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 GUIDANCE FOR ELLIPTIC ORBIT RENDEZVOUS 

Thomas V. Peters,* and Luigi Strippoli,† 

This paper provides an overview of a guidance function for autonomous elliptic 
orbit rendezvous. The basic design philosophy is to exploit the similarities be-
tween circular orbit rendezvous and elliptic orbit rendezvous to the maximum 
possible extent. Analogous maneuvers to the Hohmann transfer and the radial 
impulsive transfer are presented. These maneuvers are incorporated into a com-
prehensive strategy for the long-range and short-range rendezvous phases re-
spectively. For each rendezvous phase, the guidance strategy is broken down in 
a set of decision criteria, which uniquely identify the possible situations that 
may occur during that phase. In turn, each situation is associated with the appro-
priate response in terms of maneuver type and goal. The implementation of a 
guidance function using these principles leads to good results for all scenarios 
and initial conditions that have been identified as applicable.  

INTRODUCTION 

This paper provides an outline of the guidance algorithms that were created for a simulator of 
highly autonomous rendezvous operations in elliptical orbits. The main need for a guidance func-
tion that can handle rendezvous in elliptical orbits in a highly autonomous mission is the Mars 
Sample Return. The Mars Sample Return mission consists of (at least) two spacecraft. The first 
spacecraft lands on Mars, collects samples, and places them in a sample container. Next, the sam-
ple container is put into a small launch vehicle, the Mars Ascent Vehicle (MAV), which is 
launched into a circular orbit. A second spacecraft , the Earth Return Vehicle (ERV) then per-
forms rendezvous operations to retrieve the samples. Two alternative scenarios exist. In the first 
scenario, the MAV releases the sample in orbit, and the ERV captures the sample container. In 
the second scenario, the ERV docks to the MAV after which the sample container is transferred 
from the MAV to the ERV. After the transfer the ERV  takes the samples back to Earth. The need 
for autonomy and robustness stems mainly from the long delays in communication, while the el-
liptic orbit would serve either as a contingency scenario or as a propellant-saving alternative1. 

During the development of the guidance algorithms, the goal has been to design elliptic orbit 
rendezvous maneuvers and trajectories that are similar to maneuvers and trajectories for circular 
orbit rendezvous. This attempt to draw a close parallel between rendezvous maneuvers and trajec-
tories for circular orbits and those for elliptic orbits is motivated by the fact that the dynamics 
equations for elliptic orbit rendezvous are a generalization of the dynamics equations for circular 
orbit rendezvous. If such a generalization is successful, elliptic orbit rendezvous strategies could 
draw from a large body of literature on strategies. 
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To fulfill the need for autonomy, a broad range of rendezvous strategies has been analyzed as 
a sequence of guidance commands issued at the occurrence of specific values of the relative state 
vector, and with specific objectives, requirements and constraints. The objective of this analysis 
has been to derive a concise set of decision criteria for determining the correct guidance com-
mand at any given moment. The main inspirations for the overall guidance strategy has been the 
rendezvous profile of the ATV mission and the Automated Rendezvous Experiment (ARX)2,3. 

This paper is divided into several segments. The first segment discusses the notation used to 
describe the relative motion, and discusses the similarities between elliptic and circular orbit ren-
dezvous. The second segment discusses the core trajectory and maneuver types that were devel-
oped and / or defined. The third segment builds on the second segment by placing these elements 
into a broader overall strategy for rendezvous that is applicable to both circular and elliptic orbits, 
and the fourth segment discusses some of the results obtained with this guidance function. 

NOTATIONS 

The relative motion is described using a differential orbital element notation4,5. This notation 
is partly based on the Yamanaka-Ankersen equations6, and can be interpreted as a different fac-
torization or re-parameterization of the state-transition matrix7. All differential elements except 
the differential true anomaly are constant along a trajectory. 
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Figure 1. The local vertical, local horizontal frame. 

The reference frame used to describe the motion is the local vertical, local horizontal frame. 
The origin of the reference frame is the target satellite. The z-axis of this reference frame points 
towards the central body, the y-axis points in the direction opposite to the orbital angular momen-
tum vector and the x-axis completes the right-handed reference frame. The classical Keplerian 
elements are used to describe the motion of the target spacecraft. The relative state vector of the 
chaser spacecraft is defined as [ ]Tzyxzyx &&&=x . The state at some time 2 can be re-
lated to the state at an earlier time 1 by means of the state transition matrix. 

