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The potential of angles-only navigation for autonomous orbital rendezvous is discussed. Flight algorithms for a
proposed rendezvous guidance, navigation, and control system are presented. Emphasis is placed on the angles-only
navigation filter development to determine relative position and attitude between a passive noncooperative target
satellite and a maneuvering chaser vehicle. The navigation filter, a 32-state extended Kalman filter, processes angular
measurements from an optical navigation camera along with gyro and star tracker data to estimate the inertial
position, velocity, attitude, and angular rates of both vehicles. The filter’s performance is evaluated and tested by
running a coded prototype in a closed-loop six-degree-of-freedom Monte Carlo simulation containing the various
sensors; actuators; guidance, navigation, and control flight algorithms; and dynamics associated with a simple
rendezvous scenario. The results include navigation errors, trajectory dispersions, attitude dispersions, and Ay
usage. The Monte Carlo results are then compared with linear covariance analysis results and the advantages and

potential of each approach are discussed.

I. Introduction

HE ability to rendezvous and dock two spacecraft in orbit has

been and will be an essential element of space exploration,
particularly in the area of manned spaceflight. The methods and
techniques implemented in the past to perform such close-proximity
operations often required significant cooperation between both
vehicles and had a man in the loop to ensure successful maneuvering
of both spacecraft [1]. From a navigational perspective, performing
close-proximity maneuvers autonomously previously demanded
complex instrumentation requiring additional mass, power, and
volume resources. The idea of performing rendezvous maneuvers
autonomously without necessitating sophisticated collaboration
schemes between vehicles while incorporating lightweight, low-
power, compact, navigation sensors has become a sought-after ideal
for a variety of missions. This autonomous capability allows for the
possibilities of robotic rendezvous and docking missions when
ground intervention is impractical or undesirable; future manned
missions to reduce the workload on limited human resources; or the
servicing and retrieval of a variety of target objects that may be
functioning or malfunctioning, alien or familiar, passive or active,
cooperative or uncooperative, with or without docking mechanisms.
It increases the capability and opportunities to perform rendezvous
and docking maneuvers for a variety of scenarios for both large and
small spacecraft.

One critical aspect of this problem is developing the capability to
autonomously estimate the relative position and velocity between
both vehicles, as well as their relative orientations. Although this
topic has been addressed [2-8] elsewhere, this paper approaches the
problem from a different perspective. First, this paper does not
address the crucial and challenging aspect of sensor development or
image processing for rendezvous and close-proximity operations. It
makes certain assumptions about the performance of the imaging
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system so that analysis regarding the navigation filter can be
evaluated. Second, it is assumed that the target vehicle may be
passive or uncooperative and that the navigation equipment required
to rendezvous and dock is entirely self-contained with the chaser
vehicle. Third, instead of focusing solely on the performance of the
navigation filter, this work considers the performance of an angles-
only navigation filter as part of an integrated closed-loop guidance,
navigation, and control (GNC) system. Fourth, the general orbital
and attitude equations of motion are used (i.e., no simplification).
Relative navigation is achieved by estimating the inertial position,
velocity, attitude, and angular rates of both a target and chaser
spacecraft by processing optical line-of-sight (LOS) angles to known
target features, gyro data, and star-camera measurements through a
32-state extended Kalman filter.

The objective of this paper is threefold: 1) motivate the potential of
angles-only navigation in the context of autonomous orbital rendez-
vous and close-proximity operations; 2) develop an angles-only
navigation filter that can determine the relative position and velocity
between two spacecraft, estimate the relative orientation (pose) and
angular rates, and support closed-loop proximity operations and
maneuvers; and 3) compare the results generated by Monte Carlo
simulations to those produced using a linear covariance analysis tool
[9] to add validity to the results and highlight the advantages and
disadvantages of each method for orbital rendezvous analysis.

II. Notation and Definitions

In this paper, vectors such as position r, velocity v, angular
velocity @, or state vectors x are shown in bold type. This standard
also applies to distinguish between scalar and vector functions. For
example, the function defining a single measurement is denoted as
h(x), where a vector of measurements has the form £ (x). Vectors
with superscripts indicate the coordinate frame representation of the
vector. If no superscript is included for a vector, an inertial reference
frame is implied. For example, r is the representation of the position
vector in the inertial frame and w” is the representation of angular
velocity in a body frame. Subscripts are used to provide additional
information about the vector. For example, v is the representation of
the target’s velocity vector in the inertial frame, ¢ is the angular
velocity of the chaser vehicle in the chaser frame, and xp is the
parameter-state vector.

Matrices are specified by using capital boldface letters, such as P
for the state covariance matrix and @ for the state transition matrix.
Subscripts may be added to clarify any ambiguity or provide
additional information. For example, the matrix I, , represents the
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identity matrix with n rows and columns, I is the moment-of-inertia
matrix for the target vehicle, and F, defines the partial matrix of the
state dynamics f(x) with respect to the states x. A diagonal matrix is
written as

Ji 00
diag(f)=10 f» 0
0 0 f3

A boldface ¢ is reserved for quaternions that are represented by a
four-dimensional vector, where the scalar portion of the quaternion is
the fourth element.

| usin(0/2)
| cos(6/2)

where the unit vector u defines the axis of rotation, and 6 is the angle
of rotation. The quaternion g,_, . represents the orientation of the
chaser reference frame with respect to the inertial frame. The
associated direction-cosine matrix (or attitude matrix) is denoted
with the capital boldface letter 7. For example, the transformation
from the inertial frame to the chaser frame is given by
T,.c =T(q;_c). The quaternion multiplication operator ® is
defined such thatq,_,. = q,_,. ® q,_,;, corresponds to the sequence
of rotations T,,_,, =T,_,.T,_,,. Small rotations can be written in
terms of quaternions as

8q(0) ~ [0{2]

or attitude matrices as
ST(0) ~ I —[0x]

where @ = 6u is a small rotation vector, and [0 x] is a cross-product
matrix defined by the ordinary cross product [0X], r = 0 x r.
Finally, variables typically have true values, nominal values, flight
computer values, and measured values. The nominal value of the true
variable x will be denoted as X, the value stored in the flight computer
will be denoted as x, and the measured value will be denoted as X.

