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STATIONKEEPING, ORBIT DETERMINATION, AND ATTITUDE 
CONTROL FOR SPACECRA FT IN NEAR RECTILINEAR HALO 

ORBITS 

Clark P . Newman ,* Diane C. Davis ,�� Ryan J. Whitley ,�` Joseph R. Guinn ,§ and 
Mark S. Ryne ** 

�)�U�R�P���D���1�H�D�U���5�H�F�W�L�O�L�Q�H�D�U���+�D�O�R���2�U�E�L�W�����1�5�+�2�������1�$�6�$�¶�V���*�D�W�H�Z�D�\���D�W��the Moon is 
planned to serve as a proving ground and a staging location for human missions 
beyond Earth. Stationkeeping, Orbit Determination (OD), and attitude control 
are examined for uncrewed and crewed Gateway configurations. Orbit mainte-
nance costs are investigated using finite maneuvers, considering skipped ma-
neuvers and perturbations. OD analysis assesses DSN tracking and identifies 
OD challenges associated with the NRHO and crewed operations. The Gateway 
attitude profile is simulated to determine an effective equilibrium attitude. Atti-
tude control propellant use and sizing of the required passive attitude control 
system are assessed.  

INTRODUCTION  
 �1�$�6�$�¶�V�� �S�U�R�S�R�V�H�G�� �*�D�W�H�Z�D�\�� �Q�H�D�U�� �W�K�H�� �0�R�R�Q is planned as part of an evolutionary staging into deep 

space crewed missions. The Gateway is designed as a proving ground for deep space technologies and a 
staging ground to facilitate missions to low lunar orbit and the lunar surface as well as to asteroids and 
Mars. The Gateway is envisioned as a crew-tended spacecraft that will operate in both crewed and un-
crewed environments, built up in stages over time. Gateway components may arrive as co-manifested pay-
loads with the Orion spacecraft or they may be launched individually. 

To support Gateway goals, a cislunar Near Rectilinear Halo Orbit (NRHO) 1 is currently baselined as 
the Gateway trajectory. The four NRHO families are subsets of the larger halo families and are character-
ized by bounded stability properties. The baseline NRHO is an L2 southern halo in a 9:2 resonance with the 
lunar synodic period. The orbit passes through perilune over the north lunar pole approximately every 6.5 
days with a close approach radius of about 3,200 km and an apolune radius of approximately 70,000 km. 
While the target NRHO exhibits nearly stable characteristics, an uncontrolled spacecraft in the NRHO will 
eventually depart the vicinity of the Moon. Small orbit maintenance maneuvers (OMM) are required to 
ensure long-term operations in the NRHO, and the cost of the OMM depends on the quality of the naviga-
tion solution available. Solar pressure and the gravity gradient near perilune effect the spacecraft attitude, 
and moments can be significant, especially on long Gateway stacks. An appropriately sized attitude control 
system is needed to maintain spacecraft attitude. 
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During crewed operations the PPE wheel desaturation frequency increases markedly from once every 
orbit to once every 140 minutes. In addition, venting from the Orion crew element, as documented in 
�’�¶�6�R�X�]�D�� �D�Q�G�� �%�D�U�W�R�Q,10 introduces OD errors as shown in Fig 14. With near-continuous tracking during 
crewed operations, velocity uncertainties from these error sources remain below the desired 10 cm/s (3�V) 
level. 

Crew venting perturbations have the largest effect when the stack is least massive. The venting accelera-
tion errors are directly proportional to the stack mass. For example, the CO2 puff acceleration error in each 
axis for configuration 2 (42 t) is 4.4 x 10-7 m/s2 (1�V). The acceleration uncertainties for the more massive 
stack of configuration 5 (80 t) is 2.3 x 10-7 m/s2 (1�V). 

 
Figure 13. DSN Tracking: 3 Passes/Week (Tailored) 

 

 
Figure 14. DSN Tracking: Continuous During Crewed Operations 
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Given the impact of wheel desaturation errors on the OD, additional sensitivity analysis results are 
shown in Fig 15. For uncrewed operations, three, six-hour DSN passes per week are adequate to maintain 
the OD knowledge to better than 10 cm/s (3�V) more than 90% of the time. When crew elements are includ-
ed, the tracking requirements increase to nearly continuous. 

+ 

   
Figure 15. Sensitivity to Attitude Control Wheel Desaturation Uncertainties 

ATTITUDE CONTROL IN NRHO  
Spacecraft attitude operations are integrated into the Gateway analysis to target attitude profiles that 

minimize SRP torque, to assess CMG or reaction wheel sizing, and to estimate RCS propellant costs. The 
Gateway must maintain a nominal attitude that does not put unnecessary stress on its attitude control sys-
tem. The Gateway must also be able to handle slews to different attitudes at a reasonable rate and without 
overloading the control system or wasting propellant. Previous studies have simulated the spacecraft in 
NRHO as a point mass in a three degree of freedom analysis.1-4 The current investigation expands the 
spacecraft model to include a moment of inertia matrix and 3D surfaces in the spacecraft body frame to 
simulate SRP forces and torques on the spacecraft body. 

