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If the water dumps were designed to be torqueless or mitigated altogether, it could result in significant hy-
drazine savings that could drive the decision whether to include it. 

The crewed configurations in the construction path were simulated again without waste water dumps on 
configurations 5, 7, and 12. Configuration 2 does not bring a habitat and is still assumed to vent CO2 and 
dump waste water per Table 2. The resulting construction fuel budget is shown below in Table 6. Again the 
crewed configurations are in bold.  

Table 6. Desaturation maneuvers per revolution, hydrazine fuel used per revolution, and hydra-
zine fuel budget for the five-year construction phase of Gateway assuming no venting after configu-

ration 2. 

Config 
Avg 

Desats 
Max 

Desats 
Avg hydrazine 
per rev (kg) 

Max hydrazine 
per rev (kg) Revs 

Total Avg 
(kg) 

Total Max 
(kg) 

1 1.0 1.0 0.04 0.05 56 2.4 2.5 
2 171.4 178.0 39.3 46.0 1 39.3 46.0 
3 1.0 1.0 0.01 0.01 45 0.64 0.69 
4 1.9 2.1 0.14 0.16 8 1.12 1.3 
5 13.0 13.5 5.9 7.8 4 23.5 31.4 
6 4.7 4.9 0.44 0.47 51 21.3 22.5 
7 13.3 13.5 7.5 9.4 4 29.9 37.8 
8 4.2 4.7 0.40 0.45 1 0.45 0.51 
9 4.2 4.4 0.39 0.42 40 17.7 18.9 
10 4.1 4.8 0.38 0.44 8 3.04 3.5 
12 10.9 11.0 8.2 11.4 4 32.9 45.6 
13 3.7 3.9 0.35 0.37 2 0.7 0.74 

14 (G1) 4.0 4.2 0.38 0.41 50 20 23 
    Five Year Total: 274 194 236 

 

The total fuel budget mean and max reduced by 65 and 72 kg, respectively. Relatively, the hydrazine 
use rate is cut nearly in half by mitigating water dump torques. Perhaps the more salient finding is the sig-
nificant reduction in desaturation maneuver counts over each revolution. The repeated firings and motion of 
the CMGs may be an unnecessary stress on critical hardware. Desaturation maneuvers may also disrupt 
operations or contaminate exterior surfaces. Finally, an issue preventing a timely desaturation maneuver 
could result in a loss of attitude control. Regardless, the crewed configurations still have a higher desatura-
tion rate than the uncrewed configurations. This is due to the added mass of Orion being located on the 
axial docking port- extending the geometry of the Gateway and skewing the principal moments of inertia.  

LANDER MISSION SIMUL ATION  

When the Gateway is fully constructed, it may support an excursion to the lunar surface using a Human 
Lunar Lander (HLL). The lunar lander mission as currently envisioned employs a three-piece lander with a 
disposable descent element, a reusable ascent element, and a reusable space tug that tows the lander from 
NRHO to Low Lunar Orbit (LLO). A lander mission is preceded by the robotic delivery of the lander as-
cent and descent elements, the space tug, and a LE. The LE may bring fuel for the ascent and descent ele-
ments, and the order of arrival for the lander and tug elements may vary.  

The mission begins from lander configuration L1, where Orion docks prior to apolune, bringing the Gate-
way to configuration L2. The Descent Element (DE) and Tug are moved to assemble the lander in configu-
ration L3 before the lander departs to LLO prior to perilune, with the Gateway in configuration L4. After 
one additional revolution in the NRHO, the Ascent Element (AE) returns after perilune and docks to Hab1, 
setting the Gateway to configuration L5. Finally, after the subsequent apolune, Orion departs and the 
Gateway ends the lunar mission in configuration L6. 

The lunar lander descent element and tug are assumed to arrive individually via commercial launches. 
Once the lander mission has concluded, the logistics element is disposed into heliocentric space. At a later 
time when the orbits re-align, the tug transfers to NRHO for rendezvous with the Gateway. This final event 
leaves the Gateway in a long-term configuration that includes a dry tug and a dry ascent element.  
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Fuel Budget for Construction Phase 

By combining the initial assembly of the lander, the execution of the lander mission, and the return to a 
long-term inter-mission configuration, a propellant budget is compiled that captures lander missions 
through the lifetime of Gateway. Statistics from Monte Carlo simulations of the initial and subsequent lunar 
lander missions appear in Tables 6 and 7. The average and maximum desaturation rates for each configura-
tion is included, along with the average and maximum hydrazine propellant use rates. Extrapolating these  
rates out for the ascribed mission durations, an average and maximum propellent budget is computed, con-
sidering the errors and perturbations as described in Table 1 and 2. Tables 6 and 7 contain the hydrazine 
propellant use totals for a year in which the human lunar lander is assembled and a lander mission is exe-
cuted, and for a subsequent year in which two of the three dry lander elements remain on the Gateway until 
an Orion mission arrives with the ascent element and propellant for executing another lander mission. 