III. Angles-Only Navigation Potential

The concept of angles-only or bearings-only navigation is not new
and has been exploited heavily in the past, particularly in the areas of
naval applications [10-12], orbit determination [13,14], and target
tracking [15-19]. The same fundamental technique is also the basis
for optical navigation, which has played a vital role for lunar [20] and
interplanetary missions such as Apollo and various deep space
probes [21]. Current and future applications from unmanned-aerial-
vehicle (UAV) formation flying [22], autonomous cargo ships to the
International Space Station [23], comet and asteroid exploration
[24,25], to some lunar landing concepts rely on this strategy. In

principle, the idea is simple. By measuring LOS angles (i.e., azimuth
and elevation angles) from some reference location to another object
of interest, the relative position and velocity between the two objects
can be estimated. If the position and velocity of one of the points are
known (i.e., a planet’s ephemeris), then the position and velocity of
the other can theoretically be determined. In reality, there are often
subtleties with this method that have resulted in great research efforts
to more fully understand the potential and limitations of angles-only
navigation.

Although much work has been done in this field, angles-only
navigation for rendezvous and docking missions inherits unique
challenges not faced in the more conventional applications. First, the
relative dynamics and distances of both the observer and target are
different. Instead of the observer being at a fixed location on land,
positioned at sea, or flying in the Earth’s atmosphere, it is subject to
the dynamics and constraints of the space environment. Also, the
relative distance between the observer and target can range between
thousands of kilometers to centimeters while performing a variety of
possible relative maneuvers. Second, the instruments and techniques
ideally suited for measuring these relative angles are also different for
rendezvous applications. Traditional methods such as radar may not
be the best solution as volume, power consumption, and mass
become coveted commodities in space. In fact, it has been argued that
for ranges within a few hundred meters, optical sensors provide the
best solution for rendezvous navigation when considering
performance, mass, power consumption, and complexity [26].
Clearly, readdressing this familiar problem is warranted and has
great potential to reveal new insights.

The potential for using only angular measurements for rendezvous
and docking was recognized from the first rendezvous missions of
Gemini [27]. As acknowledged then and reemphasized now, there
are two fundamental applications to using an angles-only approach
for orbital rendezvous. First, it can be the primary navigation system
for cases in which the target is passive or known to be uncooperative.
Second, it can also serve in a support role by acting as a backup to a
primary navigation system in the event of component failure or
performing in conjunction with the primary navigation system to
improve performance and mission success.

The potential of angles-only navigation is greatly enhanced when
additional information beyond the standard LOS angles, including
range and relative attitude information, is obtained from the object’s
image on the camera focal plane. Suppose the target is spherical in
shape, as shown in Fig. 1a. If the size of the target is known, then the
relative range p can be computed by dividing the known diameter of
the target Dy by its apparent angular size 6y,ee;-

P = Dtarget/etargel (1)

Although the standard line-of-sight angles shown in Fig. 1b are
useful, the concept can be extended by taking similar relative
observations to various target features, as depicted in Fig. lc.
Depending on the number and location of these features, it has been
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Fig. 1 Possible angle measurements using an optical navigation camera.



WOFFINDEN AND GELLER 1457

Rendezvous Operation

Camera Focal Plane

Close Proximity \ /

Camera Focal Plane

N
~

Final Approach i b

Camera Focal Plane

4 AN
/ N\
= N

e | \
MY —
N A / /
AN 7/
[ e

Predocking i ;

Camera Focal Plane

Al

Fig. 2 Terminal rendezvous subphases.

shown [4,9] that relative measurements to key target features can be
used to deduce the relative attitude# and range. In fact, by knowing
the distance between features, the measured angular separation
between them uniquely identifies the relative range between the

It is possible with three features to determine the relative attitude of the
target vehicle. However, if the plane of the features is normal to the camera
LOS, then a singularity results [7]. A fourth out-of-plane feature will remove
the singularity.

target and chaser spacecraft [28]. The potential of angles-only
navigation increases further when multiple optical navigation
cameras (stereoscopic systems) or maneuvers (virtual stereoscopic
system) are considered.

As depicted in Fig. 2, the possible angular measurements
generated by an optical camera can vary from the moment the chaser
first detects the target until docking. There are four potential cases to
consider, each defined by the available relative measurements. They
include the rendezvous-operation, close-proximity, final-approach,
and predocking phases. In each phase, it is assumed that the lighting
conditions (either artificially or by proper trajectory selection) are
sufficient to ensure reliable angle measurements. The measurement
availability associated with each stage depends on a number of
mission parameters such as the camera’s field of view, pixel
resolution, lighting conditions, reflectivity of the target’s surface, the
size and shape of the target, the number and size of target features,
and image-processing capabilities. To formally specify transition
indicators from one stage to the next, three specific mission
parameters have been selected, including the pixel resolution,
camera field of view, and diameter of the target. Of course, these
markers are artificial and a more sophisticated approach may be
required for specific applications, yet these parameters do provide a
general estimate of the anticipated divisions.

Rendezvous-Operation Phase: The chaser vehicle is considered to
be in the rendezvous-operation phase when the target is observable
on the camera focal plane and the apparent angular diameter of the
target’s image is less than one pixel Gy

etarget < epixel

During this period of the mission, the optical camera can track the
centroid of the target to generate relative azimuth and elevation
measurements.

Close-Proximity Phase: In the close-proximity phase, the chaser
vehicle is close enough to the target so that the optical camera can
determine the target’s apparent angular size. However, it is distanced
enough so that the target’s image remains within the camera’s field of
view Groy.

epixel < etarget < eFOV

During this mode of operation, the optical camera can generate three
relative measurements to the centroid of the target: azimuth,
elevation, and range.

Final-Approach Phase: As the chaser spacecraft advances toward
the target, it enters the final-approach phase when the optical camera
can identify three or more key features located on the target vehicle
and measure the relative azimuth and elevations angles to them. At
this point, it is assumed that the target’s image overfills the camera’s
field of view,

etarget > GFOV

eliminating the possibility of determining the azimuth, elevation, and
range measurements to the target’s centroid.

Predocking Phase: As the chaser prepares for docking, the optical
camera can no longer detect the original feature pattern used in the
final-approach phase. Having proper alignment with the target
vehicle, the optical camera can clearly detect important docking
features. During this phase, the optical camera can generate
additional azimuth and elevation measurements to docking features
or measure the relative azimuth, elevation, and range by identifying
the apparent angular size of the docking port.

