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OPTIMIZED TRAJECTORY CORRECTION BURN PLACEMENT
FOR NRHO ORBIT MAINTENANCE

David Woffinden; Brayden Barton’

NASA’s future Artemis missions plan to utilize a near rectilinear halo orbit (NRHO) in the
lunar vicinity to facilitate access to the lunar surface and place other critical assets to sup-
port human exploration. This exploration architecture requires a vehicle to remain in the
NRHO for long periods of time ranging from several days, to weeks, to months, and even
years. Consequently, periodic orbit maintenance burns become essential to ensure the space-
craft follows the desired reference trajectory in an efficient yet effective manner despite crew
activity, navigation uncertainty, maneuver execution errors, disturbance accelerations, orbit
insertion dispersions, and other system limitations. This work introduces a targeting algo-
rithm that can be utilized to analyze a variety of targeting constraints and parameters that
maximizes overall performance. Techniques associated with robust trajectory optimization
are used to identify the optimized number and placement for NRHO trajectory correction
(NTC) burns that accounts for the mission schedule, both a primary and backup navigation
system, targeting strategies and burn plan configurations, vehicle venting, thruster selection,
and integrated GN&C performance. A notional scenario extracted from the NASA Artemis
IIT mission is used to motivate and demonstrate these concepts and performance results.

INTRODUCTION

As NASA’s exploration initiatives continue to mature, fundamental to its long term objectives is utilizing
an Earth-Moon Near Rectilinear Halo Orbit (NRHO) [1,2] to facilitate access to the lunar surface and enable
exploration to Mars and beyond. Not only do plans exist to place a crew-tended lunar Gateway vehicle that
has a long term presence in the NRHO as a staging point for both robotic and crewed lunar surface missions,
but the Orion spacecraft and other vehicles core to the Human Landing System (HLS) program rely upon the
NRHO to support a variety of future Artemis mission objectives. As depicted in Figure 1(a), the NRHO is
a subset of the halo orbit families and is characterized by a close passage over one of the lunar poles. The
NRHO proposed for future Gateway and Artemis missions is a southern NRHO which reaches the furthest
distance from the Moon over the lunar south pole and has a period of approximately seven days.

For upcoming Artemis missions the Orion spacecraft needs to perform strategic orbit maintenance trajec-
tory correction burns to remain near this desired reference profile to support access for lunar landing and
return activities as illustrated in Figure 1(b) and Figure 1(c) respectively. Considerable attention has already
been made to identify long-term NRHO station-keeping strategies for the Gateway program where techniques
have been identified to support orbit maintenance for months and years for a vehicle that is largely unoccu-
pied by crew [3,4]. Near term Artemis missions have an alternate need for NRHO orbit maintenance such
that these NRHO trajectory correction (NTC) burns ensure the Orion spacecraft properly remains near the
NRHO to support rendezvous and docking with an HLS lander following its ascent from exploring the lunar
surface. In this scenario, both vehicles have extensive crew activity and orbit maintenance is only required for
time periods of days or perhaps weeks. As emphasized in Figure 1(c), ensuring Orion is in the proper NRHO
location at the proper time when the HLS lander returns back to the NRHO for the NRHO insertion (NRI)
burn in preparation for rendezvous, proximity operations, and docking (RPOD) is a critical objective. Given
the limited consumables on each mission, a companion objective must be to minimize propellant usage.
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(a) Notional Orion Artemis III Trajectory to a Southern Near Rectilinear Halo Orbit (NRHO).
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Figure 1. Notional Orion Artemis ITI Concept of Operations

This paper begins investigating the optimized number and placement of these trajectory correction burns
that accounts for uncertainty in the system, the non-linear dynamics of the NRHO trajectory, the geometry of
the utilized sensor measurements from the ground tracking stations of the primary navigation system along
with the geometry of the Earth and Moon for the backup optical navigation system, the crew schedule on both
the Orion and HLS vehicles, spacecraft venting and other disturbance accelerations, targeting and burn plan
configurations, thruster selection and actuation errors, and the complex interaction of the overall integrated
guidance, navigation, and control (GN&C) system and selected algorithms. Robust trajectory optimization



techniques are adopted to solve this comprehensive problem which utilizes linear covariance (LinCov) analy-
sis [5,6] interfaced with a genetic algorithm (GA). To evaluate an assortment of potential targeting constraints,
parameters, and burn plan configurations on the impact of orbit maintenance, a new targeting algorithm is
introduced to support rapid analysis need for this type of optimization approach. The ultimate objective is
to minimize the total delta-v usage (nominal plus 3-sigma delta-v dispersions) while constraining the Orion
trajectory dispersions in the NRHO to remain within the allocated performance specifications to support
rendezvous and docking.

The use of these non-traditional robust trajectory optimization or robust trajectory design techniques were
originally developed and demonstrated for rendezvous applications in low Earth orbit [7]. It was then ex-
tended to cis-lunar outbound trajectories to an NRHO [8] and introduced for a simple rendezvous approach
trajectory in the NRHO for mid-course correction placement [9]. Recently, these robust trajectory optimiza-
tion principles have been applied to solve cislunar transfers to low-lunar orbit [10], NRHO rendezvous and
docking [11], lunar powered descent and landing [12], along with Mars aerocapture [13] problems. They are
currently being exercised to also determine the optimized trajectory correction burn placement for the up-
coming Artemis II free-return cis-lunar trajectory profile [14]. This research applies these same principles to
a notional NASA Artemis III scenario where Orion performs orbit maintenance burns in the NRHO while the
HLS lunar lander descends to the lunar surface and eventually returns to the NRHO to rendezvous and dock
with Orion prior to the HLS crew reentering the Orion spacecraft and departing the NRHO back to Earth.