 1212 xΦx →= (1)

where  denotes the linear state transition matrix. The dynamics of the linearized rendez-
vous problem are such that the motion in the y-direction is uncoupled from the motion in the or-

21→Φ
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bital plane, while the motions in the xz-plane are coupled. The motion can also be described in 
terms of differences in orbital elements, which are constants of motion for the relative motion of 
the spacecraft (as well as for the absolute motion). The state transition matrix can be parameter-
ized in terms of differences in orbital elements between the target and the chaser spacecraft. In 
this case, the state transition matrix becomes the product of three matrices. 

 1
121,221
−

→→ = BΦBΦ α (2)

where  is the orbital element transition matrix, and B  and its inverse are matrices of par-
tial derivatives that map the differences in orbital elements to the Cartesian state vector and vice-
versa. The set of orbital element differences 

αΦ

[ ]Tia ϑω ΔΔΔΩΔΔ=Δα eΔ  provides 
an alternative description of the motion of the chaser. Orbital element differences have some ad-
vantages over the Cartesian description of the motion of the chaser. For example, a coupling ex-
ists between the difference in semi-major axis and the difference in true anomaly that produces a 
secular change in the true anomaly. No other couplings exist that produce secular changes. For 
this reason, periodic relative trajectories can easily be found by requiring that the difference in 
semi-major axis remains zero. As shown below, the parallels between elliptic orbit rendezvous 
and circular orbit rendezvous can be seen more easily by using differences in orbital elements. 
Orbital element differences also allow a simpler interpretation of the geometry of the problem 
than the Cartesian state vector. It should be noted, though, that the use of classical Keplerian ele-
ments introduces artificial singularities in the solution at zero eccentricity and zero inclination. 
These singularities are not present if the dynamics equations are solved directly. In addition, the 
state transition matrix for the orbital elements shows a coupling between the difference in eccen-
tricity and the true anomaly that is periodic in nature. A set of orbital elements that removes the 
dependence of the fast element on the eccentricity and that uncouples the out-of-plane motion can 
simplify the state transition matrix8, and remove the singularities.  In spite of these apparent dis-
advantages the Keplerian elements are used because they are easy to interpret geometrically, and 
because problems due to the coupling between the eccentricity and the true anomaly, the coupling 
of the in-plane and out-of-plane motions and the effect of singularities can easily be circum-
vented. 

As mentioned, a number of similarities exist in the dynamics of circular and elliptic orbit ren-
dezvous that can be exploited when designing rendezvous trajectories, maneuvers and strategies. 
Yamanaka and Ankersen show that the state transition matrix for elliptic orbits becomes equal to 
the Clohessy-Wiltshire transition matrix when the eccentricity goes to zero. A comparison of the 
travelling ellipse formulation9 and the formulation of the state transition matrix in terms of orbital 
elements shows how these similarities can be exploited. For example, the secular drift in the 
along-track coordinate that is caused by a difference in semi-major axis is 1,5 times the local or-
bital rate. The center of the travelling ellipse moves along the x-axis with a constant velocity that 
is equal to 1,5 times the z-coordinate of the center of the ellipse. The difference in true anomaly 
and the difference in semi-major axis can be associated with the x- and z-coordinates of the center 
of the travelling ellipse. Likewise, the differences in eccentricity and argument of perigee can be 
associated with the motion of the chaser around the center of the ellipse. The parameters that de-
scribe the travelling ellipse are constants of motion that can be associated with the orbital ele-
ments10. Because of the close analogy, strategies for circular orbit rendezvous can be adapted to 
elliptic orbit rendezvous. In particular, trajectory diagrams for circular rendezvous using R-bar 
and V-bar can be used to represent elliptic rendezvous trajectories. 
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TRAJECTORY DEFINITIONS AND ALGORITHMS 

The definition of the rendezvous trajectories and algorithms for elliptic orbit rendezvous 
closely parallels the definition of said trajectories and algorithms for circular orbit rendezvous. 

Trajectories 

The flight path angle is the angle between the velocity vector of the target spacecraft ex-
pressed in the local vertical, local horizontal frame and the x-axis of the local vertical, local hori-
zontal frame. The flight path angle provides the direction of V-bar. 
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where ϑρ cos1 e+= . Unlike the case of circular rendezvous, in elliptic orbit rendezvous the 
angle between R-bar and V-bar is not constant, because R-bar is equal to the z-axis in both the 
circular and the elliptic case. This means that two options exist for defining the reference frame 
for analyzing the maneuvers and trajectories for elliptic rendezvous; namely, the reference frame 
can be aligned either with R-bar or with V-bar. For the analysis of trajectories, the local vertical, 
local horizontal reference frame (i.e., the reference frame aligned with R-bar) is most commonly 
used. 