Table 6. Desaturation maneuver per revolution and propellant budget statistics for one year in-
cluding the initial lunar lander assembly and mission. 

Config Avg 
desats 

Max 
desats 

Avg 
(kg) Max (kg) Revs Total 

Avg (kg) 
Total Max 

(kg) 
14 4.0 4.2 0.38 0.41 28 10.6 11.5 

14 + DE 4.2 4.5 0.40 0.43 8 3.2 3.4 
14 + DE + Tug 4.4 4.8 0.41 0.45 8 3.3 3.6 

L1 4.3 4.7 0.45 0.50 8 3.6 4.0 
Mission: L2-L5 varies varies 12.9 16.9 3 51.2 60.8 

       One-year totals: 55 71.9 83.3 
 

Table 7. Desaturation maneuvers per revolution and propellant budget statistics for one year in-
cluding a subsequent lunar lander mission. 

Config 
Avg  

desats 
Max  

desats 
Avg 
(kg) Max (kg) Revs 

Total 
Avg (kg) 

Total Max 
(kg) 

G2 4.5 4.7 0.42 0.45 45 18.9 20.3 
G2 + LM 4.5 4.8 0.49 0.54 8 3.9 4.3 

Mission: L3-L5 varies varies 12.9 16.9 3 49.9 62.9 
       One-year totals: 54 72.7 87.5 

Waived Landing Simulation Results 

It is important to capture the impact to the attitude control system and hydrazine propellant budget if the 
lunar lander mission is waived after the crew has arrived in Orion. In this scenario, a technical or other 
problem scrubs the departure of the lander, so the massive configuration L2 remains assembled for multiple 
revolutions. For this analysis, a Monte Carlo simulation of the crewed mission with an aborted landing se-
quence is processed. The desaturation rate and propellant budget statistics from this analysis appear in Ta-
ble 8. 

Table 8. Desaturation rate statistics and hydrazine fuel budget statistics for a waived lunar land-
ing mission. 

Config Avg 
desats 

Max 
desats 

Avg 
(kg) 

Max (kg) Revs Total Avg 
(kg) 

Total Max 
(kg) 

14 4.0 4.2 0.38 0.41 37 10.6 11.5 
14+DE 4.2 4.5 0.40 0.43 8 3.2 3.4 

14+DE+Tug 4.4 4.8 0.41 0.45 8 3.28 3.6 
L2 61.5 63.3 15.8 22.8 3 47.4 68.3 
       One-year totals: 56 64.5 86.8 

 

The propellant use for a waived lunar landing is less than for a nominal mission. The desaturation rates 
for the L2 configuration are actually lower than that of configuration 12, but still much higher than un-
crewed configurations. The reduction of docking and undocking perturbations associated with the lander 
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elements departing and returning reduce the stationkeeping costs during the crewed portions of the mission. 
The aborted lunar lander mission more closely resembles a three-revolution crewed configuration.  

Total Propellant Budget 

The lifetime of the Gateway is assumed to be 15 years. The Gateway lifecycle begins with a 5-year con-
struction path that includes both crewed and uncrewed configurations, followed by 10 annual crewed mis-
sions after construction is complete. A number of the crewed missions end at the Gateway, with others car-
rying on to the lunar surface. The end-to-end lifetime hydrazine budget for the Gateway is scoped to evalu-
ate the necessity for refueling and the appropriate values for initial fueling requirements. A spectrum of 
possible propellant budgets appear in Table 8. Every budget assumes the same 5-year construction path 
described in Table 4. Subsequently, the ten remaining crewed missions are split between lunar lander mis-
sions or Gateway missions. The number of lander missions defines each column of Table 9.  Because the 
average lander sequence requires slightly more propellant than the average 30-day crewed Gateway mis-
sion, the average hydrazine costs increase slightly as the proportion of lander missions increases.  However, 
the difference is not large; each lander scenario requires only about 2 kg of hydrazine more than a 30-day 
crewed stay on Gateway, and the maximum hydrazine use decreases slightly when an additional lander 
mission replaces a 30-day Gateway stay.  