ANALYSIS APPROACH
Performance Metrics

To optimize the performance of the NRHO orbit maintenance trajectory correction burns to system uncer-
tainty, there are several performance metrics that are utilized which include the true trajectory dispersions Jx,
the navigation dispersions d%, the true navigation error de, and the onboard navigation error € as depicted in
Figure 2. The true dispersions dx are defined as the difference between the true state x and the nominal state
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Figure 2. GN&C Performance Metric Variables

x. The true state x is an n-dimensional vector that represents the real world environment or actual state.
A - T
X=Xx—X D:E[dxéx} (D)

The nominal state X is also an n-dimensional vector that represents the desired or reference state. The covari-
ance of the environment dispersions, D, indicates how precisely the system can follow a desired trajectory.



The navigation dispersions 6% are defined as the difference between the navigation state X and the nominal
state x. The navigation state is an n-dimensional vector (7 < n) that represents the filter’s estimated state.

% — M, D = E [6x6x"] )

The matrix M, is an (7 X n) matrix that maps the estimated state in terms of the true and nominal state. The
covariance of the navigation dispersions, D, reflect how precisely the onboard system thinks it can follow a
prescribed reference trajectory.

The true navigation error de is the difference between the environment and navigation states. It is also the
difference between the environment and the navigation dispersions.

e 2 M,x — % = M,,6x — 0% P = E [6ede”] 3)

The covariance of the true navigation error, P, quantifies how precisely the onboard navigation system can
estimate the actual state.

The onboard navigation error dé itself is never computed, but it is used to develop the onboard navigation
filter equations. It is defined as the difference between the design state, x, and the navigation state X.

LA . 2 o
fe=x—X P=F [5eéeT] ()
The covariance of the onboard navigation error, P, quantifies how precisely the onboard navigation system
expects it can determine the actual state. The performance of the onboard navigation system is determined
by comparing P to the actual navigation performance P. If the true states and the design states are assumed
to be the same, then the true navigation covariance will equal the onboard navigation covariance.

The covariances of the true dispersions, navigation dispersions, true navigation error, and the onboard
navigation error are ultimately used to analyze and assess the performance of a proposed GN&C system. A
common approach to obtain these performance metrics is to use a Monte Carlo simulation outlined in Figure
3, where the sample statistics of hundreds or thousands of runs, N, are used to numerically compute the
desired covariance matrices.

1 T " 1 55T 1 T
The onboard navigation error covariance P is the navigation filter covariance for each run. This same statis-
tical information can be obtained using linear covariance analysis techniques.

Linear covariance analysis incorporates the non-linear system dynamics models and GN&C algorithms to
generate a nominal reference trajectory X which is then used to propagate, update, and correct an onboard
navigation covariance matrix P and an augmented state covariance matrix C,

C = E [6X0X"] (6)

where the augmented state X T = [6xT §x™] consists of the true dispersions and the navigation dispersions.
Pre- and post-multiplying the augmented state covariance matrix by the following mapping matrices, the
covariances for the trajectory dispersions, navigation dispersions, and the navigation error can be obtained.

D = [Inxna Onxﬁ]C[Inxna On><fL ]T
D = [0ixn, Lixa ] C[Osnxn, Lixa ]T @)
P = [Lixn, —Lixa ] ClLasn, —Taxa]"

Linear Covariance Analysis

The linear covariance analysis equations used to propagate, update, and correct both the augmented state
covariance matrix and the onboard navigation covariance matrix are summarized here along with the LinCov
analysis inputs. For additional details regarding the development and implementation of the linear covariance
simulation, see the following references [5, 6, 15-18].
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Figure 3. Extracting GN&C Performance Metrics Using Monte Carlo Techniques

Propagate The discrete-time propagation equations for augmented state covariance matrix C and the on-
board navigation covariance matrix P are

C(ty+1) = B(tit1, te)Clty) @ (tys1, tr) + GQGT ®)
P(tii1) = S(trsr, o) P(t) @7 (tri1, 1) + GQGT 9)
where ® and ® are augmented and onboard state transition matrices respectively for the linearized perturba-

tion dynamics about the reference trajectory. The mapping matrices, G and G, are used to map environmental
and navigation process noise characterized by Q and Q, into C and P.

Update The measurement update equations for augmented and navigation state covariance matrices, C and
P, at a measurement time ¢; are

C*(t;) = AC™ (t;) AT + BR/(t;)B” (10

~ ~ . S N N ~ 1T ~ . ~ . .

P (1) = [T K/ (t) B0 P~ (t) [1 - KV ()| + K ()R (1)K (1) (an
where the superscript ‘j’ denotes the jth measurement type. The Kalman gain is written as

K9 (1) = (1) ()T [P (1) (80)7 + RI(1)] (12)

The matrices H and R are the measurement sensitivity and measurement noise matrices respectively. The
matrices A are B map the effects of the measurements and their associated noise to the navigation state
dispersions.

