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trajectory design considerations for lunar surface to Near rectilinear halo orbit REndezvous
Christopher W. Foster,
 Peter M. Brandt,* Marielle M. Pellegrino,* Cesar A. Ocampo,* and David Strack

NASA’s Artemis program plans to use a 9:2 resonant southward Near-Rectilinear Halo Orbit (NRHO) at the Earth-Moon’s L2 libration point to stage assets for a sustained lunar exploration campaign. This architecture includes the use of the Gateway space station positioned in this orbit. While the proximity operations in the NRHO are similar to field-free space dynamics, the far-field rendezvous aspect of the problem is more complicated. We analyze the key drivers of the ΔV performance of the far-field rendezvous problem from low lunar orbit to the Gateway. We find that lunar latitudinal libration is an driving factor to ΔV performance for surface ascent missions that rendezvous with the NRHO, and that transfer time from low lunar orbit to NRHO affects more aspects of the geometry and performance than expected from rendezvous in Keplerian orbits.
Introduction

Rendezvous with a spacecraft in a Near-Rectilinear Halo Orbit (NRHO) has never been performed, but it is a crucial operational phase of the Artemis architecture
 and is a topic that has been under study for several years. Studies have looked at such topics as: the performance of using Lambert targeting for transfers to specified points on the NRHO, trajectory corrections along a given transfer trajectory,
 designing passively and actively safe transfers,
 and maneuvers while in proximity with the target vehicle.
, 

This study starts with characterizing the error buildup of the target spacecraft loitering in the NRHO. The accumulated position and velocity dispersion for a sample rendezvous scenario and disturbance model will be examined.
Turning attention to the chaser spacecraft, previous studies have examined transfers that utilize stable manifolds and long transfer times
. This approach shows promise for robotic or uncrewed spacecraft, but having a crew on board will reduce the allowable time to accomplish the rendezvous and docking. The transfer times examined in this study are intended to enable an NRHO departure on the same NRHO revolution as an ascent from the lunar surface. 
Understanding the sensitivities of the rendezvous problem facilitates the allocation of vehicle-specific design parameters to obtain the desired performance for specific missions. With this knowledge, missions that result in shorter surface stays or higher delta-velocity (ΔV) requirements can be mitigated or avoided.  To understand the sensitivities of this rendezvous problem, a trade study was performed to learn how the variation of different parameters affect the ΔV required to perform the rendezvous or the geometry of the final approach to the NRHO vicinity.

Finally, this paper will call attention to some attributes encountered during this study where rendezvous in NRHO differs from the expectation if the rendezvous were occurring with a similarly sized Keplerian ellipse. 

Methodology

The dynamic environment of the target vehicle in the NRHO will be characterized, including sensitivity to perturbations and the rate of accumulation of error with respect to a reference NRHO.
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Figure 1. Diagram of LLO and NRHO visualized in Earth-Moon rotating frame. 

A series of parameter scans and trade studies were performed using the Copernicus trajectory optimization program.
 All trajectories were constructed using an ephemeris model, point mass vehicle, and impulsive ΔV’s.  The initial condition for the rendezvous was a chaser spacecraft in a low lunar orbit (LLO) and the target spacecraft loitering in an NRHO.  The orientation of the LLO was allowed to vary so long as it directly overflew the south pole at initial perilune. The NRHO trajectory was modeled using an ephemeris of the Gateway trajectory, which is a southward NRHO which was calculated to avoid eclipses and orbits in the NRHO 9 times for every 2 lunar synodic periods.
 The final condition of the rendezvous is the two spacecraft sharing the same point as the NRHO ephemeris, but the results in this paper are applicable for fixed offsets from the NRHO ephemeris point (provided the offset is on the order of tens of kilometers or less).  With these two boundary conditions, and with the initial and final times allowed to vary, a two-burn rendezvous transfer was optimized with ΔV as a cost function. The two burns in the transfer are an LLO departure burn and an NRHO insertion burn. An epoch scan was performed to compute the optimized rendezvous trajectories for every revolution of the target vehicle in the NRHO in a calendar year.
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Figure 2. Sun-LVLH Reference Frame Definition 
It is convenient to visualize a rendezvous trajectory in a relative frame. In keeping with published international standards, the relative frame chosen for visualization in this paper is a sun-referenced local vertical-local horizontal (Sun-LVLH) frame
 centered on the NRHO ephemeris point. As shown in Figure 2, the z-axis points towards the center of the sun, the y-axis points in the negative heliocentric angular velocity direction, and the x-axis completes the right-handed set, pointing primarily in the direction of the vehicle’s heliocentric velocity.
TARGET State vehicle error
This section examines the position and velocity delivery dispersions of a crewed Gateway station to the planned rendezvous point in NRHO.