IV. Rendezvous Simulation

For the orbital rendezvous and close-proximity analyses, a high-
fidelity, six-degree-of-freedom, nonlinear simulation tool has been
created using MATLAB and Simulink to model the closed-loop
dynamics of the rendezvous scenario. There are two primary sections
of the simulation: the orbital rendezvous simulation models and the
GNC-flight-algorithm models. The simulation models represent the
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actual dynamics of two orbiting spacecraft, the space environment
(J, gravity model; gravity-gradient torques; random accelerations;
and torques to account for drag, solar pressure, higher-order-gravity
terms, etc.), sensor measurements, and actuator forces/torques. The
GNC flight algorithms consist of the guidance, navigation, and
control algorithms necessary to orient and maneuver the chaser
spacecraft along the desired rendezvous trajectory.

A. Orbital Rendezvous Simulation Models

The orbital rendezvous simulation models include the chaser and
target translational and rotational dynamics; disturbance accel-
erations and torques; strap-down gyros, star-camera, and optical-
navigation-camera measurements; and the torques and velocity
changes generated by momentum wheels and thrusters. The truth-
model state is a 35-dimensional vector defined by 13 target states x,
13 chaser states x, and 9 parameter states associated with various
aspects of the sensors used onboard the chaser xp.

x =[xT7 Xc, xP]T (2)

The 13 target states include the inertial position and velocity vectors,
the quaternion defining the orientation of the target with respect to the
inertial frame, and the target’s angular rate coordinatized in the target
vehicle’s reference frame.

xr=[rr, vy, qi7, w;]r (3)

Similarly, the 13 chaser states are the inertial position and velocity
and the inertial-to-body quaternion and its angular rate.

xc=[rc, ve, qc, @& “4)

The parameter states are the gyro bias b coordinatized in the chaser
frame, the star-camera misalignment eﬁ, and the optical-camera
misalignment €, each referenced in their respective camera frames.

xp=1[bg. €. €5l ®)

These parameter states are modeled as first-order Markov processes
with large time constants causing them to behave essentially as
biases.

1. Dynamics
The dynamics for the true state vector are

Fr=1vp (6)

vy =gr+w, (7

qr = %") ; g1 3)

o =I7'[ty e x ;o] +w,, )
Fe=vc (10

Ve =gc+w,., (o)™ = (o)™ +up, (11)

q.IﬁC:%wg®ql~>C (12)

W=l + 15 —wEX I+ w,, (13)

bS=—"+w, (14)

S 4w, (15)

-~
[elel
Il
I
|
+

S

o
é8=—i—2+w0 (16)

where I; and I, are the target and chaser inertia matrices,
respectively. The accelerations due to gravity acting on the target and
chaser vehicles g and g are based on the point-mass and J, gravity
models [29]. The gravity-gradient torques 7 and $ are also derived
from point-mass gravity models [29]. The control inputs ¢ and u 5,
are the torques and impulsive velocity changes executed by the
actuators on the chaser spacecraft. The random disturbances w,,,
W, W,., and w,_ are included in the models to account for
disturbance forces and torques acting on each spacecraft, such as
drag, solar-radiation pressure, venting gases, higher-order-gravity-
model terms, other celestial bodies, etc. The variances of these
uncorrelated white-noise processes are defined as

Elw, (Hw, (/)] = ogrlwé(t —7)
E ar (t)wotr(t,)T] = 0-51713><38([ - t/)
s (D ()] =07 I3,38(t — 1)

E[w, (Nw,, (t)] = 0F I3,38(t 1)

[

[w
a7

Elw

[

The process of selecting values for the variances of these

disturbances follows a trial-and-error technique outlined by Lear

[30], in which the magnitude of the disturbance strength is associated

with the expected downrange and attitude error after one orbit. The

white-noise terms w,, w,, and w, drive the first-order Markov

processes, modeling the parameter states with variances.

Elw,(Nw, ()] = 0315,36(t — 1)
Elw,(w ()] = 07 L3,36(t — 1) (18)
Elw,(nw, ()] = 0515,36(t — 1)

2. Actuator Models

The simulation contains two actuator models: momentum wheels
for attitude control and a system of impulsive thrusters for
translational control. The actual torques generated by the momentum
wheels for a commanded torque 7<, includes actuator noise w¢,
bias b, scale factor biases f€, and misalignment €¢.

ul = 8T () { Iy + diag(f)}T8, + bS + w]  (19)

The covariance of the momentum-wheel noise is E[w¢ (1)w¢(#)"]=
S.0(t — 1'). The thruster impulsive Av model also includes error
sources such as thruster noise w§,, biases b€, scale factor biases
f§,» and misalignments € §,. The covariance of the thruster noise is
E[w§, (1) ws,(t)"] = Sau8(t; — 1), such that

Uy = T(qe-)8T(e§,) {3 + diag(f5,)}AvG, + bS, + wE,]
(20)

where AvS, , is the commanded Av.

3. Sensor Models

The gyro model is based upon a package of three orthogonal strap-
down gyros, each measuring the chaser’s angular velocity along its
input axis. The measured angular velocity from the gyros is defined
as the true angular rate plus gyro bias bS, scale factor bias £, sensor
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Fig. 3 Relationship between the relative angular measurements and the line-of-sight vector to the target.

noise (angular random walk) v$, and gyro misalignment €S, where
the covariance of the gyro noise is E[WS(1) vS(t)!]=
S0ty — ).

® & = 68T (e5)[{15.3 + diag(f5)}wE+ b5 + 5] (21)

The star camera is used to measure the three-axis orientation of the
chaser vehicle. The model accounts for the uncertainty in the
alignment of the star-camera frame €5 with respect to the chaser
frame and sensor noise v§. The chaser frame referenced throughout
the paper refers to the chaser’s navigation base. The output of the
star-camera model is a quaternion of the form

4.5 = 455 P G55 ®qcs @ Qe (22)

where g;_, ; represents the small angular rotation associated with the
misalignment of the star camera 8¢ (e ), and g__ 5 is the angular error
due to sensor noise 8¢(v §) with the covariance of the measurement
noise v§ given by