Table 9. End to end hydrazine fuel budgets for the Gateway assuming different numbers of lunar 
lander missions. 

 Number of Lunar Surface Missions 
 0 1 2 3 4 5 6 7 8 9 10 

Average (kg) 958 960 963 966 968 970 973 976 979 982 985 
Max (kg) 1193 1188 1187 1186 1185 1184 1183 1182 1181 1180 1179 

 

The hydrazine propellant budget does not change significantly depending on the mix of Gateway or Lu-
nar surface missions. These budgets inform �W�K�H���G�H�F�L�V�L�R�Q���W�R���V�L�]�H���W�K�H���3�3�(�¶�V���L�Q�L�W�L�D�O���O�R�D�G�R�X�W���R�I���K�\�G�U�D�]�L�Q�H�����R�U���W�R��
include the opportunity for the PPE to receive hydrazine from a visiting vehicle. Finally, while beyond the 
scope of the current investigation, it is worth exploring possible hydrazine savings by incorporating the 
�2�U�L�R�Q�¶�V���W�K�U�X�V�W�H�U�V��with the PPE RCS system for an integrated attitude control system that leverages the full 
geometry of the Gateway. 

Recall that if water dumps are mitigated for crewed configurations after a habitat shows up, then the 
construction pathway hydrazine costs could be expected to reduce by an average of 65 kg. That represents 
approximately 6.5% of the smallest total average hydrazine fuel budget. 

ORBIT DETERMINATION CONSIDERATIONS 

The Gateway is expected to be tracked entirely or in part by the Deep Space Network (DSN), a trio of 
ground tracking sites designed to provide coverage to deep space missions in most directions from Earth. 
The NRHO is always in view of the Earth and has a nearly repeating path as viewed from Earth, so tracking 
passes can be scheduled and linked to orbit position to provide predictable behavior. The DSN is chronical-
ly under scheduling stress, but navigation error has a direct correlation to stationkeeping fuel costs7, so a 
desirable tracking schedule that provides measurements to most effectively reduce stationkeeping propel-
lant costs is desirable. 

For this study, an OD simulation is developed and executed in a Monte Carlo process to investigate 
tracking schedules and resulting maneuver estimation errors and propellant costs. Maneuver estimation 
error is defined as the difference between the targeted stationkeeping maneuver for the true and estimated 
spacecraft. The DSN sites are simulated, and different tracking schedules are designed based on eight-hour 
passes. The Gateway itself is modeled as a point mass that experiences velocity perturbations per Table 1. 
Two Gateway spacecraft are simulated, one representing the true state of the Gateway and the second simu-
lating the estimated Gateway state. T�K�H���H�V�W�L�P�D�W�H�G���*�D�W�H�Z�D�\�¶�V���V�W�D�W�H��is processed with DSN range and range 
rate measurements through a Square Root Information Filter (SRIF).  
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The Gateway is assumed to be in an uncrewed configuration, and the truth and estimated Gateway 
states are processed through the simulation. Measurements are taken on the truth spacecraft, then processed 
to resolve the est�L�P�D�W�H�G�� �V�S�D�F�H�F�U�D�I�W�¶�V�� �V�W�D�W�H���� �7�K�H�� �W�U�X�W�K�� �V�S�D�F�H�F�U�D�I�W��is simulated with a higher fidelity lunar 
gravity model to approximate errors from gravity mismodeling. Angular momentum is not integrated in the 
OD simulation, so desaturation maneuvers and perturbations are prescribed into the simulation. Impulsive 
perturbations such as vents and desaturations are applied to the truth spacecraft only, while the covariance 
of the estimated spacecraft is increased with each perturbation to model the uncertainty in the state due to 
the event.  

The first analysis assumes two eight-hour DSN tracking passes per revolution, and compares maneuver 
estimation error performance for different placement of the passes. The locations of the passes for three test 
cases appear in Figure 9. The first case centers each pass around apolune and perilune, the second case cen-
ters the passes in the inbound and outbound legs of the NRHO, and the third case places both passes con-
secutively before the maneuver estimation epoch. Each tracking schedule is simulated over nine uncrewed 
revolutions to include all solar orientations, and their maneuver estimation errors and stationkeeping costs 
are compared.  

 
Figure 7. Locations of the tracking passes along the NRHO for each tracking case. 

