measures the resultant load of the cable tensions resolved along the end-effector x -axis. The rigidization
force is provided as an indicator for time and duration of the cable snare and carriage retraction. Once the
rigidization force reaches steady state, the capture process is completed and the SSRMS transitions from
limped joints to position hold mode. In the free-drift case, the ISS angular veocity is not stabilized, thus
resulting in a steady increase of the attitude errors, which reach 0.47, 0.20 and -0.30 deg five minutes
after full rigidization, about the roll, pitch, and yaw axis, respectively. Improvement is of course obtained
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Figure 5. SpaceX’s unmanned Dragon spacecraft (image credit: SpaceX).

with the PID controller, which regulates both attitude and angular velocity about all three axes within
approximately 180 seconds into the simulation. Maximum attitude errors reach 1.42 × 10−3, 1.67 × 10−3,
and 8.96 × 10−4 deg about the roll, pitch, and yaw axis, respectively. Finally, further improvements over
the PID results are achieved with the proposed adaptive controller, as illustrated in Fig. 8 with both ISS
attitude errors and angular velocity being regulated to zero after only 90 seconds into the simulation, with
maximum attitude errors of 3.04 × 10−4, 2.36 × 10−4 and −2.37 × 10−4 deg about the roll, pitch, and yaw
axis, respectively. The percentage of CMG momentum capacity is almost identical for both the PID and
the adaptive controllers, with maximum capacity of 38.1% and 40.1%, respectively. Therefore, these results
indicate that the improvement in attitude stabilization performance achieved with adaptive controller is not
obtained at a greater energy demand.

VII.C.2. Test 2: Off-Nominal Conditions

The purpose of this test is to validate the performance of both controllers under dynamics uncertainties. To
this end, the same controllers tuned under nominal conditions (defined above) were tested under off-nominal

conditions which are defined by a significantly higher LEE-GF misalignment of
[

10 10.6 10.6
]
RPY

deg,

and a 20 metric-ton free-flyer cargo spacecraft with inertia matrix given by

J =

 40 0 0

0 40 0

0 0 50

× 103 kg ·m2

representing an uncertainty of 100% on both the mass and principal moments of inertia. The results are
provided in Figs. 9, 10 and 11 for the free-drift, PID, and adaptive control strategy, respectively. As shown
in Fig. 10, the tracking performance of the PID control strategy is further aggravated and a maximum
overshoot of attitude errors of 2.70× 10−3, 2.71× 10−3, and −2.01× 10−3 deg about the roll, pitch, and yaw
axis, respectively. The attitude errors for the adaptive controller shown in Fig. 11 exhibit maximum peaks
of 5.99 × 10−4, −7.35 × 10−4, and −1.04 × 10−3 deg about the roll, pitch, and yaw axis, respectively, thus
still out-performing the PID controller. Moreover, as in the first test, the adaptive controller stabilizes the
attitude to its desired steady state more rapidly than the PID controller. Finally, as before, the percentage of
CMG momentum capacity is similar for both the PID and the adaptive controllers, with maximum capacity
reaching 72.5% and 72.8%, respectively, which suggest that improved attitude stabilization performance
provided by the adaptive controller do not require greater CMG momentum capacity.

VIII. Conclusion

In this work, based on the simple adaptive control theory, a direct adaptive controller was developed
for the attitude control of a rigid spacecraft under dynamics parameter uncertainties. Unlike indirect adap-
tive attiude controllers, the proposed algorithm does not require the on-line estimation of the unknown
parameters. The development was based on the modified Rodrigues parameters attitude parametrization,
to model the spacecraft dynamics as a square state-space nonlinear system, to ultimately demonstrate that
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Figure 6. ISS attitude regulation results under nominal conditions - free-drift mode. The solid, dashed, and dotted
lines correspond to {roll, ωx}, {pitch, ωy}, and {yaw, ωz}, respectively.
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Figure 7. ISS attitude regulation results under nominal conditions - PID controller. The solid, dashed, and dotted
lines correspond to {roll, ωx}, {pitch, ωy}, and {yaw, ωz}, respectively.
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Figure 8. ISS attitude regulation results under nominal conditions - adaptive controller. The solid, dashed, and dotted
lines correspond to {roll, ωx}, {pitch, ωy}, and {yaw, ωz}, respectively.
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Figure 9. ISS attitude regulation results under off-nominal conditions - free-drift mode. The solid, dashed, and dotted
lines correspond to {roll, ωx}, {pitch, ωy}, and {yaw, ωz}, respectively.
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Figure 10. ISS attitude regulation results under off-nominal conditions - PID controller. The solid, dashed, and dotted
lines correspond to {roll, ωx}, {pitch, ωy}, and {yaw, ωz}, respectively.
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Figure 11. ISS attitude regulation results under off-nominal conditions - adaptive controller. The solid, dashed, and
dotted lines correspond to {roll, ωx}, {pitch, ωy}, and {yaw, ωz}, respectively.
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the resulting attitude dynamics model satisfies the almost strictly passivity conditions, which are required to
guarantee the asymptotic stability of the closed-loop nonlinear adaptive control system. Simulation results
for a simple rigid-body large rest-to-rest demonstrated a robust attitude control behavior, i.e., a behavior
not significantly affected by a large uncertainty in the principal moments of inertia, while results obtained
by implementing the adaptive control law into MDA’s Space Station Portable Operations Training Simu-
lator for an ISS free-flyer robotic capture scenario suggest that the adaptive algorithm provides improved
attitude hold performance compared the actual ISS PID attitude controller, without requiring additional
energy demand.
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