For this analysis, the scenario will begin the simulation at the predict data cutoff of the final orbit determination pass around 8-9 hours prior to perilune, and errors will be propagated through perilune and out to the rendezvous time, which, according to a published Human Landing System concept of operations, is twelve hours after departing LLO.
 The total period of propagation from the start of the scenario to rendezvous is around 21 hours.  A Monte Carlo analysis was performed to estimate the mean position/velocity dispersions and standard deviation at rendezvous.
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Figure 3. Gateway modeled disturbance events

As noted in a prior paper on Gateway performance,
 every six hours, there is a burn of the Gateway reaction control system engines to desaturate the momentum wheels, resulting in a small residual ΔV, 3.33 mm/s, assumed to be produced in a random direction. In addition, three desaturation burns are expected as the vehicle passes through perilune to counter the gravitational gradient torque on the vehicle. All desaturation residual events are shown in lavender on Figure 3. Four wastewater dumps events were modeled as fixed-direction, variable-magnitude ΔV’s with a magnitude of ~2.5 mm/s (shown in red on Figure 3). Finally, a CO2 vent disturbance of ~0.4 mm/s every 10 minutes modeled as a continuous finite burn during all coast segments. Magnitudes of all disturbances were varied in the Monte Carlo by 30% (1-sigma). Solar radiation pressure was also modeled with an uncertainty of 30% (1-sigma). 
A single truth model was propagated which did not exhibit uncertainty in any of the parameters, and both the truth model and the perturbed model were propagated using an 8x8 spherical harmonic gravity model for the moon and point mass models for Earth and Sun. Five hundred Monte Carlo trials were run with the above uncertainties. The timings of the dumps and desaturations was kept constant for this study. Using these assumptions, Copernicus was used to perform a Monte Carlo analysis of the target vehicle trajectory to the rendezvous point. 

Table 1. Gateway rendezvous position and velocity dispersion for 2 assumptions of navigation error

	Assumed Position/Velocity Navigation Error
	Mean Position Dispersion (standard deviation)
	Mean Velocity Dispersion (standard deviation)

	10 km / 1 cm/s
	22 km (12.5 km)
	28 cm/s (17 cm/s)

	1 km / 3 mm/s
	2.3 km (1.3 km)
	3 cm/s (2 cm/s)


To gauge how the above error sources compare to the navigation error, two Monte Carlo sets were run with different assumptions for navigation accuracy at the scenario start point. Table 1 shows the resulting position and velocity dispersions at the rendezvous point resulting from these two assumption sets. For this analysis, it is evident that the contribution of the environmental disturbances is less than the navigation error.  This is certainly a simplified look at the dispersions of the Gateway in the NRHO but is intended as a general characterization of the scale of the dispersions resulting from the modeled events compared to the initial error at the predict data cutoff.
Variability in Optimal Transfers

Relationship between Earth-Moon Geometry and ΔV Optimal Transfer
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	Figure 4. Optimal Transfers from LLO to NRHO for Each Revolution in a Calendar Year. Plotted in Earth-Moon rotating frame. Left: From a view looking toward Earth. Right: Zoomed in on the LLO departure burns over the lunar north pole (assuming ascent from a south pole landing site)


Varying the epoch revealed some characteristics of the optimal transfer for each NRHO revolution. Figure 4 shows the optimal transfer trajectory for each revolution the NRHO makes in a calendar year, where the trajectory is color-coded based on ΔV cost (green requires less ΔV, blue requires more). 
The left side of Figure 4 shows that the trajectories do not meet the NRHO at the same point. The optimal transfers vary in location and minimum ΔV depending on the time of year of the NRHO revolution with longer transfer times requiring less ΔV than the optimal solutions with shorter transfer times. The right side of Figure 4 shows the beginning point of the transfer (i.e. the lunar orbit departure burn that occurs roughly over the lunar north pole).  The spread in directions of the beginning of the transfer is due to the variation in the orientation of the LLO that directly overflies the landing site. The trend in the color scale shows that that in addition to where the transfer meets the NRHO, the optimal orientation of the LLO changes depending on the epoch.
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Figure 5. Left: Definition of inclination in Earth-Moon rotating frame. Right LLO inclination in the Earth-Moon rotating frame compared to the Moon’s libration for two polar landing sites.