When the chaser spacecraft is in a periodic trajectory that remains on V-bar at all times, the 
chaser is said to be in a hold point trajectory. Figure 2 shows V-bar, the flight path angle and a 
hold point trajectory. 
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Figure 2. Hold point 

The hold point trajectory is a periodic trajectory that is circular, and it is associated with a dif-
ference in true anomaly. The distance to the hold point is defined as the distance to the center of 
the periodic trajectory. 

 
p
d
⋅=Δ 2ρϑ (4)

The hold-point trajectory is the elliptic rendezvous analogy to the hold-point on V-bar. It is 
used as the start and end of closing maneuvers to the target, as a time-flexible element in the 
close-range rendezvous strategy. 

Another trajectory that is used in the rendezvous strategy is the co-elliptic orbit. In a circular 
orbit rendezvous scenario, the trajectory is linear, with a constant drift velocity equal to the drift 
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velocity of the travelling ellipse. In the elliptic case, the condition for co-elliptic orbits11 can be 
linearized to give: 

 
a
aee Δ

⋅−=Δ (5)

The co-elliptic drift orbit is then defined by its altitude; the eccentricity difference is given by 
the equation above, and the difference argument of perigee is zero. Following the definition in 
reference 11, the differences in inclination and RAAN should be zero as well. For the strategy 
defined in this paper, the out-of-plane motion is unrestricted. 

Finally, a useful check on the trajectory is to establish whether and when a given trajectory 
crosses V-bar. To derive this criterion, the state vector in the V-bar aligned reference frame is 
expressed as a function of the differences in orbital elements. 

 ( )ΔαBTx ⋅= γVBAR (6)

The transformation matrix Tγ is found from the application of the transport theorem in matrix 
form12 and ordering the result in a matrix. 
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The rotation matrix Rγ is a rotation around the y-axis through the flight path angle γ, which 
can be constructed using the sine and cosine given in equation (3). The angular velocity matrix Ωγ 
is the time-derivative of the rotation matrix Rγ. It is a skew-symmetric angular velocity matrix for 
the angular velocity around the y-axis, and therefore it requires the time derivative of the flight 
path angle. 

 
( )
( )2

2
22

12
1

e
ek
−−
−−

=
ρ
ρργ& (8)

The equation for the z-component from equation (6) needs to be analyzed further. Because the 
trajectory associated with a difference in true anomaly remains on V-bar (as discussed above), the 
true anomaly component can be left out. In addition, any non-zero scaling function of a coordi-
nate does not influence the zero crossing of that coordinate. The scaled z-coordinate in the V-bar 
aligned frame becomes: 
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This expression can be re-written as a trigonometric polynomial as a function of the true ano-
maly. 

 321 cossin CCCzVBAR ++=∗ ϑϑ (10)

To establish whether a trajectory crosses V-bar, the following can now be formulated. 
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If this condition holds, the true anomalies at which the crossings occur can be found from: 
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The constants C1 to C4 are given by: 
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 2 & 3). Maneuvers are analyzed as pairs of impulsive 
ΔV er maneuver between state x1 at time 1 and x2 at time 2 by means of
impulses ΔV1 and ΔV2 is given by: 

Maneuvers 

The maneuvers discussed here are the two main maneuvers used in the rendezvous strategies 
for ATV and the ARX (see references

’s. A general transf  two 

 ( ) 22111212 ΔVGΔVGxΦx ++= → (14)

where the matrix G is composed of a three by three zero matrix stacked on a three by three 
identity matrix. The maneuvers described below are derived by placing suitable constraints on 
equation (14). These constraints can be, amongst others, constraints on the shape of the initial and 
final trajectories, transfer duration, periodicity, etc. Considering only the in-plane motion, equa-
tion (14) consists of four separate equations, while the total number of degrees of freedom is five, 
nam

econd ΔV. The algorithm can be seen as a linearisation of the algorithms 
presented in references 13, 14 & 16. First, the differences in orbital element differences are scaled 
as needed, such that: 

ely two per ΔV and one for the transfer time. For each of the maneuvers the burn duration is 
computed. Times 1 and 2 are considered to be the center of the burn. 

The most important maneuver during the long-range rendezvous phase is the cotangential ma-
neuver. The cotangential transfer is close to the optimal transfer between elliptical orbits13. For 
eccentricities smaller than 0.2, the total ΔV required for the cotangential transfer is at most 1% 
more than the ΔV required for the optimal transfer14,15. The main purpose of the cotangential 
transfer is to transfer from an orbit of a certain altitude to an orbit with a different altitude. The 
cotangential maneuver is a generalization of the Hohmann transfer used in circular orbit rendez-
vous. The characteristic that is preserved is the orientation of the ΔV; in both the circular and el-
liptical case, the ΔV is applied parallel to the target spacecraft velocity vector, or V-bar16. The 
core of the cotangential transfer algorithm computes the required transfer angle and the magni-
tude of the first and s
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The ΔV’s are scaled and made non-dimensional as follows: 