Solar Pressure Equilibrium Attitude (SPEA) 
The Gateway is nominally held in a SPEA to prevent angular momentum buildup in the wheelset from 

the uneven distribution of SRP forces. A flat plate model is employed to assess SRP forces, in which the 
panel size, location, and mass properties are defined for each component. A notional example composed of 
the PPE, a habitat, an airlock, and a logistics element appears in Figure 16. The Gateway is assembled from 
the component plates using the parallel axis theorem for combined Gateway mass properties. The solar 
arrays of the PPE and LE are pointed parallel to the body z axis, and they rotate about that axis to present 
their full face normal to sunlight direction. Solar panels and body panels have differing values of specular 
and diffuse coefficients of reflectivity. A differential corrector algorithm is employed to target an attitude 
with zero total torque from SRP. When Orion is docked axially, as in Figure 16a, the differential corrector 
converges to a SPEA at approximately 2�h yaw from direct Orion tail-to-Sun. This is well within the re-
quirement that Orion remain in a tail-to-Sun attitude –20�ö. Conversely, if Orion is docked radially as in 
Figure 16b, the SPEA is 89�h �I�U�R�P�� �2�U�L�R�Q�¶�V�� �W�D�L�O-to-Sun direction. Thus, SPEA cannot be maintained while 
Orion is radially docked; a radial docking configuration results in significant deviations from SPEA and 
significant loading of the momentum management system. 

Pixel-based SRP Force Modeling 
The flat plate model is limited by not considering spacecraft self-shadowing. The complex shape of the 

Gateway, particularly while Orion is attached in a tail-to-sun orientation, results in plates of the flat plate 
model being partially or totally obscured from the Sun by other panels. In the flat plate model, the SRP 
force component is nevertheless included in the SRP force and moment summation. Additionally, as the 
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Figure 18. Yaw angle vs Torque for the flat plate model and pixel model with 0.5m resolution. 

Attitude Control System Sizing and Performance 
The Gateway attitude control system is housed in the PPE and contains a system of reaction wheels or 

CMGs (heretofore denoted �‡�Z�K�H�H�O�Vet�·�������D�Q�G���D���S�U�R�S�X�O�V�L�Y�H���V�\�V�W�H�P���R�I��hydrazine fueled RCS thrusters. A cen-
tral focus of the attitude studies is an investigation into sizing and performance of an attitude control system 
to satisfy Gateway requirements. The sizing and performance study has two goals, 1) to define the smallest 
wheelset that can feasibly handle the requirements of the mission and 2) estimate hydrazine propellant use 
rate for nominal operations of both uncrewed and crewed Gateway configurations.  

A properly sized wheelset must function throughout the Gateway lifetime. The Gateway grows with ad-
ditional components that add mass and angular inertia to the combined system and in turn reduce the com-
mand authority of the wheelset. A candidate wheelset must possess enough momentum storage and torque 
output to slew the Gateway from SPEA to the OMM direction and back within a specified time and without 
saturating the wheelset. As a matter of process, the wheelset is desaturated by command before an executed 
OMM sequence. Any desaturation triggered automatically from system momentum exceeding the maxi-
mum wheelset capacity �L�V�� �F�R�Q�V�L�G�H�U�H�G�� �D�Q�� �‡automatic�·�� �G�H�V�D�W�X�U�D�W�L�R�Q����If the wheelset is inadequately sized, 
automatic desaturations may occur frequently during slew execution (due to a slew rate too fast for the 
wheelset), during perilune passages (due to a gravity gradient too severe for the wheelset), or throughout a 
crewed revolution (due to venting too powerful for the wheelset).  Frequent automatic desaturations in the 
simulation suggest the wheelset cannot handle either the perturbations or the slew speed; it is considered 
too small to feasibly control the Gateway.  