Correct The correction equations for impulsive translational burns for the augmented state and onboard
state covariances, C and P, at a maneuver time t¢,,, are

C*(tm) = MC™ (t,, ) M" + NQy'N” (13)

N o N ~1T A N

Pt (t,) = [I v M} P (t) [I + M} + NQuetNT (14)
The matrices M and M contain the control partials associated with a linearized two-impulse targeting algo-

rithm. The matrices N and N are used to map the effects of actuator noise, described by Qo and fot, into
C and P.



Optimization Problem Formulation

The optimization problem formulation for this analysis utilizes several key metrics [19]; the standard devia-
tions of the delta-v dispersions osa,, position dispersions os,., and velocity dispersions o,. These quantities
are extracted from the dispersion covariance, C. Depending on the mission objectives and priorities, the
optimization problem can be specified several different ways. For this study, three different problem formu-
lations are evaluated which are defined below as Problem #1, Problem #2, and Problem #3. Each of their
corresponding objective functions incorporate several constraints to ensure the vehicle does not exceed the
following limits to support subsequent RPOD activities: a 20 km NRHO insertion (NRI) maximum position
dispersion 3077, a 1 m/s post-NRI maximum velocity dispersion 3057, and a total NRHO orbit maintenance
delta-v (nominal + 3-sigma dispersions) 3c'x.0 of 20 m/s.

307 = 20km (15)
30507 = 1m/s (16)
3ohd = 20m/s (17)

Other underlying constraints imposed in the optimization process is that the earliest a trajectory correction
burn can occur is one hour after the HLS vehicle NRHO departure (NRD). The last NTC burn must be one
hour prior to HLS’s NRHO insertion (NRI). Also, each NTC burn must be separated from another by at least
one hour. The timing for the NRD burn and the NRI burns are fixed.

Problem #1 The first objective function, minimizes the total delta-v Awyy,; Which consists of the nominal
plus 3-sigma delta-v dispersions across all NTC burns subject to a constraint on the position and velocity
dispersions at the NRHO insertion (NRI) location. For Problem #1, the NRI position dispersion and velocity
constraints are implemented as a penalty function. When a constraint is violated, a large penalty ~ is added
to the objective function,

minimize (Aviotar + Kor + Kov + Fnte) (18)
where the penalty for violating the constraint for the NRI position dispersions #,., the NRI velocity dis-

persions ks, and an operational penalty for performing each trajectory correction burn k. (if applied) are
specified as,

M=

AUtotal - [A@(tm) + 30AU (tm)]
m=1
(1 x 10%) + (30X (057 (tnri) fo5e7]) s if 0o (tnri) > 5o
Ksr = .
0 0, otherwise
K _ (1 X 106) + (30'2(;? [05U (tn?“i)/agiq]) , ifog, (tnri) > Ug;q
ov 0, otherwise
nie * (3050 /20),  if activated, adds 1 m/s penalty for each burn
Ente .
K 0, otherwise

Problem #2 The second objective function, minimizes the 3-sigma position dispersions at NRI subject to
constraints on the total delta-v (nominal plus 3-sigma delta-v dispersions) and the NRI velocity dispersions.
The total delta-v and NRI velocity dispersion constraints are implemented as penalties to the cost function
below,

minimize (30sy (tnri) + Fae + Koo + Fnte ) (19)



where the penalty for violating the constraint for the total delta-v k., the NRI velocity dispersions x5, and
an operational penalty for performing each trajectory correction burn k. (if applied) are specified as,

N
AvViotar = Z tm + 30A1}( m”
m=1
(1 x 10%) + (3057 [Aviotar/ond]) s if Avporar > 300
RAav = .
a 0, otherwise
P (1% 10°) + (3050 (050 (tnri) /05 0]) s if 050 (tnri) > 05et
o 0, otherwise
- e (305,7/40) ,  if activated, adds 0.5 km penalty for each burn
e otherwise

Problem #3 The third objective function, simultaneously minimizes both the total delta-v and the 3-sigma
position dispersions at NRI subject to constraints on the NRI velocity dispersions and the total numbers of
burns (if applied). The NRI velocity dispersion constraint is implemented as a penalty to the cost function
below,

minimize (Way * AVtotar + Wer * 3057 (tnri) + Koo + Knte ) (20)

where the penalty for violating the constraint for the total delta-v xa,, the NRI velocity dispersions x5, and
an operational penalty for performing each trajectory correction burn . (if applied) are specified as,

Mz

Avtotal = + BUAU( m)}
m:l
- _ (1 106 + (305 050 (tnri) [o501]) s if 050 (tnri) > 050"
ov 0, otherwise
nge * (305.7/40) ,  if activated
Bnte = .
! 0, otherwise
way, = 100*xw/o.!, where w=0.5
wsy = 100% (1 —w)/os?

LinCov Embedded in a Genetic Optimization Algorithm

Due to their complex nature, the optimization problem is solved using a genetic algorithm (GA). A genetic
algorithm is a type of optimization solver which employs evolutionary processes to search a solution space
[20]. A population of candidates is generated, evaluated, and based on their performance a new generation
is created by combining and mutating them. During each iteration, candidate values of the optimization
variables are passed to the LinCov simulation, which is then evaluated to determine the values of the cost and
penalty functions. This process is shown in Figure 4.
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Figure 4. Functional relationship between the LinCov simulation and Genetic Algorithm.