 The orientation of the LLO is chosen by the optimizer. The primary driver for the inclination of the LLO is the landing site location. Because of the libration of the Moon, this inclination isn’t the same in the two-body rotating frame for every epoch and, more importantly, varies with respect to the NRHO for every epoch. These plots were shown for a landing site directly at the south pole. Figure 5 shows how the inclination of the LLO varies for two additional sites in comparison to the libration for a given epoch. The Moon’s libration is characterized by the angle between the North Pole of the Moon and the angular momentum of the Earth-Moon rotating frame whose origin is at the Moon’s center. The Malapert landing site has a latitude of 86 degrees South and the Spudis Ridge location has a latitude of 89.5 degrees South. 

The figure shows that there is a direct relationship between the inclination of LLO in the two-body frame and the Moon’s libration. There is a fixed offset depending on the latitude of the landing site, as the offset between the two ellipses of Malapert and Spudis Ridge shows. 
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Figure 6. Earth-Moon Distance compared to impulsive burn costs
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Figure 7. Lunar libration compared to impulsive burn costs

Although, from Figure 4, it can be seen inclination may be a driver of the transfer problem for each of the differing epochs, there is another factor that is directly correlated to the cost variance of the trajectories: the Earth’s distance. Figure 6 shows that the range of ΔVs for the two-burn transfer are also correlated to the Earth-Moon distance. Figure 7 shows the correlation between ΔV and Moon’s libration. 
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Figure 8. Earth-Moon distance compared to optimal transfer cost for varying LLO inclinations in the two-body frame 

Both the Earth-Moon distance and lunar libration correlate to the costs of the optimal transfers. To study the effects separately, we will separate the transfer from its landing site and instead define its inclination in the two-body rotating frame. This removes the effects due to libration on the varying epoch as the LLO is no longer tied to a position on the Moon and is only defined in the two-body frame. Figure 8 shows how the costs vary for the optimal transfers with LLO defined in the two-body frame. The NRHO is at about a 95 degree inclination in the two-body rotating frame and the south pole sites optimize to inclinations that vary from about 80 degrees to 97 degrees in the two-body rotating frame with higher inclinations correlating to a smaller libration angle (Figure 5).  If libration is the sole cause for the optimal ΔV variation, there should be no trends for each of the inclinations over an epoch.

    The effects due to Earth-Moon distance can still be seen when the LLO is defined in the two-body rotating frame. However, the variation changes in magnitude depending on the inclination, with higher inclinations having lower slope trend lines and lower inclinations having a higher slope and more differentiable trend lines in their distribution. Therefore, the trajectories are more sensitive to Earth-Moon distance depending on the inclination in the two-body rotating frame. The trends explicitly due to the libration can be observed in this plot as well (libration is shown in the figure as the inclination in the two-body rotating frame). The lower the inclination in the two-body rotating frame the more costly the transfer over each epoch. This is shown by how the inclinations’ distributions lay similar to levels in Figure 7 with the inclination closest to the NRHO’s inclination (96 degrees in the plot) bucking the trend. 
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Figure 9. Earth-Moon distance compared to impulsive burn costs
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Figure 10. Lunar libration compared to impulsive burn costs

   Scanning over a different range of epochs, we can study a case when the libration and Earth-Moon distance are correlated opposite to the cases above.  Figure 9 shows that the variation due to libration and Earth-Moon distance. Although there is a relationship to Earth Moon distance and the impulsive burn maneuver, there is no clear direct or indirect relationship. These plots show that libration is likely the major contributor to the variation in the costs for the optimal trajectories.   

Lunar Orbit Departure Timing of ΔV Optimal Transfers
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Figure 11. Relationship between lunar orbit departure time (shown as days from reference NRHO perilune) and the transfer coast time

Having examined the ΔV impacts of the epoch scan, let us now examine the timeline impacts of the variability in the optimal transfer. Since the end point of the transfer is rendezvousing with an ephemeris, the timeline impact of NRHO insertion can be clearly seen by where on the NRHO ellipse the trajectory arrives on the left side of Figure 4. However, since the LLO alignment and timing were set to be optimization variables, some scrutiny of the LLO timing is required. One might predict that the longer trajectories would leave lunar orbit earlier than their shorter counterparts, but the results show that the pattern is actually the opposite: longer coasts leave the Moon at later times shown in Figure 11.