The total wheelset momentum capacity is approximated as a spherical envelope over the body axes with 
a radius 1.633 times the momentum capacity of a single wheel. This approximation assumes four identical 
wheels mounted in an equilateral pyramid.13 Torque capability is parallel to momentum capacity, so the 
available torque in the body frame is also a sphere of radius 1.633 times the torque of a single wheel. For 
example, the baseline reaction wheel is assumed to have a capacity of 250 Nms, so the total momentum 
capacity of a pyramid of four baseline wheels will have a system capacity of 408 Nms. The theoretical 
maximum slew rate of the stack is defined as the slew rate achieved when the wheels are commanded from 
zero momentum to saturation along the axis of rotation of the largest principal moment of inertia. This 
maximum slew rate represents a bound below which the stack can slew to any direction without saturating 
the wheels. Maximum slew rates for three sample wheelsets appear in Table 8 for six gateway configura-
tions. Of course, stacks characterized by larger principal moments of inertia have significantly slower max-
imum slew rates. Assuming each wheelset operates at its theoretical maximum slew rate, the time in 
minutes to slew 180�ö along the largest MOI for each configuration and wheelset pair also appear in Table 8. 
If the goal is to slew in under an hour, the smallest wheelset is only appropriately sized for the smallest 
uncrewed stacks, configurations 1 and 3. The largest wheelset can slew all but the largest crewed configu-
ration 180�ö within about an hour.  

To calculate the propellant use for desaturations during uncrewed operations, configurations 1, 3, 5 and 
7 are each simulated with each wheelset and associated maximum slew rate. In the uncrewed analysis, the 
Gateway orbits in the 9:2 LSR NRHO and performs OMMs at apolune as necessary to maintain orbit. Prior 
to each OMM, the Gateway slews to the maneuver attitude using CMGs/wheels. After the OMM is per-
formed using SEP thrusters, a new SPEA is targeted and the Gateway slews to its new attitude.  Through-
out, errors in attitude, SRP, navigation, and maneuver execution are applied as specified in Table 2. Year-
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long uncrewed simulations are executed in a Monte Carlo process to investigate feasibility and behavior of 
the Gateway in response to different configurations, noise and perturbation values, and attitude control pro-
cesses and events. The simulations track the propellant use for OMMs and momentum desaturations as a 
function of the input control system, gateway configuration, and error values.  

 

Table 8. Maximum slew rates and time to perform a 180 degree slew for various configurations  

Config 

Analysis baseline       
408 Nms 

Honeywell M600     
1328 Nms 

Honeywell M1400    
3099 Nms 

Max rate 
(deg/s) 

Slew time 
(min) 

Max rate 
(deg/s) 

Slew time 
(min) 

Max rate 
(deg/s) 

Slew time 
(min) 

1 0.097 30.8 0.316 9.5 0.732 4.1 
2 0.015 205.3 0.048 63.1 0.111 27 
3 0.057 52.6 0.185 16.2 0.435 6.9 
4 0.010 295.2 0.033 90.7 0.077 38.9 
5 0.003 1193.5 0.008 366.7 0.019 157.1 
6 0.006 487.7 0.020 149.8 0.047 64.2 

 

In Table 9, the number of desaturations per revolution and the associated mean annual hydrazine pro-
pellant used in kg per year for each uncrewed configuration and wheelset is given for 50 Monte Carlo trials 
per case. For configurations 1 and 3, only a single desaturation per revolution is commanded prior to the 
OMM; the solar/gravity torques do not saturate the wheelset during the orbit. As the Gateway stack grows, 
the number of desaturation events per revolution grows significantly and there is a distinct increase in pro-
pellant used per year. This is due to the gravity gradient torques over the periapsis of the Moon repeatedly 
saturating the undersized wheelset and triggering sequential momentum desaturation maneuvers. The 
Gateway stack increases in length and maintains a SPEA that induces significant gravity gradient torques 
near perilune.  

There are several ways to mitigate the excessive propellant use and desaturation rate from gravity gra-
dient torques on larger stacks. One is to adjust the stack attitude, turning away from SPEA during perilune 
passages to an orientation that minimizes the gravity torques; analysis is ongoing. Additionally, the Gate-
way is modular, so reconfiguration to reduce the moment of inertia is another effective option. In configu-
ration 7, the major components are all mounted inline, with only an LE in a radial position, as pictured in 
Figure 19a. If a second module is also mounted radially instead of axially, as in Figure 19b, the total stack 
length is reduced by 8 m and the largest principal moment of inertial is reduced by about 35%. The result-
ing configuration 7b is denoted �W�K�H�� �‡�F�U�R�V�V�� �V�W�D�F�N�·�� �I�R�U�� �L�W�V�� �D�S�S�H�D�U�D�Q�F�H����Results from a one-year simulation 
appear in the final row of Table 9. Though identical in mass to configuration 7, the cross stack requires less 
than half the hydrazine propellent for a year of desaturation events. 