For each of the optimization runs performed using the genetic algorithm, a population size of 30 was
selected along with a maximum generation of 30. Both a larger population size and maximum number
of generations are preferable, but due to run time limitations, the selected values provided a reasonable
compromise between solution accuracy and speed to identify top level trends.

GN&C MODELING

Excluding the uncertainty in the trajectory design process, the magnitude of the NRHO orbit maintenance
burns, regardless of where they are placed, are nominally zero. Consequently, the optimization of the number
and location of the trajectory correction burns is driven by the implementation of the vehicle’s GN&C system
in context of the baseline NRHO reference trajectory, the operational time line, navigation modes, target con-
figurations and burn plans, along with venting and disturbance acceleration modeling. This section contains
the GN&C modeling assumptions and parameter specification that influences the optimized burn placement.

Nominal NRHO Trajectory Profile and Concept of Operations

Details related to a notional Artemis III NRHO orbit maintenance scenario along with flight operation
activities prior, during, and following this phase are provided in Figure 5. The illustration in Figure 5(a)
captures the complex sequence of events following Orion’s insertion in the NRHO indicated with a red dot
on the dashed yellow line labeled /st Dock, to the HLS lander departure from the NRHO (NRD) shown with
the solid yellow line, to the return of the HLS lander from the lunar surface to the NRHO for 2nd Dock
highlighted with a solid green line, to post docking and preparations for Orion to depart the NRHO to return
back to Earth depicted with a solid light blue line.

The key segment for this study is the phase immediately after the HLS lander departs for the lunar surface
while Orion remains in the NRHO. It is assumed just prior to the HLS NRD burn, both vehicles have contact
with the ground, received an authority to proceed, and have a current uplinked state estimate of both vehi-
cles along with an updated burn plan based on the current NRHO reference trajectory the two vehicles are
following. If for any reason the two vehicles are unable to communicate with each other or the ground, the
designated re-rendezvous point for the second docking would be the assumed location for the HLS NRHO
insertion. Orion would need to ensure it performs sufficient NRHO orbit maintenance burns such that the
two vehicles can acquire one another with the designated relative navigation sensors to support subsequent
RPOD operations.

The plot provided in Figure 5(b) gives context to how a vehicle transfers along the NRHO orbit and the
corresponding distances from the moon. The yellow dots indicate the location of a vehicle at half-day incre-
ments starting from perilune. Rather than reporting the specific times of each optimized trajectory correction
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Figure 5. Notional Orion Artemis III NRHO Orbit Maintenance Concept of Operations

burn placement, they will be provided graphically and this figure can provide intuition as to the time interval
between correction burns.

To highlight the impacts of optimizing the NTC burn placement to support NRHO orbit maintenance, a
notional baseline is specified where the NTC burns are placed at one-day increments. This notional strategy
would have the crew consistently execute an NTC burn scheduled near the same time each day. Under this
premise, there will be seven NTC burns with the last one placed 6 hours prior to NRI. The major events,
scheduling, targeting strategies, and sensor utilization for the baseline NRHO orbit maintenance scenario is
provided in Table 1. Baseline performance values are provided for having 7 NTCs (NTCI1, NTC2, NTC3,
NTC4, NTCS5, NTC6, and NTC7), 4 NTCs (NTC1, NTC3, NTCS5, and NTC7), and 2 NTCs (NTC3 and
NTC7). These baseline burn plans are then optimized by shifting the corresponding trajectory correction
burn times.

The scenario starts one hour prior to the HLS NRHO departure (NRD) burn. A DSN ground tracking pass
update is uplinked to both vehicles 15 minutes prior to NRD. If the lander has significant dispersions prior
to NRD due to limited NRHO orbit maintenance burns while a stacked configuration, the ground will also
upload a new NRHO reference trajectory or burn plan. The Orion NRD burn is executed using a two-level
targeter (TLT) that targets the NRHO insertion (NRI) point 7 days, 11 hours, and 24 minutes into the future.
It corrects for any undocking and departure induced accelerations and displacements. This initial NRD burn
is supported using the DSN ground update, accelerometer, gyros, and a star tracker. In general, prior to each
burn and afterwards, either a DSN ground estimate is uplinked to the spacecraft to support targeting and burn
execution or an optical navigation (OpNav) pass is performed. The subsequent NTC burns are performed
with kernel targeting to accelerate the optimization process while capturing the effects of targeting the NRI
position. At NRI, Orion performs a burn to ensure its velocity matches the nominal NRHO referent trajectory
velocity. This ensures Orion is closely aligned with the predetermined NRHO reference trajectory and phase.
The simulation epoch is 2025 Jan 31 17:57:50.82 (or ET 791618340.004785 sec).