Ewi(ty) vi(tp)T] = Rgdyp

The optical-tracking camera is used by the chaser to image and
track the target’s centroid or known target features. It has a field of
view of 30 deg with a focal plane of 1000 pixels, such that the pixel
resolution is three-hundredths of a degree or half of a milliradian. The
model contains an uncertainty in the alignment of the optical-
tracking-camera frame with respect to the chaser frame €9, in
addition to sensor noise v. There are undoubtedly additional error
sources, such as distortion in the camera lens or shadowing effects,
that are not included in this model but could be explored further. The
effects of pixelation are removed by ensuring that the sum of the
measurement errors and noise exceeds the pixel size. The optical
camera effectively provides line-of-sight information (i.e., azimuth
and elevation angles) by measuring the feature pixel location in the
camera focal plane. The azimuth and elevation measurements ¢ and e
from the optical tracking camera¥ are given by

&= tan™! (’—) + v, (23)
lx
¢=sin"!(i,) + v, (24)

where [i, i, i.]” are the individual components of the relative line-
of-sight unit vector i /? between the optical camera and the target (or
target features) represented in the optical frame. This unit vector can
be written in terms of the noise-free angle measurements « and e as

SWhen focal-plane measurements are generated by the optical navigation
system and not angular measurements, see [31] for the measurement equation
and measurement partial derivation.

cos(e) cos(a)

i9 = cos(e) sin(c) (25)
sin(e)

depicted in Fig. 3a. The relative range unit vector can also be

expressed in terms of the true states.

£ 0
ty

—BTET. ., T(ll1»c)]|: {rr+T(qr_)ri}—{rc+T(qe)ré} ]

[{rr+T(qgr_)ri}—{rc+T(ge_)rg}l
(26)

where the feature position in the target frame r% and the optical-
tracking-camera position in the chaser frame r§ are indicated in
Fig. 3b. By defining the optical-camera-noise vector v§ = [v, v,]’,
the covariance of the camera-measurement noise becomes

EW (1) vJ(1)"]= RoSw

B. GNC Flight Algorithms

Forrelative navigation and pose estimation, it is debatable whether
to use relative states (i.e., relative position and velocity) to limit the
size of the navigation filter versus the inertial states (i.e., the inertial
position and velocity of both vehicles) to maximize the available
information. The selected navigation states for the prototype filteris a
32-state vector

A

x=[*r, Xc, J2P]T 27

consisting of 13 target states, 10 chaser states, and 9 parameter states.

fr = [fT~ 137, ‘il»rs ‘:’;]T (28)
'ic = [;CV ﬁCv él—>C]T (29)
£p=1[b, &, &I (30)

This approach attempts to capture all the available information
related to the estimation process to serve as a benchmark for the
filter’s performance and identify key characteristics that may be
overlooked when using a reduced navigation state. Note that the
chaser state does not contain angular velocity, because the attitude
model (given next) operates in model-replacement mode [31], in
which gyro measurements replace the Euler equations that would
otherwise model the dynamics of the angular velocity state. For the
target, this is not the case, because target gyro data is unavailable.
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1. Navigation

The angles-only-rendezvous navigation filter is an extended
Kalman filter that processes angular measurements to three
observable target features using an optical navigation camera and
attitude data from gyros and a star camera. The dynamic models used
to propagate the navigation states are

Fp=bp 31)
b =gr (32)
Gror =107 ®§4, .1 33)
61 =1I7'[t7 — 6L x I;61] (34)
Fe=ic (35)
bC =8¢+ 1y, (36)
Gr1oc=XGE—bS) ® 4r.c 37)

. bE
bsS=—— (38)

Tp

. 28
&=-2 (39)

Ts

. 20
ég=-% (40)

To

where the accelerations due to gravity on the target and chaser
vehicles g, and g are point-mass and J, gravity models [29]. The
gravity-gradient torque 7 acting on the target vehicle is based on
point-mass models [32]. For the prototype filter, the states are
propagated by integrating the nonlinear models using a fourth-order
Runge-Kutta integration technique. Because of covariance
singularities associated with the use of quaternions [33], a modified
state vector is adopted to propagate the covariance matrix and used to
update both the states and the covariance matrix. The modified state

vector replaces the four-dimensional quaternion states q,_; and

q;c with the three-dimensional rotation vectors 0T and 02

Consequently, the quaternion kinematics are also replaced using the
Bortz equation [31]. Thus, the quaternion errors dq are replaced by
the three-dimensional small-angle rotation vectors 86, and the
linearized Bortz equation is used to derive the attitude-covariance
propagation equations [31]. As a result, the 32-dimensional
navigation state is converted into a 30-dimensional modified state
vector m. The covariance matrix stored on the flight computer, P,is
propagated forward using the linear equation.

I; = <i)i\)O‘i)T + le + Qn (41)

where @ is the state transition matrix, P is the initial covariance
matrix at time 7, Q,, is the state process-noise covariance matrix, and
Q, is the flight computer’s value of the gyro-process-noise

covariance matrix. Using the modified navigation-state vector, the
exact expresswns of these key variables in terms of the state partial

derivatives F and the strength of state process noise S and gyro

random angular walk S,} are given in the Appendix [Eqs. (A1), (A6),
and (A10)]. When measurements are available, the modified states
and the state covariance matrix are updated using the fundamental
update equations.

m*=m +K(Z-2) (42)

=(I-KHP (43)

where K = ﬁ_ﬁr(ﬁlﬁ_ﬁT + ﬁ)’l is the Kalman gain, and the
superscript minus and plus signs indicate the time period just before
and after the measurement updates. All of the updated navigation
states except the attitude states are contained in the new modified
state vector. The quaternions defining the target and chaser
orientation are updated using the small rotation vectors.

Qfr=8400) ®dir  dfc=34(00) ®dr.c

The measurement equations used by the flight computer to estimate
the various measurements z are presented in Sec. A.Il of the
Appendlx along with the associated measurement sensitivity matrix
H and the measurement covariance matrix R. Finally, when an
impulsive Av maneuver is used to correct the chaser’s velocity, a
correction must be made to the navigation-state and covariance
matrices.

(D) = (Do)~ + g, (44)

= (I+D)P(I+D)" +8,, 45)

Once again, the superscript —c and + ¢ signs indicate the time period
just before and after the instantaneous corrective maneuver. The
estimated velocity change is computed as

Upy = T(l}c»I)Aﬁchd (46)

The partial derivative D, representing the additional error introduced
because of the maneuver, is given in Sec. A.IlI of the Appendix, and

the thruster noise covariance S, is defined earlier in this section.