( )22
2
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where p is the semi-latus rectum and k2 is equal to: 
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ote that this scaling factor is variable along the orbit because of the ρ term that depend
the true anomaly. Three auxiliary constants are computed. The first one is equal to the sum of the 
two scaled, non-dimensional ΔV’s. 
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Next, the sine and the cosine of the transfer angle are computed: 
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where 12 ϑϑϕ −=  is the transfer angle, and the coefficients P1 and P2 are defined as: 
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The scaled, non-dimensional ΔV’s can be computed using: 
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+

=Δ 211
1

2
2

The most important maneuver type during close range rendezvous is the periodic hop maneu-
ver. The periodic hop is a generalization of the radial impulsive transfer for circular orbit (see
exa ple, reference 9). The periodic hop maneuver provides a periodic transfer trajectory betw
two hold points. As defined in equation (4) this means that the initial and final differences in or-
bit maly only. The transfer angle is found from: 
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The coefficients Q1 and Q2 are defined as: 
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The ΔV’s are scaled according to: 

( )22 12 ekVV −−⋅Δ=Δ ∗ ρρ (24) 

Now the magnitudes of the velocity impulses can be found from: 
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 point of crossing. The tangential burn hop maneuver is a back up for 
 a tangential burn 

opping maneuvers). The tangen-
tia

f the nodes of the tree, a 
switching criterion is applied to establish which branch to take. Ordering the tree in this way 

1  (25)

where d represents the hop distance. Apart from these two main maneuvers, several other ma-
neuvers are included into the guidance function. These maneuvers are relatively straightforward 
to compute. These are the two-point transfer (also called the linear Lambert transfer, see reference 
9), out-of-plane control, the fly-around, the V-bar crossing stop maneuver and the tangential burn 
hop maneuver. The two-point transfer maneuver is computed exactly in the same way as in circu-
lar orbit rendezvous: using a fixed transfer time, the appropriate portion of the state transition ma-
trix is inverted to compute the required ΔV. This maneuver is used to perform correction maneu-
vers. The out-of-plane control computes the times at which the chaser crosses the orbital plane 
and computes the ΔV required to stop the motion. If the magnitude of the out-of-plane motion is 
too large to be cancelled out during one burn, the ΔV is split in such a way that the chaser per-
forms the maximum possible burn at each subsequent node it encounters. At the last node, the ΔV 
is exactly as big as needed to remove the out-of-plane component of the motion entirely. The fly-
around maneuver is a maneuver parallel to V-bar that exactly removes the semi-major axis differ-
ence and that puts the chaser into a periodic orbit. This maneuver is used during the short-range 
phase. The V-bar crossing stop maneuver computes the ΔV required to enter into a hold-point 
trajectory. This maneuver is computed by means of equations (4) and (10). First, the time of 
crossing is computes using equation (10), and next, the magnitude of the ΔV is computed by 
computing the difference between the predicted state vector, and the state vector associated with a 
hold-point trajectory at the
the radial hop maneuver in case propellant runs low (the free drift resulting from
can be exploited to drift to the target automatically, and so save h

l burn hop maneuver takes exactly one orbital period, and it is initiated by a tangential burn that 
introduces the correct amount of drift. An equal and opposite tangential burn is used to end the 
transfer (see reference 9). 

RENDEZVOUS STRATEGIES AND IMPLEMENTATION 

The rendezvous is broken down into three phases, each with its corresponding guidance mode: 
the long-range mode OSTG (Orbit Synchronization Translational Guidance), the short-range 
mode INTG (Impulsive Nominal Translational Guidance) and a final forced motion approach 
FTTG (Forced Terminal Translational Guidance). The strategies for the long-range and the short-
range modes will be discussed below. The FTTG will not be considered in this paper, because it 
is a continuous thrust guidance mode instead of an impulsive guidance mode. The general ap-
proach to the design of the guidance algorithms is to construct a decision tree that incorporates all 
possible configurations of the orbital element difference vector, termed situations, and that pre-
sents the correct guidance response to the present situation. At each o
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automatically provides the possibility of introducing a hierarchy in the switching criteria, with the 
mo

 and the navigation filters take around one orbital period to converge. This leads to 
an 

 long-range phase ends. Third, if the 
distance is closer to the target than the distance required for reaching the staging area, the chaser 
is commanded to do nothing and drift past the target. Fourth, if the distance is larger than the dis-
tance required to reach the staging area, and the chaser is drifting away from the target, a cotan-
gential maneuver to the opposite drift orbit is commanded. 

st important or critical criterion at the root of the tree and the least critical at the tips of the 
branches. The division of the rendezvous sequence in a long-range and a short-range phase allows 
restricting the types of maneuvers that are available during each phase. 