Table 1. Baseline NRHO Orbit Maintenance Concept of Operations

Event Description MET Targeting Sensors
START | NRHO Orbit Starting Point | 0:00:00:00 IMU, Startracker, DSN
NRD NRHO Departure Burn 0:01:00:00 | TLT (Pos) IMU, Startracker, DSN*

NTClI NRHO Correction Burn #1 | 2:00:00:00 | Kernel (Pos) | IMU, Startracker, DSN (or OPNAV)
NTC2 NRHO Correction Burn #2 | 3:00:00:00 | Kernel (Pos) | IMU, Startracker, DSN (or OPNAV)
NTC3 NRHO Correction Burn #3 | 4:00:00:00 | Kernel (Pos) | IMU, Startracker, DSN (or OPNAV)
NTC4 NRHO Correction Burn #4 | 5:00:00:00 | Kernel (Pos) | IMU, Startracker, DSN (or OPNAV)
NTC5 NRHO Correction Burn #5 | 6:00:00:00 | Kernel (Pos) | IMU, Startracker, DSN (or OPNAV)
NTC6 NRHO Correction Burn #6 | 7:00:00:00 | Kernel (Pos) | IMU, Startracker, DSN (or OPNAV)
NTC7 NRHO Correction Burn #7 | 7:06:24:00 | Kernel (Pos) | IMU, Startracker, DSN (or OPNAV)
NRI NRHO Insertion Burn 7:12:24:00 | Kernel (Vel) | IMU, Startracker, DSN (or OPNAV)

Navigation System Modeling

Three different navigation systems are modeled for the trajectory correction burn placement analysis. The
first represents a primary navigation system consisting of DSN ground updates, accelerometers, gyros, and
star trackers. The second reflects a backup navigation system with an onboard optical navigation (OpNav)
system along with accelerometers, gyros, and a star tracker. Lastly, to remove the impacts of the navigation
errors on the trajectory correction burn placement analysis, a third navigation system is modeled referred to
as perfect nav. For this navigation mode, the navigation errors are set to zero such that the navigation estimate
equals the truth state. The mathematical models used for the different measurement types are provided below.

DSN Ground Update The Deep Space Network (DSN) ground update provides a position and velocity
state estimate and covariance to the lander at designated epochs based on range p and doppler measurements
p between the ground tracking station and the spacecraft [21] which are functions of the landers inertial
position r;, the lander’s mounted antenna location rg, lander’s inertial-to-body transformation matrix T}, the
lander’s angular rate wlb, the inertial-to-planet transformation T?, the Earth’s angular rate w?, the ground
station location rf in the planet-fixed frame, the range bias b,,, doppler bias b, range noise v,,, and doppler
noise v;. ' _ _

p=|rj + Tyl — Tirk |+ b, + v, Q1)

. . b b . T . b .
e [V; + T} (wl X ra) — T; (wg X I‘Ig)s)] [I‘; + Tyr, — T;Zr:ZS]
[ri + Tirb — Tiry,]

The uncertainty parameters used for the DSN ground updates are given in Table 2.

+b,+v, (22)

OpNav The optical navigation (OpNav) system produces bearing measurements to the centroid of a celes-
tial body, both a horizontal «, and vertical «,, along with a range measurement p based on the apparent
angular diameter of the planet. OpNav measurements are functions of the centroid and apparent angular
biases b, noise 7, and pointing error. Rather than processing the raw angles, the tangent of the angles are
utilized, g, and g, [22]. Conceptually, the core measurements are

gn = tan(ap) + by +nn = /2 + by + 11 (23)

Go = tan(ay) + by + 1y = y/2 4+ by + 1 (24)

p~:p+bp+np:\/x2+y2+22+bp+77p (25)

where p?' = (r, — rp)' = [z,y, 2] and the range measurement f is actually converted to an apparent angular
diameter and all the measurements are processed in terms of pixels. The parameters used for the OpNav

)T

10



system are provided in Table 6. The uncertainty of OpNav measurements depend on the celestial body, range
to celestial body, and camera specifications.

The OpNav field of view (FOV) constraint shown in Table 6 is dependent on camera properties and equal
to 20 degrees. If the apparent angular diameter of the target celestial body exceeds the FOV constraint, no
OpNav measurements are taken. Lighting constraints were not activated for this study. Lastly, to ensure that
navigation never goes more then a day without a lunar OpNav measurement, an Opnav pass is always inserted
between two burns when they are separated by more than a day.

Accelerometer The accelerometer measures the non-gravitational acceleration in the IMU case frame
a’™u_which is a function of the nominal inertial-to-body transformation matrix T?, the nominal body-to-
IMU transformation Tz’”“, the actual attitude dispersion 6, the misalignment p,, the constant scale factor
Sq, the Markov scale factor o, the constant bias b,, the Markov bias 3,, the nonorthogonality factor -,,
and the velocity random walk (noise) v,.

a"m = (T4 [(sq + 0a)N]) [A+ [pax]) T+ [yax]) Ty (I+ [0x]) Tia’ + b, + By +va]  (26)

The uncertainty parameters used for the accelerometer are listed in Table 3.

Gyro The gyros measure the vehicle’s angular rates in the IMU case frame w™* and is represented as a
function of the nominal body-to-IMU transformation Ti™* where b indicates the vehicle body-fixed frame,
the misalignment g, the constant scale factor s,,, the Markov scale factor o, the constant bias b, the
Markov bias 3,,, the nonorthogonality factor -,,, and the angular random walk (noise) v,,

@M = (T4 (s + 0w)N]) [(T+ [pox]) (T + [vo*]) T w® + by, + B + vu] @27)

The uncertainty parameters used for the gyroscope are listed in Table 4.