2. Guidance

In this discussion, the term guidance refers to the algorithms that
specify the desired position and velocity of the chaser vehicle and its
desired orientation and angular velocity during the given rendezvous
scenario. The desired trajectory is specified by the nominal position
of the chaser’s attach point r,,, (colocated with the optical camera
ré) relative to a docking port location on the target r? , (defined as
feature 1,rL,) as a function of time. The desired position and velocity
of the chaser’s center of mass is given by

T(éC—ﬂ)f;ﬂtach
“47)

;dcs = ;T + T@T—ﬂ)[;gock + T(éD—»T)ﬂZ]-des] -

ﬁdes = ﬁT + T(éT—)I){T(éDQT)ﬁgl—des + (43;
X [fgock + T(éDéT);r?el—des]} - T(éC—ﬂ)(‘:)ges X ;attach) (48)

where 72,_,.. and © vrel ges are the desired position and velocity of the
chaser’s attach point 7S, ., relative to the rotating docking port frame.
At short ranges (less than 100 m) when the chaser approaches the
target for inspection, berthing, and/or docking, the desired attitude
and angular rate of the chaser is specified to match the attitude and
angular rate of the target.
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édes = é[%T (49)

® §oo = T(Gr0)07 (50)

The desired position and velocity commands direct the chaser to
approach the target along the target’s x axis (docking port axis) and
the attitude/attitude-rate-matching technique ensures that the camera
is pointing toward the target features at all times. This specialized
strategy is valid for either a final-approach trajectory for docking or
an inspection-and-hold approach aimed to track a particular area of
the target.

3. Control

For close-in proximity operations such as inspection and docking,
a proportional—derivative (PD) controller is employed for both the
rotational and translational control. The translational control
algorithm computes the required Av to track the desired trajectory
specified by the guidance algorithms in Eqs. (47) and (48).

Ai}rqd:I(r(i:des_fC) +Kv(ﬁdes_ﬁC) (51)

The commanded Aw issued to the actuators is the required Av
transformed to the chaser frame.

Aﬁcmd = T(éléc)Aﬁrqd (52)

The commanded torques for the chaser spacecraft to match its
orientation with the target vehicle are computed as

750 = Ky(05,) + K, (05, — &F) (53)

des

where the desired angular offset 0§, is the angular difference

between the desired attitude quaternion for the chaser g4 and its
current attitude g,_ .

05, . .
1 ) = es ® qc-1 (54)

V. Rendezvous Analysis

The ultimate objective of this analysis is twofold. First, evaluate
the performance of the prototype angles-only navigation filter.
Second, determine the performance of the entire closed-loop relative
position and attitude control system while implementing the angles-
only navigation filter in a rendezvous and close-proximity scenario.
The rendezvous analysis is conducted using a standard Monte Carlo
simulation method and then compared with results [9] generated by a
linear covariance (LinCov) analysis program [34]. Both approaches
contain their strengths and weaknesses, but combined, they provide a
unique analysis package.

Actuators
B Forces & Torques

Space Env. Target
Forces & Torques Translation
& Rotation
Orbital Dynamics
Sensors
Measurements

Simulation Truth Models

The rendezvous GNC Monte Carlo simulation, as presented in
Sec. 1V, is depicted in Fig. 4. Flight-computer-actuator commands
and white-noise processes drive truth models, which in turn generate
the true state x of the system and simulated sensor measurements.
The navigation algorithm processes the sensor data and produces a

navigation state X and a navigation-state error covariance P. The
navigation state is used by the guidance and control functions of the
flight computer to generate the actuator commands. The key
variables are the true dispersions from the reference éx = x — x and
the true navigation errors §e = x — x.

In a Monte Carlo program, the covariance of the dispersions and
navigation errors are determined by collecting and compiling the
results of N simulations.

1 & , 1 & ,
D .~ 1 ; dxdx P~ =1 ; dede (55)

The covariance of trajectory and attitude dispersions, navigation
errors, and Av or fuel usage is often of primary interest. Navigation
performance is determined by evaluating and comparing P, and P.
In a linear covariance approach, the covariances in Eq. (55) are
generated in a single simulation by directly propagating, updating,
and correcting an augmented state covariance matrix.

The LinCov program is ideal for a top-level analysis because it will
produce Monte Carlo-like results in a fraction of the time. However,
it has its limitations. Although it can characterize the performance of
the navigation system and its affects in a closed-loop GNC
environment, it does not represent the actual performance of a
specific navigation filter in the same setting. It does not generate or
process measurements. It does not produce actual control torques or
Av maneuvers. It only produces the statistical results based on a
linearized version of the Monte Carlo simulation. As a consequence,
there may be subtleties such as nonlinearities, approximations made
in the filter design, or even flaws with the filter itself that could not be
detected. This is where the Monte Carlo technique has its advantages.
It is true that long simulation runs may be required, but a more
realistic evaluation of a particular filter’s performance in a more
missionlike environment can be obtained. It also allows an analysis of
various intricacies of the filter, flight algorithms, sensor models, or
actuator models. The linear covariance analysis provides the big-
picture view of the problem. Depending on the design phase, one
technique may prove more applicable and relevant than the other.
However, both offer complementary results and can serve as a
natural checks-and-balance tool throughout the complete design and
analysis cycle.

A simple rendezvous and docking scenario serves to test the
performance of the proposed relative navigation filter. Using 200
Monte Carlo runs, the prototype angles-only navigation filter is
analyzed. The results not only include the relative position and
attitude navigation errors, but reveal the relative trajectory

Nominal Trajectory

X

@) » de

8]

— ( Navigation Guidance Control
Angles-Only Targeting/Pointing Trans/Rot

GNC Flight Algorithms

Fig. 4 Monte Carlo simulation for GNC analysis.
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dispersions of the closed-loop GNC system. The rendezvous
scenario duplicates a similar close-proximity reference mission
analyzed using linear covariance analysis [9] and the two results are
compared.

A. Reference Mission and Trajectory

The chaser and target are in low-Earth near-circular orbits. The
target is in a passive local-vertical/local-horizontal (LVLH)
orientation and the chaser is actively controlling its relative attitude
and position. The chaser is initially 25 m behind the object on the
local-horizontal (v-bar) axis and begins a2 cm/s approach along the
target’s body x axis which is nominally aligned with the local-
horizontal axis. The approach takes approximately 20 min until the
tracking camera is about 1 m from the target’s docking port. Nominal
minimum impulses of 5 mm/s occur approximately every 100 s or
every 2 m, primarily in a negative-altitude direction to maintain the
chaser on the v-bar during the final approach. The total accumulated
Av for this nominal approach is 7.3 cm/s, with a 30 value of
81 cm/s using linear covariance analysis and 127 cm/s statistical
30 value based on Monte Carlo analysis.