Long-range strategy 

The rendezvous starts from an initial condition “far away” from the target. The most common 
initial condition is some 500 km behind and 50 km below the target. Note that this is not the dis-
tance at which the guidance function is activated. The guidance is activated as soon as the naviga-
tion converges,

activation of the guidance at a distance of around 100 km. An analysis of the behavior of the 
long-range guidance algorithms without navigation or control has shown that the guidance algo-
rithms themselves are accurate up to a distance of about 600 km behind the target, and 80 km be-
low the target. 

The first action to take in the long-range scenario is to transfer to a co-elliptic orbit. The sign 
of the difference in semi-major axis of the co-elliptic orbit should be the same as the sign of the 
difference in semi-major axis of the initial trajectory. That is, if the chaser was originally below 
the target, it should transfer to a co-elliptic orbit below the target. A diagram of the long-range 
guidance strategy after the first maneuver is shown in figure 3. In this diagram, four situations 
and their appropriate actions are indicated. First, if the chaser is located on V-bar (taking into ac-
count a certain margin), the chaser is commanded to perform a cotangential maneuver to a drift 
orbit that causes the chaser to drift towards the target. This is a high drift orbit in case the chaser 
is located in front of the target and a low drift orbit if the chaser is located behind the target. Sec-
ond, if the chaser is in the drift orbit at the appropriate distance from the target to reach the stag-
ing area on V-bar, the chaser can transfer to V-bar and the
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Figure 3. Long-range guidance strategy diagram 

In addition to the basic strategy involving cotangential maneuvers, back-up maneuvers and 
correction maneuvers are available. The quality of the cotangential maneuver is checked by eva-
luating the transfer angle and the required ΔV. If the transfer angle gets to close to a multiple of 
one full revolution, or the ΔV becomes too big , the back-up maneuver is used. The correc
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ma

ve a direct impact action (as described in figure 3) that the guid-
ance should take at any given m ong-range rendezvous is en-
coded in the current distance and the hold point criteria: if the chaser is located at a hold point 
between the boundaries of the staging area on V-bar (and no lane motion is present), the 
rendezvous phase 

 1. Long-ran ase criteria. 

neuver is commanded when the chaser moves outside of a trajectory corridor of a pre-
determined size. Both the correction maneuver and the back-up maneuver make use of a two-
point transfer or (linear) Lambert algorithm that is based on inverting a partition of the state tran-
sition matrix. Lastly, the out-of-plane motion is corrected at the end of the long-range phase. 

Table 1 shows the criteria used to determine the current situation during the long-range ren-
dezvous phase. These criteria ha

oment. The end condition for the l

out-of-p
is completed. 

Table ge ph

Criterion Values 

Semi-major axis difference big drift none 

V-bar crossing yes no  

Cotan  OK gential maneuver yes no  

Distance a . to V-bar fter cot. man o  utside bet n wee inside 

Drift direction to s ward away no e n

Current distance outside between inside 

Hold point yes no  

Out-of-plane motion yes no  

Short-range strategy 

The short-range phase starts with the chaser on V-bar, at some distance in front or behind the 
target. A list of hold points is defined, such that the spacing between the hold points increases as 
the distance increases. Figure 4 shows the most important situations that may arise, and their ap-
propriate responses. First, the normal situation is to perform a periodic hop maneuver from a hold 
point at a certain distance to a hold point closer to the target. If the chaser is not located at a hold 
point, the guidance evaluates between which two hold points it is located. Using a threshold val-
ue, the guidance then decides either to move to the closest of the two hold points identified, or to 
a hold point that is even closer. This evaluation is performed to avoid periodic hops of a very 
small distance. Second, if the chaser is not in a hold point, close to crossing V-bar at the end of a 
maneuver and no drift is present, a maneuver is commanded to put the chaser in a hold point tra-
jectory when it crosses V-bar. This maneuver is based on the crossing criterion of equation (12). 
Third, if a difference in semi-major axis is detected, a tangential maneuver is commanded that 
negates this difference. Fourth, if the chaser is not performing a periodic hop maneuver and it is 
not at a hold point, the chaser is commanded to wait for the V-bar crossing closest to the target 
and perform a maneuver to put the chaser in a hold point trajectory. This is a variation on the sec-
ond point. Fifth, when the chaser is located at the last hold point in the list, a two-point transfer 
maneuver is commanded to bring the chaser to the terminal approach point (TAP). At this point, 
the short-range impulsive guidance mode ends, and forced motion begins. 
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Figure 4. Short-range guidance strategy diagram 