This relationship exists because the vehicle leaving the Moon’s surface is moving at a faster rate than the target vehicle on the NRHO. Therefore, for longer coasts, the transfer vehicle has more time to wait to meet the target vehicle. The bulk of the epochs resulted in lunar orbit departures within a couple hours of the most recent NRHO perilune (time 0 in Figure 11) while some of the longer trajectories could wait almost a half a day after NRHO perilune before departing the LLO. The rate of increase in coast time with respect to LLO departure time decreases exponentially. A mission designer could buy more time on the lunar surface or in lunar orbit by extending the length of the transfer to NRHO. 

Performance Impact of Shortening Transfer Time from the ΔV Optimal Solution

[image: image15.png]



Figure 12. NRHO arrival (green) and departure (red) trajectories for fast transfers from Earth 

Operational considerations may place constraints on the timeline of the rendezvous. Figure 12 shows where on the NRHO trajectories to and from Earth occur. Comparing this figure to the range of optimal transfers from Figure 4, it if a rendezvous in NRHO needs to occur before a return to Earth, the timeline must be constrained to allow for any critical operations to occur before the departure window. The study that follows examines the ΔV performance impact of constraining the transfer time from its natural optimal value.
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Figure 13. Incremental cost of shortening transfer time from optimal transfer to 12 hours 

Given the wide range of transfer times that represent the optimal solution for each revolution of the NRHO, the incremental cost to shorten the transfer time will depend on the epoch. Figure 13 shows the additional ΔV required to shorten the transfer time from whatever the optimal value is for that epoch to a fixed 12-hour time (as in Reference 10). On the right side of the plot, a few data points are stacked due to the fact that the transfer time was constrained to be less than or equal to 5 days (to allow for an NRHO departure, if so desired, on that revolution). The marginal cost increases as the optimal transfer time increase, but the rate of growth decreases exponentially. 
If the timeline constraints cannot be removed completely, there could still be relief available by shortening the transfer time from the optimal, but perhaps not all the way to 12-hour value above. In the following scan, several fixed lengths for the transfer time were set, and an epoch scan for every NRHO revolution in a year was performed. 
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Figure 14. Relationship between transfer time and cost of the two-burn transfer with error bars for the standard deviation

Figure 14 shows that short transfer times will result in higher energy transfers, on average. However, this trend reduces exponentially as transfer time lengthens, so that transfers with time 32 hours or longer have similar average costs. Although the averages are similar for the longer transfer times, the standard deviations show some variation. The longer transfers have larger distributions in ΔV costs. After twelve hours, the average cost of the two-burn transfer is within a standard deviation of the other distributions.

Geometry of Approach to NRHO Insertion
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Figure 15. Final Portion of Fixed Transfer Time Approaches to NRHO Insertion. Plotted in NRHO-ephemeris-centered, sun-referenced local vertical-local horizontal frame.

To assess the approach geometry prior to insertion in the NRHO and the proximity operations that follow,
 a fixed transfer time was chosen, and the trajectory was solved over every NRHO revolution in a calendar year. Figure 15 shows that the approaches to NRHO are bounded by a cone shape when plotted in the Sun-LVLH frame. As more scans with various fixed transfer times were completed, it became clear that there is a relationship between the angle of this cone and the length of the transfer time.
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Figure 16. Relationship between Transfer Time and NRHO Insertion Approach Angle

To explore this relationship, scans were run for the same dates for a set of fixed transfer times from LLO to NRHO. Figure 16 shows the approach angle (defined the angle the incoming approach makes with respect to the Sun-LVLH y-axis) vs transfer time, both plotted on a linear scale. There is indeed a relationship between the transfer time and the approach angle to NRHO insertion. If collision safety or lighting purposes dictate narrowing the approach angle, altering the transfer time is one method of exercising mission design to satisfy operational constraints.