As depicted in Fig. 3b, the optical camera is located 1 m from the
chaser’s center of mass in the direction of the positive body x axis
(toward the target) and colocated with the chaser’s attachment point
rSen- A docking portrf , islocated 0.8 m from the target’s center of
mass in the direction of the negative body x axis (toward the chaser)
and colocated with feature 1. Feature 2 is located 20 cm in front of the
docking port rf , in the negative body x axis and up 20 cm in the
body y axis. Feature 3 is also located 20 cm from r]_, in the negative
body x-axis direction but 20 cm out in the positive body z axis.

The chaser’s flight computer processes discrete star-camera
measurements every 10 s and continuous strap-down gyro data.
Relative navigation is achieved by tracking the three target features
(known to a 30 accuracy of 1 cm) with the optical navigation camera
and processing the line-of-sight angular measurements every 60 s.
Translational control is achieved with short maneuvers modeled as

impulsive burns, and attitude control is achieved with momentum
wheels. The model parameters and initial conditions for both the
Monte Carlo and linear covariance analysis are shown in Table 1.

B. Relative Navigation Analysis

The relative navigation performance is presented in Fig. 5. The
magnitude and LVLH components of the 3¢ relative position error
are shown at the top of the figure. The magnitude and components of
the 3o relative attitude error in the chaser body frame are shown with
the lower plots. Note that the data for the magnitudes of the 3o
relative position and attitude errors are plotted as a function of the
chaser’s center of mass relative downrange distance to the target’s
centers of mass. At the end of the simulation, the range between
centers of mass is 3 m, and the distance between the optical tracking
camera and the target features is only 1 m. The components of the
relative navigation errors are plotted as a function of time.

As seen from the relative position plots in Fig. 5, the total relative
position navigation error is dominated by the downrange component.
After the first few optical camera measurements, the statistical 3o
errors in cross-track and altitude drop from their initial 5 m values to
15 cm and gradually decrease to 4 cm when the two vehicles are 3 m
apart. The LinCov 30 results are very similar to the statistical results,
with the final cross-track and altitude 3¢ errors being slightly more
than 2 cm. The downrange element does not have such a drastic
initial change. However, as the chaser approaches the target, the
downrange position error appears to drop proportionally to the range
to a final 30 statistical value of 6 cm. Again, the LinCov results
followed very similar trends, with the final downrange 30 position
error being slightly less at about 4 cm. At the end of the scenario when
the two vehicles are 3 m apart, the total 3o relative position error is
approximately 9 cm from the Monte Carlo analysis and about 5 cm
according to the LinCov tool. Besides the initial transient phase, the
linear covariance analysis matches up nicely with the Monte Carlo
results.

Table 1 Initial condition, disturbance, control, sensor, and actuator parameters for the Monte Carlo simulation and linear covariance analyses

Monte Carlo Linear covariance

Initial condition error 3-0

Attitude and attitude-rate navigation/dispersion error per axis
Position and velocity navigation/dispersion error per axis
Unmodeled disturbances 3-0

Rotational disturbances per axis
Translational disturbances downrange
Control parameters

Rotational natural frequency and damping ratio 1w,
Translational natural frequency and damping ratio 1/w,,§
Sensor error 3-o

Gyro error drift rate

scale factor
misalignment
random walk
misalignment
noise
measurements
misalignment
noise
measurements

Star camera error

Optical tracking camera error

feature location error

Actuator error 3-0
Maneuver execution error directional
bias
scale factor
random
min impulse
directional
bias
scale factor

Torque execution error

0.1 rad, 0.1 mrad/s
3m,3 mm/s

0.1 rad, 0.1 mrad/s
3m,3 mm/s

0.001 mrad/s/+/s (10 deg /orbit) 0.001 mrad/s/+/s (10 deg /orbit)
0.06 mm/s/+/s (100 m/orbit) 0.06 mm/s/+/s (100 m/orbit)

30s,0.7
200s, 0.7

30s,0.7
2005, 0,7

3.0 deg /h/axis
300 ppm/axis
3 mrad/axis
0.05 mrad/./s
1 mrad/axis

3.0 deg /h/axis
300 ppm/axis
3 mrad/axis
0.05 mrad/ /s
1 mrad/axis

1 mrad/axis 1 mrad/axis
Ar=10s At=10s
1 mrad/axis 1 mrad/axis
1 mrad/axis 1 mrad/axis
At=60s At=60s
I cm 1 cm

1 mrad/axis 1 mrad/axis

0.1 mm/s 1 mm/s
1000 ppm 1000 ppm
1 mm/s 1 mm/s
5 mm/s 5 mm/s

1 mrad/axis
0.1 mN- mm
1000 ppm

1 mrad/axis
0.1 mN- mm
1000 ppm
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The Monte Carlo and LinCov analyses for the relative position
shows that as the chaser approaches the target along the v-bar, the
angle measurements to the target immediately reduce the navigation
errors in the relative cross-track and altitude but gradually eliminates
the downrange component. This behavior is due to the geometry of
the problem. At large enough distances, getting angle measurements
to three or more target features is similar to getting a single angle
measurement to the target’s center of mass, because the separation
between features cannot be distinguished. These measurements are
able to detect deviations in the cross-track and altitude motion, but it
becomes difficult to determine range. It is not until the chaser ap-
proaches more closely to the target that the angular separation be-
tween the target features can be adequately detected, which directly

Relative Navigation Position Errors

corresponds to the relative distance separating the two vehicles. Be-
cause the optical camera is able to distinguish the feature locations,
the navigation filter is able to more precisely determine the down-
range position of the chaser. In fact, the improvement in the down-
range estimate is proportional to the inverse of the relative range.