Table 2 lists the decision criteria for the short-range rendezvous phase. The first criterion 
“close to V-BAR crossing” determines when the chaser is close to crossing V-bar and as such 
provides the cue to prepare the maneuver to enter into a hold point. The “Close to TAP” condition 
becomes relevant only when the chaser is performing the transfer to the terminal approach point. 
These two conditions are examples of the dependence of the guidance decision on the current 
maneuver in progress. All subsequent conditions apply more directly to a situation where the 
guidance is not currently executing any maneuver. The TAP condition provides the end condition 
for the short-range guidance phase. This condition is given a high priority, since the guidance 
would not have to provide any further impulsive maneuvers if the chaser is already at the terminal 
approach point. The drift condition leads to the third situation identified in figure 4. During the 
short-range phase, drift is considered undesirable, so this condition is given a high priority. As 
soon as drift is detected, the guidance will try to correct it. Next, is the criterion that checks 
whether the chaser is in a hold point. If it is not, the guidance commands a maneuver to enter into 
a hold point at the next V-bar crossing. This sequence of commands is associated with the situa-
tions labeled 3 and 4 in figure 4. The V-bar crossing maneuver is the same type of maneuver 
commanded at the end of a periodic hop maneuver. If the chaser is in a hold point, the guidance 
uses the out-of-plane motion criterion to determine whether to control the out-of-plane motion, or 
to perform a periodic hop to the next hold point in the list. Finally, if the chaser is in a hold point 
on V-bar sufficiently close to the last hold point, and no out-of-plane motion is present, the ma-
neuver to the terminal approach point is commanded. 

Table 2. Short-range phase criteria. 

Criterion Values 

Close to VBAR crossing yes no 

Close to TAP yes no 

TAP yes no 

Drift yes no 

Hold point yes no 

Out-of-plane motion yes no 

Sufficiently close to last hold point yes no 
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Guidance architecture 

The guidance function (that is, the maneuver algorithms and higher-level guidance strategy) 
has been implemented within a broader real-time simulation framework that incorporates other 
on-board functions such as navigation and control, and mission management, as well as a detailed 
real-world model. Within this framework, the guidance function is under the control of a mission 
manager function, that manages the overall mission plan. The mission manager commands, for 
example, the transition between long-range rendezvous and short-range rendezvous. The real-
world model includes sensor and actuator models, and detailed perturbations and actuators mod-
els. 

The interaction between the guidance and the navigation has been largely omitted from this 
paper, although it is a very important aspect of the design of the guidance function. The naviga-
tion accuracy necesitates the inclusion of correction maneuvers, but also of margins in each of the 
switching criteria. In addition, the reference orbit of the target that is provided by the navigation 
needs to be replaced by a Keplerian orbit, because the state transition matrix depends on the va-
lidity of Kepler’s equation. None of these aspects are treated in the present paper in any level of 
detail. It should be kept in mind that all the diagrams that follow are simplified specifically with 
regards to this influence of the navigation. 

The guidance function itself has been split into a guidance manager and a guidance library. 
Figure 5 shows the high-level layout of the guidance function. The guidance library contains all 
the algorithms for calculating maneuvers (their required ΔV and transfer angle), while the guid-
ance manager contains the decision algorithms needed for the rendezvous strategy. The guidance 
manager itself contains two major sub-functions, the state prediction and the algorithm scheduler. 
The state prediction provides the correct input for the computation of maneuvers, such as the time 
at which a maneuver should start, the desired final state, estimates of the burn durations and any 
other parameters that may be required in the maneuver computation. The algorithm scheduler 
implements the guidance strategies described in the preceding section. The state assessment 
evaluates the criteria listed in table 1 and table 2. The maneuver type decision establishes which 
maneuver should be applied, and what the goal of the maneuver should be, based on the values of 
this evaluation of the criteria. 

Guidance Library
•Maneuver computation

•Reference trajectory 
computation

state,
reference orbit

timed ΔV’s,
reference trajectory

maneuver type, timing, 
initial conditions, ...

Guidance Manager

Algorithm Scheduler
•State assessment

•Maneuver type decision

State Prediction
•State prediction

•Maneuver Preparation

Guidance Library
•Maneuver computation

•Reference trajectory 
computation

state,
reference orbit

timed ΔV’s,
reference trajectory

maneuver type, timing, 
initial conditions, ...