�$�� �W�L�P�H�� �K�L�V�W�R�U�\�� �R�I�� �W�K�H�� �*�D�W�H�Z�D�\�¶�V�� �S�R�V�L�W�L�R�Q�� �D�Q�G�� �Y�H�O�R�F�L�W�\�� �X�Q�F�H�U�W�D�L�Q�W�\�� �D�V�� �F�R�P�S�X�W�H�G�� �E�\�� �W�K�H�� �6�5�,�)�� �I�R�U�� �H�D�F�K��
tracking schedule appears in Figure 10 for a single case. Position is plotted in blue and measured in km, 
while velocity appears in red and is measured in cm/s. The bold lines represent times that the Gateway is 
being tracked by the DSN. Generally, uncertainty spikes in the neighborhood of perilune. It is also when 
the orbit shape is most sensitive to velocity perturbations. Recall from earlier that gravity gradient induced 
momentum desaturation maneuvers also occur near perilune, so velocity perturbations are expected in this 
neighborhood of high sensitivity and uncertainty. 

The lowest overall uncertainty is achieved with the first tracking schedule, which includes the pass over 
perilune that inhibits the spike of uncertainty at the closest approach to the Moon. The largest uncertainty 
spikes occur in tracking schedule 3 during perilune passage, with velocity uncertainty exceeding 10 m/s 
and position uncertainty nearing 100 km. While the three tracking schedules yield significantly different 
uncertainties at perilune, the filter output does not vary significantly near apolune, where orbit maintenance 
maneuvers take place.    
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epoch. �7�K�H�U�H���D�U�H���P�R�G�H�V�W���L�P�S�U�R�Y�H�P�H�Q�W�V���L�Q���V�W�D�W�H���H�U�U�R�U���D�W���W�K�H���V�W�D�W�L�R�Q�N�H�H�S�L�Q�J���W�D�U�J�H�W�L�Q�J���H�S�R�F�K�����E�X�W���W�K�L�V���G�R�H�V�Q�¶�W��
translate into improved maneuver estimation or total DV.  

Table 8. Perilune error, stationkeeping targeting epoch state error, maneuver estimation error 
and stationkeeping maneuver statistics for different DSN tracking schedules augmented with optical 

measurements to north pole craters. 

Tracking 
Schedule 

Perilune Posi-
tion Error 

mean/max (m) 

Perilune Ve-
locity Error 
mean/max 

(cm/s) 

SK Solve 
Position Er-

ror mean/max 
(m) 

SK Solve 
Velocity Er-

ror mean/max 
(cm/s) 

Maneuver Esti-
mation Error 
mean / max 

(cm/s) 

Total DV 
mean/max 

(cm/s) 

1 35 / 301 3.6 / 37.3 1723 / 14819 1.2 / 12.6 14.3 / 34.1 93.7 / 105.3 

2 22 / 115 1.6 / 13.1 196.4 / 945.4 0.2 / 0.76 13.9 / 36.1 92.7 / 102.2 

3 52 / 1205 6.6 / 166.5 84.2 / 695.7 0.2 / 2.81 13.9 / 39.7 93.7 / 113.7 

 Reducing and Eliminating DSN Coverage  

�:�K�L�O�H���W�K�H�U�H���G�R�H�V�Q�¶�W���V�H�H�P���W�R���E�H���P�X�F�K���V�H�Q�V�L�W�L�Y�L�W�\���W�R���W�K�H���D�G�G�L�W�L�R�Q���R�I���F�U�D�W�H�U���P�H�D�V�X�U�H�P�H�Q�W�V���R�Q���W�K�H���U�H�V�X�O�W�D�Q�W��
stationkeeping targeting accuracy or efficiency, the results suggest that the orbit could be maintained with 
fewer observations altogether, or possible entirely autonomously. To investigate this possibility, three simi-
lar tracking plans are compared. Below in Figure 11 are the position and velocity uncertainty traces over 
time. Figure 11.1 shows both a crater pass and a pre-stationkeeping targeting 8 hour DSN pass, figure 11.2 
shows only the DSN pass, and figure 11.3 shows the case with crater observations only.  

1. 2.  

3.  

Figure 11. Position (blue) and velocity (red) uncertainties for the corresponding tracking sched-
ules, with reduced or excluded DSN tracking. Times of active tracking are in bold. 