The initial relative attitude uncertainty is approximately 15 deg
30. At the final downrange position, for which the relative distance
between the optical camera and the target docking portis 1 m, there is
approximately a 30 statistical relative attitude error of about 1 deg in
the chaser’s x axis, 1.5 deg in the y axis, and 1.3 deg in the z axis. The
total magnitude of the final 3o relative attitude navigation errors is
about 2.2 deg for the Monte Carlo results and 2 deg for the LinCov
results.
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Fig. 5 Relative navigation position errors in LVLH coordinates and relative attitude errors in the chaser frame. The 3o statistical results from 200
Monte Carlo simulations are shown with thick black lines, and the 3o navigation errors generated by the LinCov tool are displayed with the thin dark-
colored solid lines. The light gray hairlike lines represent samples of the navigation errors from the 200 Monte Carlo runs.
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Relative Position Dispersions
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Fig. 6 Relative 3o trajectory dispersions as a function of range along the nominal trajectory in LVLH coordinates. Relative 3o attitude dispersions in
the chaser frame are also included. The thick black ellipses (or lines) represent the statistical dispersions for 200 Monte Carlo runs. The thin dark-colored
ellipses (or lines) are the dispersion, computed from the LinCov analysis. The thick line passing through the center of the error ellipses depicts the nominal
trajectory. Sample dispersions from the Monte Carlo simulations are shown with light gray hairlike lines and dots.
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Fig. 7 Relative position dispersions between the chaser’s attach point and the target’s docking port in the target frame. The dispersion ellipse are plotted
as a function of the nominal downrange, cross-track, and altitude directions, which coincides with the nominal target frame. The 3¢ statistical results from
200 Monte Carlo simulations are shown with thick black lines and the 3o trajectory dispersions generated by the LinCov tool are displayed with the thin
dark-colored lines. The light gray hairlike lines represent samples of the trajectory dispersions from the 200 Monte Carlo runs.

C. Closed-Loop-System Analysis

Although an evaluation of the navigation system is important, it is
the performance of the entire closed-loop relative position and
attitude control system that must be carefully evaluated. The closed-
loop analysis must include the effects of sensors, actuators,
dynamics, and flight software, including navigation, guidance, and
control algorithms.

The top of Fig. 6 shows the 30 Monte Carlo and LinCov relative
dispersion ellipses between the chaser and target vehicles’ centers of
mass along the nominal relative trajectory in LVLH coordinates.
These ellipses represent the 99.74% probability dispersion bounds.
The total 30 magnitude of the relative position dispersions is also
included as a function of the nominal downrange. The data show that
even though the navigation errors are small (see Fig. 5), the trajectory
dispersions from the nominal v-bar approach are as much as 2 m in
both the cross-track and altitude directions. These dispersions are
driven primarily by the desire to approach the target along its body x
axis, which is in turn dispersed from the nominal local-horizontal
orientation. When the attach point on the chaser vehicle is 1 m away
from the target’s docking port, the total 30 value of the relative
position error using Monte Carlo simulations is 57 cm and using the
linear covariance analysis is 67 cm. The relative attitude dispersions
are also shown in Fig. 6 with the lower plots. Unlike the impulsive
Av maneuvers, the continuous attitude control system allows the
relative attitude dispersions to mimic the navigation errors (see the
bottom of Fig. 5).

From a GNC viewpoint, the mission objective is to approach the
object along the target’s body x axis. More specifically, the objective
is to move the attach point along the target’s docking frame x axis
toward the docking point. Recall that the attach point and the docking
point are offset 1 and 0.8 m from their respective spacecraft’s centers
of mass. Thus, the key performance measure is the dispersion of the
attach point from its nominal location in the target’s docking frame.
This single performance measure combines the effects of both
relative position dispersions and relative attitude dispersions.
Figure 7 shows the statistical and LinCov 30 relative position
dispersion between the attach point on the chaser vehicle and the
docking port in the target frame. Note the total 30 values of the
relative position errors of the attach point at the final 1-m position. It
has a 30 value of 31 cm using the LinCov tool and 34 cm from the
Monte Carlo results. These values are about half of the relative
dispersion levels between the vehicles’ centers of mass expressed in
the LVLH frame (see the top of Fig. 6).

VI. Conclusions

The potential of angles-only navigation for autonomous orbit
rendezvous is immense, especially when considered in the context of
optical navigation. When taking angle measurements to target
features, additional information beyond the simple line-of-sight
vector can be obtained. In particular, the relative range becomes
directly observable by measuring the angular separation between
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features. Relative attitude can also be deduced from the measured
feature geometry. This potential has been recognized in the past and
now serves as a key technology for a variety of future space missions.
Angles-only navigation can provide relative position and attitude
information necessary for rendezvous and close-proximity
operations at a lower cost in terms of mass, power, volume, and
complexity than traditional methods.

The development and implementation of a prototype angles-only
navigation filter in a closed-loop GNC environment confirms that
relative position and attitude between two spacecraft can be
determined when processing angle measurements to known features
on the target. These results obtained by Monte Carlo analysis verify
an earlier study using linear covariance analysis techniques. With
both methods, the ultimate potential of angles-only navigation and its
limitations of accurately determining relative attitude and position
are observed. For the given scenario when the chaser slowly
approaches the target on the v-bar, angle measurements to target
features quickly eliminate cross-track and altitude errors, but they are
unable to initially determine the relative range accurately. However,
as the distance separating the target and chaser is reduced, the angular
separation between target features becomes more detectable,
allowing a better estimation of range and relative attitude. Although
estimating range at large distance proves to be a challenge, there are
other passive solutions to determining range, including using target
features with larger separations and small maneuvers designed
specifically to improve range observability. The analysis generated
from both a Monte Carlo simulation and the LinCov tool also
demonstrates that closed-loop relative attitude and position control
performance can be achieved to provide dispersion levels that will
enable rendezvous and close-proximity operations. For the proposed
GNC system, when angle measurements are processed at a
conservative one-minute interval, centimeter-level position dis-
persion to attach points when separated by 1 m is possible.

Linear covariance programs can provide Monte Carlo-like
statistical results in a closed-loop GNC setting even though only a
fraction of the time is required to run the analysis. The overall trends
between both approaches were extremely similar, with small
discrepancies in the details. This observation summarizes the
strengths and weaknesses of both approaches. The speed and
accuracy of linear covariance programs in determining navigation
knowledge and trajectory dispersions is invaluable, especially in the
early design phases of rendezvous and inspection missions. It can
help untangle the complex interdependencies of a closed-loop
system quickly and reliably. For a more intricate analysis of specific
filter designs or various aspects of the GNC system, Monte Carlo
simulations play a vital role in revealing design subtleties that may
have a great affect on the overall mission. One approach gives a quick
big picture of the problem, whereas the other allows a more focused
and detailed view at the expense of longer simulation times.
Together, they provide complementary results and serve as a
tremendous analysis package that is adaptable to the needs of the
entire design process.