Guidance Manager

Algorithm Scheduler
•State assessment

•Maneuver type decision

State Prediction
•State prediction

•Maneuver Preparation

 

Figure 5. Simplified architecture of the guidance function 

The state prediction keeps track of the maneuvers by following the scheme outlined in 
figure 6. A complete maneuver consists of a set of two (or, in some cases one) ΔV’s plus their 
associated times of application. The application times are referenced to a time t0, which is reset 
whenever a new maneuver is required. The ΔV’s themselves are characterized by two moments in 
time, the start of the burn, t’1 or t’2, and the center of the burn t1 or t2, which is the time at which 
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an impulsive ΔV should be applied. Three reference trajectories are established (this definition 
also holds for the reference trajectory generation in the guidance library): the first is the trajectory 
before the application of any maneuvers that is referenced to t0 and that is valid between t0 and t’1. 
The second is the trajectory that is valid between the end of the first ΔV and the start of the sec-
ond ΔV, and that is referenced to time t1. Finally, the third reference trajectory is valid after the 
end of the second ΔV and is referenced to the center of the second burn, t2. The reference trajec-
tory between the first and second ΔV is used to determine the need for correction maneuvers. 

reference x, Δα , orbit referenced to t1 becomes valid

ΔV1 ΔV2

t1 t2t’2t’1
t0 t

current time

reference x, Δα , orbit referenced to t1 becomes valid

ΔV1 ΔV2

t1 t2t’2t’1
t0 t

current time

reference x, Δα , orbit referenced to t1 becomes valid

ΔV1 ΔV2

t1 t2t’2t’1
t0 t

current time

 

Figure 6. Definition of maneuvers within the guidance manager  

The algorithm scheduler contains a module that drives the guidance manager. When a new 
maneuver is commanded (by the mission manager), the algorithm scheduler starts the process 
depicted in figure 7. 

Algorithm Scheduler

evaluate state & decide

prepare maneuver inputs

send to library

wait for ΔV 1

wait for ΔV 2

end

new maneuver

Algorithm Scheduler

evaluate state & decide

prepare maneuver inputs

send to library

wait for ΔV 1

wait for ΔV 2

end

new maneuver

command state prediction

command library

 

Figure 7. Simplified maneuver planning in the guidance manager 

The first step is to evaluate the criteria, and to select the appropriate maneuver type and objec-
tive. This information is passed to the state prediction, and the maneuver is prepared . The state 
prediction now prepares the required inputs for the maneuver algorithms, such as, for example, 
the state vector at the start and end of the maneuver. In the next step, the maneuver inputs are 
passed to the library, and the library computes the appropriate ΔV’s and transfer angles. Now the 
algorithm scheduler waits until the first maneuver is applied, and returns to evaluating the ma-
neuver selection criteria. At this point, the algorithm scheduler mainly checks whether a correc-
tion maneuver is required, by comparing the current state vector with the reference state vector. If 
a correction maneuver is required, it is treated in the same way as a regular maneuver. Otherwise, 
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the algorithm scheduler waits for the application of the second maneuver, and the process can 
start again. 

SIMULATIONS 

An extensive simulation campaign has been carried out for rendezvous in circular and ellipti-
cal orbits, around both Earth and Mars. The model mission for the Martian rendezvous is the 
Mars Sample Return. The target spacecraft is assumed to be a spherical container studded with 
LIDAR retro-reflectors and an RF beacon. The chaser spacecraft is equipped with an RF sensor, a 
narrow-angle camera and a LIDAR. Here, one of the simulations for the elliptic rendezvous case 
will be discussed. Table 3 shows the orbital elements of the target orbit. 

Table 3. Orbital elements for MSR elliptic scenario. 

Orbital element Value 

Semi-major axis 4643 km 

Eccentricity 0.2044 

Inclination 115° 

RAAN 323.4° 

Argument of perigee 0° 

True anomaly 0° 

 

The rendezvous scenario is defined as follows. The chaser spacecraft waits in an orbit below 
the intended target orbit, defined by the parameters given in table 4. The target spacecraft is 
launched into orbit, and the chaser spacecraft starts searching for the target. After detecting the 
targets RF beacon, the chaser starts scanning the region of the sky where the signal has been de-
tected. Once both the RF system and the camera have acquired the target and the navigation filter 
has converged, the guidance is activated. From that point on, the guidance function performs the 
strategy outlined in the sections above. 

Table 4. Initial orbital elements differences for MSR elliptic scenario. 

Orbital element difference Value 

Semi-major axis -50 km 

Eccentricity 0.003 

Inclination 0.3° 

RAAN 0.3° 

Argument of perigee 0.3° 

True anomaly -8° 

 

Figure 8 shows the results of the simulation for this particular case. At a distance of about 80 
km behind the target and 50 km below the target, the navigation converges and the guidance 
function is engaged. The first maneuver is a cotangential maneuver to a low drift orbit that ends at 
about 90 km in front of the target. The drift orbit is a co-elliptic orbit with a semi-major axis dif-

 14



ference of 10 km. Next, the chaser performs a cotangential transfer to the high drift orbit and 
starts drifting backwards towards the target. At a distance of about 60 km, the chaser initiates a 
cotangential transfer to V-bar. At that point, the out-of-plane motion is corrected (in the lower 
half of the figure) and the long-range phase ends. 