Star Tracker The star tracker provides an accurate measurement of the vehicle’s orientation. The generated
inertial-to-star tracker quaternion is a function of the body-to-star tracker mounting g3, the actual inertial-
to-body quaternion q?, the sensor bias by, noise n,;, and misalignment g,

al = a(mst) @ a(bs) @ a(ns) @ g3t @ ¢ (28)

The star tracker parameters are summarized in Table 5.

Table 2. DSN Update Table 3. Accelerometer [23] Table 4. Gyros [23]
Parameter 3o Parameter 30 Parameter 30
Range Noise, m 25 VRW, mm/s/sqrt(s) 0.3 ARW, deg/\/iTr 0.015
Range-rate Noise, cm/s 1.5 Bias, ug 84 Bias, deg/hr 0.036
Range Bias, m 25 Scale Factor, ppm 450 Scale Factor, ppm 27
Range-rate Bias, cm/s L5 Nonorthogonality, arcsec 17 Nonorthogonality, arcsec 19
Elevation Mask, deg 10.0 Markov Bias, 119 84 Markov Bias, deg/hr 0.036
Max Pass Duration, hr 2.0 Markov Scale Factor, ppm | 450 Markov Scale Factor, ppm 27

Table 5. Startracker [23] Table 6. OpNav Table 7. Process Noise
Parameter 3o Parameter 3o Parameter 30
Boresight Noise, arcsec 72 Celestial Body Moon Orbit Trans, m/s/y/s | 0.42¢~°
Crs-Boresight Bias, arcsec | 24 Pass Duration, hr 2 RPOD Trans, m/s/\/s 0.42¢73
Misalignment, deg 0.5 FOV, deg 20 Rotational, rad/s/y/s 0.0e6
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Table 8. Initial Dispersions Table 9. Initial Navigation Table 10. Thrusters

Parameter 3o Parameter 30 Parameter 30
Position, km 2 Position, km 2.0 Bias, cm/s 8
Velocity, cm/s 20 Velocity, cm/s 2.0 Noise, cm/s 8
Attitude, deg 0.5 Attitude, deg 0.05 Scale Factor, ppm | 7000
Attitude-Rate, deg/s | 0.01 Attitude-Rate, deg/s | 0.01 Misalignment, deg | 0.1

Targeting Algorithms and Models

There are two targeting algorithms used for the NRHO orbit maintenance analysis which includes a two-
level targeter (TLT) and kernel targeting. Each computes an impulsive velocity change to help follow a
prescribed NRHO reference trajectory. The accuracy of executing the corresponding impulsive burns is also
provided.

Two-Level Targeter Following the separation of the target vehicle and after its NRHO departure burn
(NRD), Orion notionally performs a clean up burn with an impulsive constrained two-level targeter (TLT)
that uses a two-level corrections process to target the desired NRHO insertion (NRI) state [24-28] designated
as the point for re-rendezvous. The algorithm works by dividing the trajectory into segments or a series
of intermediate targets known as patch states. The first stage, or the level-I process, introduces impulsive
maneuvers at the interior patch states until position continuity across all segments is achieved. The second
stage, or the level-II process, adjusts the shape of the trajectory by spatially and temporally relocating the
patch states to drive the velocity discontinuities to zero. This approach is not limited to merely targeting a
terminal position vector, but any terminal constraint such as flight path angle, altitude, velocity magnitude, or
any function of the position and velocity state.

Kernel Targeting The subsequent trajectory correction burns aim to keep the Orion spacecraft along the
specified NRHO reference trajectory with the proper phase angle. Nominally, these burns have a delta-v
magnitude of zero. The following strategy is adopted that utilizes a kernel, or the actual time history data
of the reference trajectory, to compute the necessary delta-v in a fast and efficient manner. As the name
alludes to, kernel targeting relies on a trajectory kernel, typically associated with the Navigation and Ancillary
Information Facility (NAIF) information system SPICE kernel or SPK-file. The letter ’S’ in SPICE refers to
the Spacecraft ephemeris, given as a function of time while the letter "P’ signifies Planet, satellite, comet, or
astroid ephemerides, or more generally, location of any target body, given as a function of time. Essentially,
an SPK-file for any spacecraft trajectory can be produced such that the high fidelity state data can be retrieved
quickly over any discrete time interval. For this analysis, the NRHO reference trajectory produced by NASA
is utilized [29].

For kernel targeting, the concept is to use the kernel to quickly generate the state transition matrix <I>'Z from
the current burn time ¢; along the reference trajectory to a specific targeting state epoch, ¢ s, at any prescribed

resolution A¢ interval,

o =of, . &7 e (29)

where the state transition matrix at each interval is produced with vehicle dynamics model f and the nominal
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states X;, X;+1, ... X;+n extracted from the kernel.