Differences from Keplerian Rendezvous

When visualized in the earth-moon rotating frame, the NRHO appears elliptical, and consequently, it can be tempting to apply intuition from Keplerian orbits to the rendezvous problem. However, results of parameter scans have shown that this intuition can be misleading.
[image: image20.png]0.70725

0.70720

— 0.70715

DV (kmy/s:

0.70710

0.70705

0.70700





Figure 17. Distribution of ΔV for transfers to a 10 km offset from reference NRHO in any direction
 For example, when aligning with the Sun-LVLH frame, the sun vector will sometimes require an approach from outside the ellipse of the NRHO. The expectation from a Keplerian orbit is that this would require a noticeable penalty to “cross the altitude” of the orbit, but the scans reveal that aligning for this approach can be done anywhere from little penalty to a net benefit in ΔV. Figure 17 shows the distribution for a 12-hour transfer from the LLO to an offset from the reference NRHO point. This offset is held constant at 10 km, but the direction of the offset is varied over a sphere.  The variation in ΔV for all of these offsets is at the sub-meter-per-second level, whereas the expectation from a Keplerian orbit transfer would be that offsets in altitude would be considerably more expensive than offsets in downrange. 

In fact, sometimes, the optimal solution is to approach from the outside of the NRHO orbit.  An example optimal transfer to rendezvous with the NRHO ephemeris 3 hours after the perilune was computed, and Figure 18 shows the transfer crossing the NRHO’s trajectory in the Earth-Moon rotating frame, a result that would be quite unexpected if the target orbit were a true Keplerian ellipse of the same dimensions. 

[image: image21.png]



Figure 18. Example of an optimal transfer that crosses the local altitude of the NRHO

Another non-intuitive difference stems from a combination of the ~6.5 day orbital period and the fact that the NRHO plane rotates with respect to an inertial frame. These attributes limit the duration of opportunity to rendezvous with a target vehicle, meaning that aborted missions will either have to wait for a nominal rendezvous opportunity or pay a heavy ΔV penalty to perform a plane change. If this penalty is impractical for the spacecraft, aborts will look a lot like a nominal trajectory, and thus the ΔV required to abort can be designed to be less than the nominal. The ability to make the nominal mission the stressing case reduces the workload to iterate on the mission impact of vehicle design changes.
A consideration that is more focused on vehicle systems and operations than mission design is that the ~6.5 day period imposes mission design challenges that put more stress on other systems for a crewed vehicle. For example, on each revolution of the NRHO, there is a departure window for trajectories that return to earth soonest. If an emergency were to occur after passing the departure window, a crewed vehicle would have to provide survivability until the next departure window plus the duration of the return transfer to Earth. This long survivability interval would impose requirements on the consumables and crew health/support systems of the spacecraft and spacesuits.  Even if a ΔV penalty is taken for a slightly faster rendezvous, the return to earth is impacted by the 6.5 day increment and would need to wait for the optimal location, unless a ΔV penalty is also accepted by the earth returning vehicle for an early return.

These challenges are greater than those imposed for crewed missions to low Earth, lunar free return, or low lunar orbits. Thus, crewed rendezvous mission designers may want to ensure there is enough timeline margin to reduce the likelihood of a missed Earth departure, even in the case of off-nominal missions.
CONCLUSION
With rendezvous being a key piece of lunar exploration infrastructures currently under design, this paper has examined some key relationships and sensitivities in a time-limited rendezvous problem from the lunar surface to NRHO. 

The disturbance and error analysis of the target spacecraft shows a rule of thumb for one set of assumptions about vehicle disturbances is that position dispersion after about a day will be around double the navigation error. 
The variability in the optimal rendezvous transfer shows that two correlated factors are at play (1) the alignment between the initial and final orbits, driven by the libration of the moon; and (2) the Earth-Moon distance at the time of the rendezvous. For a surface ascent mission, where the initial orbit flies over the launch site, there is little that a designer can do (other than ascent date selection) to avoid paying a ΔV penalty if the transfer time must be constrained due to operational considerations. 
The fixed transfer time study shows the performance impact of constraining the rendezvous to meet vehicle timeline requirements. Longer transfers exhibit better performance, but there is a point of diminishing returns where designing for a longer transfer shows only marginal improvement over somewhat shrorter transfers.

The approach angle geometry study shows that varying the transfer time is one tool available to a designer to influence the variation in solar geometry for the approach to NRHO vicinity.  If a tighter approach cone is desired, it can be done by executing a shorter transfer time. If ΔV limitations make a shorter transfer time undesirable, constraints on the geometry must be added, and the ΔV impact of those constraints must be studied. 
In addition to the above factors, more differences between rendezvous in NRHO and Keplerian orbits were discussed. While this paper explored some of these characteristics, it is evident that there is more opportunity for discovery when planning missions and operating in the NRHO environment. 
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