 

Figure 8. Simulated MSR eccentric orbit rendezvous trajectory 

The short-range phase starts at around 40 km from the target. The hold points are located at 50 
km, 20 km, 10 km, 5 km, 2 km, 1 km, 500 m, and 200 m. Figure 9 shows a close-up of the close-
range rendezvous phase up to capture. The four hold points shown in the figure are located at 
2000 meters, 1000 meters, 500 meters and 200 meters, while the terminal approach point is lo-
cated at +100 meters on the x-axis. Correction maneuvers are visible where a jump occurs in the 
reference trajectory. At these points, the reference trajectory is reset to the estimated trajectory. 
At the 2 km hold point, the chaser performs a correction of the out-of-plane motion. The rest of 
the hop maneuvers show a number of correction maneuvers, but are otherwise uneventful. The 
rendezvous is completed successfully. 
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Figure 9. Simulated MSR short-range eccentric orbit rendezvous trajectory 

Figure 10 shows a rendezvous trajectory for rendezvous in a circular orbit. In this case, the 
reference orbit is a 500 km altitude circular orbit, with the same orientation as the orbit listed in 
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table 3. Here, the rendezvous trajectory displays the general pattern that is present in the elliptic 
scenario: an initial transfer to a low drift orbit, followed by a transfer to the high drift orbit. In this 
case, both the initial cotangential transfer and the drift segment towards the target are substan-
tially longer. At About 50 km distance in front of the target, the chaser transfers to V-bar and per-
forms the hopping towards the target. 

 

Figure 10. Simulated MSR circular orbit rendezvous trajectory 

Many such simulations have been carried out for a broad range of initial conditions, and a 
broad range of mission parameters (e.g., sensor noise & bias). In all cases, the guidance function 
has provided the correct rendezvous strategy and rendezvous has successfully been completed. 
Figure 11 provides an example of the robustness of the rendezvous algorithms to uncertainties in 
the navigation. These uncertainties are the result of unknown bias and noise in the sensors, and 
errors in the actuators. 

 

Figure 11. MSR elliptic orbit rendezvous trajectory with varying navigation performance 
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Similar simulations have been carried out for the variation of initial conditions, and the char-
acteristics of the control system, and all these simulations have been carried out both for circular 
and elliptical scenarios. In all these cases, the guidance has correctly (and autonomously) pro-
vided the correct sequence of maneuvers and the correct reference trajectory. 

CONCLUSION 

This paper has outlined the development of the guidance function for a detailed rendezvous 
simulator that can handle rendezvous in both circular and elliptic orbits with a high degree of 
autonomy. To achieve this goal a comprehensive rendezvous strategy has been developed that 
consists of a long-range and a short-range phase. The cotangential transfer is the key maneuver 
for the long-range phase, while the periodic hop maneuver is the most important maneuver for the 
short-range phase. The algorithms for both maneuvers plus other basic trajectory elements and 
algorithms have been described, and each of these building blocks has been fitted into the overall 
rendezvous strategy. It has been explained how the overall strategy has been implemented 
through a discussion of the architecture of the guidance function. Finally, a brief discussion of the 
results of simulations carried out with the full simulator has shown that the guidance function is 
capable of generating a rendezvous profile that leads to successful capture of the target space-
craft. 

APPENDIX: STATE TRANSITION MATRIX COMPONENTS 

This section describes the state transition matrix factored in terms of Keplerian orbital element 
differences. The matrix that transforms the differences in orbital elements to a Cartesian state 
vector is formed by six column vectors, each associated with one of the orbital elements. 

 [ ]ϑω bbbbbbB Ω= iea (26)

The column vectors associated with the orbital elements are given by: 
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The inverse of this matrix relates the Cartesian state vector to differences in orbital elements. 
In this case, each of the rows of the matrix is associated with one of the orbital elements. 

 [ ]Tiea
1111111 −−−

Ω
−−−− = ϑω bbbbbbB (28)

The row vectors of this matrix are given by: 
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(29)

Since the orbit is Keplerian, all of the orbital elements differences are constant, except for the 
true anomaly. The matrix of partial derivatives of the orbital element differences, or orbital ele-
ment transition matrix is given by: 
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The partial derivatives appearing in this matrix that are not zero or one are the partial deriva-
tives to the semi-major axis, the eccentricity and the true anomaly. 
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