After some tuning with the velocity process noise, it was possible to maintain the NRHO using only ob-
servations to the Hermite and Schwarzchild craters. Below in Table 9 are the perilune uncertainty statistics 
and stationkeeping targeting performance statistics. 
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If the water dumps were designed to be torqueless or mitigated altogether, it could result in significant hy-
drazine savings that could drive the decision whether to include it. 

The crewed configurations in the construction path were simulated again without waste water dumps on 
configurations 5, 7, and 12. Configuration 2 does not bring a habitat and is still assumed to vent CO2 and 
dump waste water per Table 2. The resulting construction fuel budget is shown below in Table 6. Again the 
crewed configurations are in bold.  

Table 6. Desaturation maneuvers per revolution, hydrazine fuel used per revolution, and hydra-
zine fuel budget for the five-year construction phase of Gateway assuming no venting after configu-

ration 2. 

Config Avg 
Desats 

Max 
Desats 

Avg hydrazine 
per rev (kg) 

Max hydrazine 
per rev (kg) Revs Total Avg 

(kg) 
Total Max 

(kg) 
1 1.0 1.0 0.04 0.05 56 2.4 2.5 
2 171.4 178.0 39.3 46.0 1 39.3 46.0 
3 1.0 1.0 0.01 0.01 45 0.64 0.69 
4 1.9 2.1 0.14 0.16 8 1.12 1.3 
5 13.0 13.5 5.9 7.8 4 23.5 31.4 
6 4.7 4.9 0.44 0.47 51 21.3 22.5 
7 13.3 13.5 7.5 9.4 4 29.9 37.8 
8 4.2 4.7 0.40 0.45 1 0.45 0.51 
9 4.2 4.4 0.39 0.42 40 17.7 18.9 
10 4.1 4.8 0.38 0.44 8 3.04 3.5 
12 10.9 11.0 8.2 11.4 4 32.9 45.6 
13 3.7 3.9 0.35 0.37 2 0.7 0.74 

14 (G1) 4.0 4.2 0.38 0.41 50 20 23 
    Five Year Total: 274 194 236 

 

The total fuel budget mean and max reduced by 65 and 72 kg, respectively. Relatively, the hydrazine 
use rate is cut nearly in half by mitigating water dump torques. Perhaps the more salient finding is the sig-
nificant reduction in desaturation maneuver counts over each revolution. The repeated firings and motion of 
the CMGs may be an unnecessary stress on critical hardware. Desaturation maneuvers may also disrupt 
operations or contaminate exterior surfaces. Finally, an issue preventing a timely desaturation maneuver 
could result in a loss of attitude control. Regardless, the crewed configurations still have a higher desatura-
tion rate than the uncrewed configurations. This is due to the added mass of Orion being located on the 
axial docking port- extending the geometry of the Gateway and skewing the principal moments of inertia.  

LANDER MISSION SIMUL ATION  

When the Gateway is fully constructed, it may support an excursion to the lunar surface using a Human 
Lunar Lander (HLL). The lunar lander mission as currently envisioned employs a three-piece lander with a 
disposable descent element, a reusable ascent element, and a reusable space tug that tows the lander from 
NRHO to Low Lunar Orbit (LLO). A lander mission is preceded by the robotic delivery of the lander as-
cent and descent elements, the space tug, and a LE. The LE may bring fuel for the ascent and descent ele-
ments, and the order of arrival for the lander and tug elements may vary.  

The mission begins from lander configuration L1, where Orion docks prior to apolune, bringing the Gate-
way to configuration L2. The Descent Element (DE) and Tug are moved to assemble the lander in configu-
ration L3 before the lander departs to LLO prior to perilune, with the Gateway in configuration L4. After 
one additional revolution in the NRHO, the Ascent Element (AE) returns after perilune and docks to Hab1, 
setting the Gateway to configuration L5. Finally, after the subsequent apolune, Orion departs and the 
Gateway ends the lunar mission in configuration L6. 

The lunar lander descent element and tug are assumed to arrive individually via commercial launches. 
Once the lander mission has concluded, the logistics element is disposed into heliocentric space. At a later 
time when the orbits re-align, the tug transfers to NRHO for rendezvous with the Gateway. This final event 
leaves the Gateway in a long-term configuration that includes a dry tug and a dry ascent element.  