 

Table 9.  Desaturation frequency and mean annual hydrazine use for uncrewed attitude control 

Config 

Analysis baseline       
 408 Nms 

Honeywell M600      
1328 Nms 

Honeywell M1400    
 3099 Nms 

desats 
per rev 

annual hydra-
zine (kg) 

desats 
per rev 

annual hydra-
zine (kg) 

desats 
per rev 

annual hydra-
zine (kg) 

1 1.0 2.4 1.0 2.4 1.0 1.9 
3 1.0 1.0 1.0 1.5 1.0 3.3 
4 4.6 29.9 1.7 26.5 1.0 8.1 
6 7.7 37.7 2.6 32.6 1.4 28.4 
6b 3.9 19.7 1.6 16.6 1.77  

Attitude Maintenance: Crewed Configurations 
During crewed revolutions, the ACS is more highly taxed because of the added mass/inertia of the Ori-

on spacecraft, the docking perturbations, and venting from Orion. Attitude is maintained through docking 
and venting instances, and the angular momentum imparted by each event is absorbed by the wheelset. As 
in the OM analysis, two docking scenarios are considered. The first scenario starts with four revolutions of 
the initial uncrewed configuration 1 from Table 1. An Orion docking event transitions the Gateway from 
configuration 1 to 2. The Gateway remains in a crewed configuration 2 for one full revolution before un-
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docking to shift to configuration 3. This final configuration is maintained for ten revolutions until the 
OMM behavior settles to a steady state. Throughout the simulation, errors are applied as specified in Table 
2. The simulated crewed scenario is run for each Sun-Moon-Gateway geometry for 50 Monte Carlo trials 
each. The number of desaturation events per rev is computed, as well as the hydrazine cost for the duration 
of the crewed visit.  Results appear in Table 10. 

 

   
Figure 19.  Flat plate model representing configuration 7 (a) and the cross-stack (b)  

 

Perturbations have a larger effect on smaller configurations, but larger configurations are more affected 
by gravity gradient torques and are more difficult to control with the same attitude control system. To ex-
plore this concept, a second docking simulation explores a larger set of configurations. It commences with 
four revolutions in the uncrewed configuration 5 from Table 1. Orion docks and spends four full revolu-
tions at the gateway in crewed configuration 6, the largest stack explored. After undocking, the simulation 
continues for 10 revolutions in the uncrewed configuration 7. Again, 50 Monte Carlo trials are run to assess 
the attitude control behavior, and the desaturation frequency and hydrazine cost for the crewed stay are 
recorded.  Results appear in Table 10.   

 

Table 10.  Desaturation frequency and hydrazine use for attitude control: docking scenarios 

Config 
Desaturations Per 

 Revolution 
RCS Fuel Used Per 

Revolution 

Mean Max Mean Max 

2 120.8 123.4 21.1 21.6 
6 120.4 130.1 27.2 29.9 

 

Note that the desaturation count and fuel use per revolution are notably similar despite significantly 
different sizes and shape of gateway stacks. The reason for this is tradeoff of CO2 puffing and increased 
gravty gradient torques. Configuration 6 does not see CO2 puffing from the Orion spacecraft as a habitat 
element is assumed to handle air regulation without venting that would torque the system. However, 
configuration 6 is longer and more susceptible to gravity gradient torques. While configuration 2 vents and 
desaturates somewhat consistently through its revolution, configuration 6 has its momentum desaturations 
clustered around perilune as it attempts to reject momentum built up from gravity gradient. 

SUMMARY  AND CONCLUDING REMARKS  
As the Gateway is constructed over time in components, operations will include stretches of quiet, un-

crewed operations as well as docking events followed by crewed revolutions within the NRHO. Orbit 
maintenance, orbit determination, and attitude control must be reliable and within propellant budget 
throughout all mission phases.  

The total xenon budget from an OMM/Attitude perspective (that is, not including Gateway transfers or 
excursions to other orbits) must only consider uncrewed orbit maintenance burns. The total hydrazine 
budget is more complicated; it must account for desaturations throughout the Gateway lifetime, as well as 
slews and OMMs during crewed operations. The cost depends on Gateway configuration, errors incident on 
the spacecraft, OD accuracy, duration of crew residence at the Gateway, solar orientation at docking, and 
other factors such as the selected wheelset. The Orion tail-to-Sun requirement has a significant effect on the 
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hydrazine budget, both by constraining Gateway attitude and by necessitating slews and OMMs to be per-
formed by the RCS thrusters. 

In spite of frequent desaturations and venting during crewed operations, radiometric DSN tracking can 
maintain OD knowledge of the Gateway position and velocity to meet requirements that allow low-cost 
OM. With careful placement of DSN passes, requirements can be met without needing continuous tracking. 

Future work includes the investigation of alternate attitudes near perilune to mitigate gravity gradient 
torques and the further exploration of other primary orbits that may offer advantages for OM, OD, or atti-
tude control, for example a 4:1 LSR NRHO. Autonomous OD is of interest and is under investigation.  
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