Appendix: Navigation Equations and Matrices
I. Propagation Equations and Matrices
A.  State Transition Matrix ®
The state transition matrix used to propagate the state covariance
matrix is defined as the matrix exponential ¢”~'0) and approximated
by expanding the exponential in a Taylor series to fourth order.!
F>’AT?> F3AT?  FAT?

® =1+ FAT +——+——+— (A1)

The F matrix, the partial of the navigation-state dynamics with
respect to the modified navigation states, has the form

YA closed-form solution for the parameter states can be derived. Also, Lear
[30] generated a compact form for the state transition matrix for the position
and velocity states based on a fourth-order Runge—Kautta integrator for J2
gravity.
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The chaser- and parameter-state partials are
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where the partials of the chaser states are
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and the partials of the parameter states are
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B. State Process-Noise Covariance Matrix Q,,

The state process-noise covariance matrix represents the added
uncertainty in the predicted estimate due to limitations of the
mathematical models of the state dynamics. The general expression
for Q,, written in integral form is

t
0,= / ®S,97 dr (A2)
1

o

where @ is the state transition matrix and S, defines the strength of
the process noise affecting each of the modified states. It has the form

SwT 012><9 012><9
S w — 09><12 SwC 09><9 (A3)
09><12 09><9 S"lp

where the matrix S, characterizes the errors in the target dynamics
and S, represents the model uncertainty associated with the chaser
states.
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The strength of the process noise for the parameter states S, is
defined as

O[Z;I3><3 03,5 0s,5
N wp = 05,5 0715, (2’3x3 (A5)
05,3 053 0,155

The integral in Eq. (A2) is solved by approximating the state
transition matrix to first order, ® ~ I + FAT. The approximate
value for the state process-noise covariance matrix then becomes

Qw»,- 012><9 012><9
Q,~ |02 Qu. 0o (A6)
09><12 09><9 QwP

where @, represents the state process-noise covariance matrix
associated with the target vehicle,
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0, characterizes the state process-noise covariance matrix for the
dynamics of the chaser vehicle,
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and Q,, is the noise covariance matrix of the chaser’s parameters.
Because of the dynamics of the parameter states, the closed-form
solution can be computed.
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C.  Gyro Process-Noise Covariance Matrix Q,

The uncertainty introduced to the estimate of the chaser’s attitude
by using noisy gyro measurements is represented with Q,. It is
approximated as the product of the strength of the gyro random
angular walk and the time step.

Q,~ S,AT (A10)

II. Update Equations and Matrices
A.  Optical-Camera-Feature Measurements

The flight computer’s estimate of the angle measurements of the
target features is based on the model in Eqs. (23) and (24).

i
D os y tan~' (2
o 2 ha(x) o (l )
X)=|~""|=|.l=| . x All

o= o)==l | @
where [i, i, i,]" are the individual components of the relative line-
of-sight unit vector i§ between the optical camera and the target (or
target features) represented in the optical frame. The measurement

sensitivity matrix for the relative measurements to a feature of the
target is defined as

ﬁpz

O () _ [h] a1

9% h,
where the measurement partials for the azimuth and elevation
measurements to a target feature equal

P hy (%)

= (A13)
i, = he® (Al4)
ox

Theoretically, from the nonlinear measurement equations (A11), the
measurement sensitivity matrix can be derived. Another method that
proves to be more efficient and practical computes the measurement
partial using the chain rule and the relative range vector p . Note that
the range vector in the optical camera frame can be expressed as a
function of the measurements and states.

cos(e) cos(a)
p%=p |: cos(é) sin(@) i| (A15)
sin(e)

pO=1I—[e)xNT_ I — [égx])T,_)é]([fT + Fr] = [Fe + Fol)
(A16)

Using the chain rule, the partial of the relative range vector with
respect to the navigation states can be expressed as

950 _ 040, | 06 v,
0% da ox de ox

where the measurement geometry vectors naturally emerge when
evaluating the partials associated with the chain rule.
p° _
ox

(pp&)hy + (pPO)h, (A17)

The vectors pQ and p? represent the partials of the line-of-sight unit
vector to the target in the camera frame with respect to the azimuth
and elevation measurements, respectively.

—cos(e) sin(@) —sin(e) cos(a)
p? = |: cos(e) cos(a) j| po = |: — sin(e) sin(&) i|
0 cos(e)

The measurement geometry vectors can now be computed by taking
advantage of the property that the vectors p¢ and p¢ are orthogonal
to one another and taking the dot product with respect to each.

<~ (D)7 [0p°
he= pcos?(é) [W} (A18)

0V 950
e=(p;3) [g’—x} (A19)
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Evaluating the partial of the relative range vector with respect to the
navigation states yields

0x

—Tio O35 Teoo[(rf +rE —rE)x] 05,5 05,5 (0°%)]
(A20)

950
[LA} =[Tino 033 —Tr_o(rpx) Oss

which gives the final expression for the measurement sensitivities for
azimuth and elevation measurements when substituted into
Egs. (A18) and (A19).
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The flight computer’s value of the optical camera measurement
covariance is

o, 0
R, =[ & o ] (A23)

B. Star-Camera Measurements

When processing star-camera data, a derived measurement [31] is
calculated. Itis effectively the residual to be processed by the Kalman
filter.
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Z - . A .
[21 :| = ql—>.§ ® [qC*)I ® qS*)C ® Sq(éi)] (A24)

The flight computer’s estimate of the derived star-camera

. . . . ~C
measurement is a function of the modified state rotation vector 6.,
and the camera misalignment is €3.

hs(®) =T(Ge.s)0E + & (A25)
The measurement sensitivity matrix for the star camera is given by

HS:[03><12 03><6 T(éC%S) 03><3 13><3 03><3] (A26)

and the flight computer’s value of the star-camera measurement
covariance is

o, 0 0
Ry=|0 o 0 (A27)
0 0 o

III. Correction Equations and Matrices

The correction of the navigation-state covariance in Eq. (45) is
accomplished using the following partial derivative.

R 01512 Olgxg 0159
D= 0y, D, 09,9 (A28)

09>< 12 09><9 09><9
where

. 03><3 03><3 03><3 nc
Dc=|03; 0543 aﬁAv/aoc
03><3 03><3 03><3

and the partial of the Av maneuver with respect to the modified
chaser-attitude state equals

312A1,
36<

=T(qc—D[ADS4X] (A29)
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