 11 

Fuel Budget for Construction Phase 

By combining the initial assembly of the lander, the execution of the lander mission, and the return to a 
long-term inter-mission configuration, a propellant budget is compiled that captures lander missions 
through the lifetime of Gateway. Statistics from Monte Carlo simulations of the initial and subsequent lunar 
lander missions appear in Tables 6 and 7. The average and maximum desaturation rates for each configura-
tion is included, along with the average and maximum hydrazine propellant use rates. Extrapolating these  
rates out for the ascribed mission durations, an average and maximum propellent budget is computed, con-
sidering the errors and perturbations as described in Table 1 and 2. Tables 6 and 7 contain the hydrazine 
propellant use totals for a year in which the human lunar lander is assembled and a lander mission is exe-
cuted, and for a subsequent year in which two of the three dry lander elements remain on the Gateway until 
an Orion mission arrives with the ascent element and propellant for executing another lander mission. 

Table 6. Desaturation maneuver per revolution and propellant budget statistics for one year in-
cluding the initial lunar lander assembly and mission. 

Config Avg 
desats 

Max 
desats 

Avg 
(kg) Max (kg) Revs Total 

Avg (kg) 
Total Max 

(kg) 
14 4.0 4.2 0.38 0.41 28 10.6 11.5 

14 + DE 4.2 4.5 0.40 0.43 8 3.2 3.4 
14 + DE + Tug 4.4 4.8 0.41 0.45 8 3.3 3.6 

L1 4.3 4.7 0.45 0.50 8 3.6 4.0 
Mission: L2-L5 varies varies 12.9 16.9 3 51.2 60.8 

       One-year totals: 55 71.9 83.3 
 

Table 7. Desaturation maneuvers per revolution and propellant budget statistics for one year in-
cluding a subsequent lunar lander mission. 

Config Avg  
desats 

Max  
desats 

Avg 
(kg) Max (kg) Revs Total 

Avg (kg) 
Total Max 

(kg) 
G2 4.5 4.7 0.42 0.45 45 18.9 20.3 

G2 + LM 4.5 4.8 0.49 0.54 8 3.9 4.3 
Mission: L3-L5 varies varies 12.9 16.9 3 49.9 62.9 

       One-year totals: 54 72.7 87.5 

Waived Landing Simulation Results 

It is important to capture the impact to the attitude control system and hydrazine propellant budget if the 
lunar lander mission is waived after the crew has arrived in Orion. In this scenario, a technical or other 
problem scrubs the departure of the lander, so the massive configuration L2 remains assembled for multiple 
revolutions. For this analysis, a Monte Carlo simulation of the crewed mission with an aborted landing se-
quence is processed. The desaturation rate and propellant budget statistics from this analysis appear in Ta-
ble 8. 

Table 8. Desaturation rate statistics and hydrazine fuel budget statistics for a waived lunar land-
ing mission. 

Config Avg 
desats 

Max 
desats 

Avg 
(kg) 

Max (kg) Revs Total Avg 
(kg) 

Total Max 
(kg) 

14 4.0 4.2 0.38 0.41 37 10.6 11.5 
14+DE 4.2 4.5 0.40 0.43 8 3.2 3.4 

14+DE+Tug 4.4 4.8 0.41 0.45 8 3.28 3.6 
L2 61.5 63.3 15.8 22.8 3 47.4 68.3 
       One-year totals: 56 64.5 86.8 

 

The propellant use for a waived lunar landing is less than for a nominal mission. The desaturation rates 
for the L2 configuration are actually lower than that of configuration 12, but still much higher than un-
crewed configurations. The reduction of docking and undocking perturbations associated with the lander 
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elements departing and returning reduce the stationkeeping costs during the crewed portions of the mission. 
The aborted lunar lander mission more closely resembles a three-revolution crewed configuration.  

Total Propellant Budget 

The lifetime of the Gateway is assumed to be 15 years. The Gateway lifecycle begins with a 5-year con-
struction path that includes both crewed and uncrewed configurations, followed by 10 annual crewed mis-
sions after construction is complete. A number of the crewed missions end at the Gateway, with others car-
rying on to the lunar surface. The end-to-end lifetime hydrazine budget for the Gateway is scoped to evalu-
ate the necessity for refueling and the appropriate values for initial fueling requirements. A spectrum of 
possible propellant budgets appear in Table 8. Every budget assumes the same 5-year construction path 
described in Table 4. Subsequently, the ten remaining crewed missions are split between lunar lander mis-
sions or Gateway missions. The number of lander missions defines each column of Table 9.  Because the 
average lander sequence requires slightly more propellant than the average 30-day crewed Gateway mis-
sion, the average hydrazine costs increase slightly as the proportion of lander missions increases.  However, 
the difference is not large; each lander scenario requires only about 2 kg of hydrazine more than a 30-day 
crewed stay on Gateway, and the maximum hydrazine use decreases slightly when an additional lander 
mission replaces a 30-day Gateway stay.  