; At of
Bt = Finti where F; = —
x|,
; . . of
'I’zi% — Fit1Atita where F; 1 = g
X Xit1
. . of
'1){—%71 — FitnAtlitn where F;,, = 87
X Xitn

Given the current navigation state estimate for vehicle’s position and velocity X; = [;, v;] along the NRHO
reference trajectory, the predicted state Xy = [t7, V] at the future terminal epoch ¢ is generated using the
state transition matrix <I>f

Xp =@/, (30)
The nominal vehicle state at the terminal epoch X can be extracted from the kernel such that the target state
deviation dx s can be expressed in terms of the state transition matrix @‘if and the initial state error dx;

0x; =% — X5 = I, — ®/%, = & (%, — %,) = /0%, (31)

Although the states extracted from the kernel or navigation filter are typically the absolute position and
velocity, the states that are actually targeted can be any function g of these states. For example, the target
state can be the final position, velocity, or any three states such as flight path angle, velocity magnitude,
altitude, or orbital elements. With a single burn, three states can be targeted X such that,

xr = g(Xy) (32)
Xy = g(fcf) = g(fcf) + G5Xf + ... (33)
where G = a—ﬁ |x, - If the states targeted are the terminal position or velocity vectors, then G becomes,
g()_(f) =ry then G = [I3><3 03><3]
g(f(f) = \7f then G = [03><3 ngg]

Note that a variety of targeting schemes can be evaluated quickly by altering the selected states targeted X
and merely adjusting the G matrix. The formulation of a targeting algorithm emerges by solving for the
target state deviation, 0x7 = X7 — X to first order using Eqns 32 and 33.

0xr = Goxy (34

Then substituting the definition for dx; derived in Eqn 31 yields an expression between the initial state
dispersion dx; = [dr; 0v;] and the terminal target state dispersion.

(5XT = Gi’{éxi (35)

Allow the quantity G@f = [®, ®,] such that the deviation of the desired target state dx can be expressed
in terms mapped components of the state transition matrix ®, and ®,

oxp = [®, ®,]0x; (36)

Assume at the current time an impulsive maneuver will be executed Av such that dx; = [dr;, (dv; + Av)].
Now Eqn 36 can be expanded in terms of the current deviations in position dr; and velocity dv; and an
impulsive burn, Av.

5XT = ‘I’T(SI'Z' + i’v [5VZ + AV] (37)

The required Av needed to hit a specific set of target states at some future epoch ¢ can be derived by solving
for the impulsive burn
Av = i’;l (JXT — @T(SI'Z‘) — 5V,’ (38)
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This assumes the selected targeted states ensure ®; ! exists. To have the targeting algorithm expressed in
terms of the current state dispersions 0x; = X; — X; and the final state dispersions dxy = Xy — X ¢, substitute
in the expression in Eqn 34 where dxr = Goxy

Av = &, (Géxy — ®,.01;) — OV, (39)

Thruster, Venting and Attitude Modeling

All the impulsive burns have execution errors due to thruster misalignment, scale factor, bias, and noise.
Table 10 lists each thruster error model component. The vehicle assumes an attitude profile such that the ori-
entation of the vehicle does not impact the resulting disturbance accelerations due to venting. The magnitude
of the venting disturbance is summarized in Table 7 and captures moderate crew activity.

OPTIMIZED NRHO ORBIT MAINTENANCE TRAJECTORY CORRECTION BURN PLACEMENT

Given the robust trajectory optimization techniques and parameters introduced previously, along with the
concept of operations for an NRHO orbit maintenance scenario and the assumptions regarding the GN&C
system modeling, this section derives optimized number and placement of the notional Artemis IIIl NRHO
orbit maintenance trajectory correction burns. To provide a comparison, the non-optimized results from the
notional baseline scenario in Table 1 with 2 NTC, 4 NTC, and 7 NTC burns are provided using three different
navigation configurations: 1) Perfect Nav, 2) DSN, and 3) OpNav. Then optimized trajectory correction burn
placements are derived for each navigation configuration with 2 NTC, 4 NTC, and 7 NTC burns for three
different objective functions: Problem #1) minimize the total delta-v with a final NRI position dispersion
constraint, Problem #2) minimize the final NRI position dispersions subject to a total delta-v constraint, and
Problem #3) minimize both total delta-v and the final NRI dispersions simultaneously. The last set of analysis
results determine the optimized number of trajectory correction burns and their placement for each of the three
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Figure 6. Performance Results with Baseline Trajectory Correction Burn Placement
for 7 burns using DSN.
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navigation configurations (Perfect Nav, DSN, and OpNav) and each of the three objective functions (Problem
#1, Problem #2, and Problem #3).

The performance results for the baseline trajectory correction burn placement with 7 burns using DSN is
provided in Figure 6. Details regarding the total delta-v are provided (top left plot) along with measurement
scheduling, inertial position and velocity navigation errors, the NRHO trajectory with the simulated burn
placement, and the inertial position and velocity trajectory dispersions. Rather than showing this complete
data set for each optimized scenario, only the plot in the top-right quadrant is provided which includes the
geometrical placement of the optimized trajectory correction burns and the resulting total delta-v (304, =
25.1 m/s) and the 3-sigma dispersions at NRI (304, = 4.8 km).

Non-Optimized Performance Results for Baseline Trajectory Correction Placement and Number

Figure 7 provides a summary of the performance for the notional baseline trajectory correction burn place-
ment for 2 NTC, 4 NTC, and 7 NTC burns and for the different navigation configurations of perfect nav, DSN,
and OpNav. The first row of plots highlight the performance using 2 NTCs. Depending on the navigation
source, the total delta-v varies from 10-30 m/s with the 3-sigma NRI position dispersions ranging from 3-10
km. The second row of figures highlights the impacts of increasing the number of trajectory correction burns
from 2 to 4. The last row of plots provides the performance with 7 trajectory correction burns. In this par-
ticular situation of burn placements, adding more burns does not always improve performance, particularly if
they are placed near perilune or the point of closest approach to the moon. The question to answer is can both
the total delta-v and the NRI trajectory dispersions be improved by optimizing the placement of each burn?
If so, what level of improvement can be achieved?