Table 9. End to end hydrazine fuel budgets for the Gateway assuming different numbers of lunar 
lander missions. 

 Number of Lunar Surface Missions 
 0 1 2 3 4 5 6 7 8 9 10 

Average (kg) 958 960 963 966 968 970 973 976 979 982 985 
Max (kg) 1193 1188 1187 1186 1185 1184 1183 1182 1181 1180 1179 

 

The hydrazine propellant budget does not change significantly depending on the mix of Gateway or Lu-
nar surface missions. These budgets inform �W�K�H���G�H�F�L�V�L�R�Q���W�R���V�L�]�H���W�K�H���3�3�(�¶�V���L�Q�L�W�L�D�O���O�R�D�G�R�X�W���R�I���K�\�G�U�D�]�L�Q�H�����R�U���W�R��
include the opportunity for the PPE to receive hydrazine from a visiting vehicle. Finally, while beyond the 
scope of the current investigation, it is worth exploring possible hydrazine savings by incorporating the 
�2�U�L�R�Q�¶�V���W�K�U�X�V�W�H�U�V��with the PPE RCS system for an integrated attitude control system that leverages the full 
geometry of the Gateway. 

Recall that if water dumps are mitigated for crewed configurations after a habitat shows up, then the 
construction pathway hydrazine costs could be expected to reduce by an average of 65 kg. That represents 
approximately 6.5% of the smallest total average hydrazine fuel budget. 

ORBIT DETERMINATION CONSIDERATIONS 

The Gateway is expected to be tracked entirely or in part by the Deep Space Network (DSN), a trio of 
ground tracking sites designed to provide coverage to deep space missions in most directions from Earth. 
The NRHO is always in view of the Earth and has a nearly repeating path as viewed from Earth, so tracking 
passes can be scheduled and linked to orbit position to provide predictable behavior. The DSN is chronical-
ly under scheduling stress, but navigation error has a direct correlation to stationkeeping fuel costs7, so a 
desirable tracking schedule that provides measurements to most effectively reduce stationkeeping propel-
lant costs is desirable. 

For this study, an OD simulation is developed and executed in a Monte Carlo process to investigate 
tracking schedules and resulting maneuver estimation errors and propellant costs. Maneuver estimation 
error is defined as the difference between the targeted stationkeeping maneuver for the true and estimated 
spacecraft. The DSN sites are simulated, and different tracking schedules are designed based on eight-hour 
passes. The Gateway itself is modeled as a point mass that experiences velocity perturbations per Table 1. 
Two Gateway spacecraft are simulated, one representing the true state of the Gateway and the second simu-
lating the estimated Gateway state. T�K�H���H�V�W�L�P�D�W�H�G���*�D�W�H�Z�D�\�¶�V���V�W�D�W�H��is processed with DSN range and range 
rate measurements through a Square Root Information Filter (SRIF).  
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The Gateway is assumed to be in an uncrewed configuration, and the truth and estimated Gateway 
states are processed through the simulation. Measurements are taken on the truth spacecraft, then processed 
to resolve the est�L�P�D�W�H�G�� �V�S�D�F�H�F�U�D�I�W�¶�V�� �V�W�D�W�H���� �7�K�H�� �W�U�X�W�K�� �V�S�D�F�H�F�U�D�I�W��is simulated with a higher fidelity lunar 
gravity model to approximate errors from gravity mismodeling. Angular momentum is not integrated in the 
OD simulation, so desaturation maneuvers and perturbations are prescribed into the simulation. Impulsive 
perturbations such as vents and desaturations are applied to the truth spacecraft only, while the covariance 
of the estimated spacecraft is increased with each perturbation to model the uncertainty in the state due to 
the event.  

The first analysis assumes two eight-hour DSN tracking passes per revolution, and compares maneuver 
estimation error performance for different placement of the passes. The locations of the passes for three test 
cases appear in Figure 9. The first case centers each pass around apolune and perilune, the second case cen-
ters the passes in the inbound and outbound legs of the NRHO, and the third case places both passes con-
secutively before the maneuver estimation epoch. Each tracking schedule is simulated over nine uncrewed 
revolutions to include all solar orientations, and their maneuver estimation errors and stationkeeping costs 
are compared.  