Optimized Trajectory Correction Burn Placement for Ideal Navigation System (Perfect Navigation)

Figure 8 summarizes the optimized trajectory burn placement and performance when perfect navigation
is assumed for situations when 2 NTC, 4 NTC, and 7 NTC burns are performed and utilizing the three
different objective functions; Problem #1, Problem #2, and Problem #3. These results highlight the optimized
placement due primarily to the geometry and orbital dynamics of the problem, and eliminates the impacts of
the navigation system. The total delta-v can be reduced by a factor of 2-4 by optimizing the burn placement.
In addition, the NRI trajectory dispersions can be reduced by a factor of 10. Trends regarding the optimized
placement of the NTC burns typically has the last NTC burn (NTC7) near perilune (slightly before or after)
to reduce total delta-v. To minimize position trajectory dispersions at NRI, the optimized solution places the
last NTC burn (NTC7) close to NRI. One last observation is that using only 4 NTC burns instead of 7 NTCs
can produce roughly the same performance when using perfect navigation.

Optimized Correction Burn Placement for Baseline Navigation System (DSN Ground Tracking)

Figure 9 highlights the impacts of using a baseline navigation system such as DSN ground tracking. Similar
trends are observed as those when using perfect navigation (delta-v minimized by having NTC7 near perilune
but reduce NRI dispersions by having NTC7 near NRI), but total delta-v and NRI position dispersions have
increased due to the inclusion of the navigation error. Compared to using perfect nav, the total delta-v and
NRI trajectory dispersions nearly double with DSN ground tracking. However, compared to the baseline burn
placement, improvements by factors of 4 are observed, particularly when 7 NTC burns are incorporated in an
optimized fashion. It is also noted that by shifting NTC3 from apolune (as assumed in the baseline) to 12-24
hours following the passing of the furthest distance from the moon, improvements are made (particularly for
the 2-burn scenario).

Optimized Trajectory Correction Burn Placement for Backup Navigation System (OpNav)

Figure 10 shows results for a notional backup navigation system that utilizes OpNav measurements. By
incorporating optimized burn placements, the total delta-v can be reduced from the baseline 30 m/s to 20
m/s for the 2-burn scenario while dropping the total delta-v from 25 m/s to less than 10 m/s for the 7-burn
scenario while achieving the same NRI trajectory dispersion level near 10 km (3-sigma).
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Figure 11. Optimized Number and Placement of Trajectory Burns
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Optimized Trajectory Correction Burn Placement for Reduce Number of Burns

Figure 11 investigates the optimized number of burns, not just the optimized placement of the NTC burns.
Thus far a fixed set of 2 NTC, 4 NTC, and 7 NTC burns had been evaluated. For each burn, there is an
operational cost and risk associated with it. If a penalty is included for each burn to account for this inherent
burden to the program, then what is the optimized number of burns for cases with perfect nav, DSN, and
OpNav are used and for the different objective functions Problem #1, Problem #2, and Problem #3? When
using OpNav, utilizing the maximum number of burns of 7 NTC is optimal. However, for cases with perfect
nav, when trying to minimize total delta-v, it is best to only perform 6 NTC burns.

CONCLUSION

With NASA’s lunar exploration goals revolving around the utilization of an Earth-Moon Near Rectilin-
ear Halo Orbit (NRHO) to facilitate access to the lunar surface while providing the long term presence of a
Gateway vehicle as a staging point for both robotic and crewed missions, there emerges a growing interest
to understand strategies to maintain a vehicle in an NRHO for both long durations (months and years) to
shorter ones (days and weeks). For upcoming Artemis missions, the concept of NRHO orbit maintenance
has a slightly different perspective than the traditional long duration focus. Rather than ensuring a spacecraft
remains in an arbitrary NRHO orbit, there is a need to have a vehicle follow closely to a specific and pre-
scribed NRHO orbit in preparation for rendezvous and docking. Current NRHO orbit maintenance strategies
aim to minimize delta-v over long duration periods by allowing large phasing dispersions with the benefit
of requiring few orbit maintenance burns. To support RPOD operations where the trajectory control of one
vehicle impacts the performance of another, NRHO orbit maintenance now has an altered purpose where the
phasing must be controlled at the likely expense of increased propellant usage.

As a result, this work attempts to provide preliminary performance results that identify optimized trajec-
tory correction burn placement using non-traditional robust trajectory optimization techniques for short term
NRHO orbit maintenance. By combining linear covariance analysis and a genetic algorithm, uncertainty in
the system can be accommodated and trajectory correction burns which are nominally zero, can be strate-
gically placed to reduce total delta-v (nominal + 3-sigma dispersions) while ensuring the vehicle remains
close to a specific NRHO reference trajectory. Arbitrarily selecting the number and placement of the NRHO
trajectory correction burns can lead to an increase of delta-v by a factor of 5 when including uncertainties in
the design process. The sensitivity to burn placement as a function of the navigation system and the selected
optimization objective functions is also provided. Attempts are also made to start identifying the optimized
number of burns required to help reduce the operational costs and risks, while still achieving performance
requirements.
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