 
Figure 7. Locations of the tracking passes along the NRHO for each tracking case. 

�$�� �W�L�P�H�� �K�L�V�W�R�U�\�� �R�I�� �W�K�H�� �*�D�W�H�Z�D�\�¶�V�� �S�R�V�L�W�L�R�Q�� �D�Q�G�� �Y�H�O�R�F�L�W�\�� �X�Q�F�H�U�W�D�L�Q�W�\�� �D�V�� �F�R�P�S�X�W�H�G�� �E�\�� �W�K�H�� �6�5�,�)�� �I�R�U�� �H�D�F�K��
tracking schedule appears in Figure 10 for a single case. Position is plotted in blue and measured in km, 
while velocity appears in red and is measured in cm/s. The bold lines represent times that the Gateway is 
being tracked by the DSN. Generally, uncertainty spikes in the neighborhood of perilune. It is also when 
the orbit shape is most sensitive to velocity perturbations. Recall from earlier that gravity gradient induced 
momentum desaturation maneuvers also occur near perilune, so velocity perturbations are expected in this 
neighborhood of high sensitivity and uncertainty. 

The lowest overall uncertainty is achieved with the first tracking schedule, which includes the pass over 
perilune that inhibits the spike of uncertainty at the closest approach to the Moon. The largest uncertainty 
spikes occur in tracking schedule 3 during perilune passage, with velocity uncertainty exceeding 10 m/s 
and position uncertainty nearing 100 km. While the three tracking schedules yield significantly different 
uncertainties at perilune, the filter output does not vary significantly near apolune, where orbit maintenance 
maneuvers take place.    
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1.  2.  

                                           3.  

Figure 8. Position (blue) and velocity (red) uncertainties for the corresponding tracking sched-
ules. Times of active DSN tracking are in bold. 

A Monte Carlo analysis is run to assess the uncertainties over many trials.  Mean and maximum values 
of state error at perilune, state error at the stationkeeping (SK) epoch, maneuver estimation error, and total 
DV over nine revolutions appear in Table 9. Considering position error at perilune, tracking schedule 1 
intuitively has the best state resolution at perilune, as a DSN pass is centered over perilune passage. Track-
ing schedule 3 yields the worst state resolution at perilune. Conversely, tracking schedule 3 results in the 
best state position resolution at the stationkeeping targeting epoch. As noted above, while the three tracking 
schedules yield significantly different uncertainties near perilune, sensitivity to tracking schedule selection 
is small in maneuver estimation error and total DV.  

Table 7. Perilune error, stationkeeping targeting epoch state error, maneuver estimation error 
and stationkeeping maneuver statistics for different DSN tracking schedules. 

Tracking 
Schedule 

Perilune Posi-
tion Error 

mean/max (m) 

Perilune Ve-
locity Error 
mean/max 

(cm/s) 

SK Solve 
Position Er-

ror mean/max 
(m) 

SK Solve 
Velocity Er-

ror mean/max 
(cm/s) 

Maneuver Esti-
mation Error 
mean / max 

(cm/s) 

Total DV 
mean/max 

(cm/s) 

1 180 / 1816 6.9 / 73.9 1878 / 27165 1.0 / 24.0 13.5 / 35.5 88.9 / 106.0 

2 4541 / 48275 118.8 / 1304.2 232.2 / 1458.2 0.3 / 1.8 14.0 / 39.8 92.7 / 102.6 

3 23566 / 291350 622.0 / 7756.0 158.9 / 1263.4 0.5 / 3.9 13.7 / 38.0 92.5 / 99.2 

OD SUPPLEMENTAL CRAT ER VISUAL MEASUREMEN TS 

�7�K�H���*�D�W�H�Z�D�\�¶�V���V�R�X�W�K�H�U�Q���/�����1�5�+�2���S�O�D�F�H�V���L�W�V���S�H�U�L�O�X�Q�H���R�Y�H�U���W�K�H���O�X�Q�D�U���Q�R�U�W�K pole, where it sweeps over 
the lunar northern hemisphere in under six hours. While holding SPEA with the solar panels aligned in the 
inertial Z direction, the Gateway has close and quickly moving views of lunar north pole craters from its 
body frame �–Z faces.  

Optical navigation observations employ cameras with feature recognition and measuring software to 
convert 2D images into measurements that can be processed in a navigation filter for spacecraft orbit de-
termination. A camera fixed to the �–Z face of the Gateway could process views of craters with known loca-
tions and dimensions into one-way range and angle measurements.  








